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Preface

The International Conference on Intelligent Computing (ICIC) was set up as an annual
forum dedicated to emerging and challenging topics in the various aspects of advances
in computational intelligence fields, such as artificial intelligence, machine learning,
bioinformatics, and computational biology, etc. The goal of this conference was to
bring together researchers from academia and industry as well as practitioners to share
ideas, problems and solutions related to the multifaceted aspects of intelligent
computing.

This book constitutes the proceedings of the International Conference on Intelligent
Computing (ICIC 2005), held in Hefei, Anhui, China, during August 23-26, 2005.
ICIC 2005 received over 2000 submissions from authors in 39 countries and regions.
Based on rigorous peer reviews, the Program Committee selected 563 high-quality
papers for presentation at ICIC 2005; of these, 215 papers were published in this book
organized into 9 categories, and the other 348 papers were published in five
international journals.

The organizers of ICIC 2005 made great efforts to ensure the success of this
conference. We here thank the members of the ICIC 2005 Advisory Committee for
their guidance and advice, the members of the Program Committee and the referees for
reviewing the papers, and the members of the Publication Committee for checking and
compiling the papers. We would also like to thank the publisher, Springer, for their
support in publishing the proceedings in the Lecture Notes in Computer Science series.
Particularly, we would like to thank all the authors for contributing their papers.
Without their high-quality papers, the success of the conference would not have been
possible. Finally, we are especially grateful to the IEEE Computational Intelligence
Society and the IEEE Hong Kong Computational Intelligence Chapter as well as their
National Science Foundation of China for their sponsorship.

15 June 2005 De-Shuang Huang
Institute of Intelligent Machines, Chinese Academy of Sciences, China

Xiao-Ping Zhang
Ryerson University, Canada

Guang-Bin Huang
Nanyang Technological University, Singapore
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Abstract. In this paper, we proposed a novel method for protein secondary
structure prediction using sequence profile and conserved domain profile. Se-
quence profile generated from PSI-BLAST (position specific iterated BLAST)
has been widely used in protein secondary structure prediction, because PSI-
BLAST shows good performance in finding remote homology. Conserved do-
mains kept functional and structural information of related proteins; therefore
we could draw remote homology information in conserved domains using RPS-
BLAST (reverse position specific BLAST). We combined sequence profile and
conserved domain profile to get more remote homology information, and pro-
pose a method which used the combined profile to predict the protein secondary
structures. In order to verify the effectiveness of our proposed method, we im-
plemented a protein secondary structure prediction system. Overall prediction
accuracy reached 75.9% on the RS126 data set. The improvement by incorpo-
rating conserved domain information exceeded 3%, and this result showed that
our proposed method could improve significantly the accuracy of protein sec-
ondary structure prediction.

1 Introduction

Protein is a large and complex molecule which plays important roles in life processes,
therefore it is essential to know the specific functions of proteins to understand bio-
logical system. To know the function of an unknown protein, we should resolve the
protein structure, because protein structure leads to protein function[1]. We can de-
duce the biological function of a protein from its structure, because protein can per-
form its own functions only when it has a unique three-dimensional structure.

Since Kendrew determined the structure of myoglobin in 1958, many protein struc-
tures were resolved using X-ray crystallography and NMR(nuclear magnetic reso-
nance). These experimental methods provide very high-resolution structural informa-
tion, but it takes too much time and money to determine a structure of a protein using
these methods. Besides, these methods can not resolve the structures of all types of
proteins, because of their experimental characteristics and difficulties. These methods
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are useful only when we can get a crystal structure of each protein, however some
types of proteins can not be crystallized and it means that it is impossible to get the
exact structural information of those proteins.

After the successful completion of the human genome project, a large amount of
protein sequence data was generated using high throughput sequencing devices. Pro-
tein sequence data are meaningless without structural information or functional in-
formation, but it seems impossible to determine the structure of all proteins using
biological experiments, because experimental determination of protein structure is
very slow compared to sequencing speed. For instance, more than 40 million se-
quences are deposited in GenBank(http://www.ncbi.nlm.nih.gov/), but only about 30
thousand known structures were deposited in PDB(http://www.rcsb.org/pdb). The gap
between protein sequences and structures are widening, therefore many researchers
have tried to develop various computational methods for protein structure prediction
which can predict the three-dimensional structure from the amino acid sequence to
understand the biological function of proteins. In spite of intensive researches, there is
no method which can predict three-dimensional structure of proteins accurately and
confidently, because a protein with N amino acids can form approximately 10~ struc-
tures. Therefore many researchers predict the secondary structure of proteins to obtain
the structural information from sequence, because protein secondary structures are
fundamental elements of protein structure and provide useful knowledge on three-
dimensional structures of proteins. Secondary structure prediction methods are not
often used alone, but are instead often used to provide constraints for tertiary structure
prediction methods or as part of fold recognition methods[2].

There are three fundamental secondary structures: a-helix(H), B-sheet(E) and
coil(C), so the aim of protein secondary structure prediction is to predict the three
secondary structures of proteins from amino acid sequence.

2 Related Works

Many secondary structure prediction methods were proposed through extensive stud-
ies over the past 30 years. Early works used single residue statistics to predict secon-
dary structure of proteins. There were not many known structures in 1970s, so the
prediction accuracy was very low. The number of known structures of proteins which
was increased slowly by considerable efforts of biologists made possible to use evolu-
tionary information and more sophisticated machine learning algorithms than single
residue statistics. Rost and Sander proposed a method which used sequence profiles
and neural networks[3]. Their proposed method showed 69.7% of prediction accu-
racy. This result was significantly better than the results of previous methods. The
main improvement of this method comes from the use of PSSM (position-specific
score matrix). PSSM is multiple alignment result of homologous sequences and it is
very useful for protein secondary structure prediction, because multiple sequence
alignments contain more information about the structure than a single sequence. A
small window of amino acids from PSSM was used as input of the network for pre-
diction, and the network predicted the secondary structure of the amino acid at the
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middle position of the input window. Rost and Sander showed a remarkable result but
their method had following problems. Overall prediction accuracy was relatively
high, but it was still below 70%. Their method was weak in -sheet prediction and
predicted structures were too short compared to real protein secondary structure.
David T. Jones used PSSM which was generated from PSI-BLAST (position specific
iterated BLAST). Because PSI-BLAST showed better performance in finding remote
homology than previous alignment methods[2], PSSM from PSI-BLAST was adopted
by almost all state-of-the-art protein secondary structure prediction systems. In 2001,
Hua and Sun proposed a new method which was based on SVM (support vector ma-
chine)[4]. They assembled binary classifiers to predict three protein secondary struc-
tures and got a very good result even though their method did not use the sequence
profile generated from PSI-BLAST. SVM showed good performance in protein struc-
ture prediction, therefore many researches based on SVM followed. Guo and his col-
leagues proposed a method using dual-layer SVM and PSI-BLAST profile. The first
layer SVM classifier was for sequence-to-structure prediction and the second layer
SVM classifier was for structure-to-structure prediction. The second layer SVM clas-
sifier was used to improve the low prediction accuracy of B-sheet structure. Nguyen
and Rajapakse proposed a multi-class SVM for protein secondary structure prediction
to overcome the shortcomings of binary classifiers[5]. Their experiments showed that
multi-class SVM methods were more suitable for protein secondary structure predic-
tion than the other methods, because multi-class SVM could solve an optimization
problem in one step and additional assemble procedures are not required.

Recent improvements in secondary structure prediction were resulted from the
growth of sequence databases, better database search methods, better prediction
methods[6]. Therefore the prediction accuracy of protein secondary structure will be
increased with larger structural database, more sophisticated machine learning algo-
rithms and more efficient search methods to find remote homologies of related
proteins.

3 Protein Secondary Structure Prediction Using Sequence Profile
and Conserved Domain Profile

We propose a novel method for protein secondary structure prediction which used
the combined profile of sequence profile and conserved domain profile. Unlike
previous methods which used only sequence profiles from PSI-BLAST, our pro-
posed method used a combined profile of PSI-BLAST and RPS-BLAST (reverse
position specific BLAST), and we could improve the accuracy of protein secon-
dary structure prediction because the conserved domain profile generated from
RPS-BLAST had valuable information on remote homology. We implemented
SVM classifiers to test the effectiveness of our proposed method, because SVM
had shown good performance in solving various problems in bioinformatics fields.
The whole procedure of the proposed protein secondary structure prediction
method is illustrated in Figure 1.
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Fig. 1. Overview of the proposed protein secondary structure prediction method

3.1 Combined Profile of Sequence Profile and Conserved Domain Profile

Domains are functional and structural units of a protein, and can perform specific
functions independently. Protein sequences are modified during evolution because of
mutations, insertion and deletion in their residue. These modifications of sequences
form protein families of related proteins. Although many modifications occurred in
protein sequence, fundamental structure should be conserved to perform specific
functions, and these conserved regions can be identified as conserved domain. Con-
served domains are defined as recurring units in molecular evolution, whose extent
can be determined by sequence and structure analysis[7]. Conserved domain contains
information on common characteristics of related proteins and can be used to find
remote homology. Conserved domain database is a collection of multiple sequence
alignments for ancient domains and full-length proteins[8].

RPS-BLAST is a search tool used in conserved domain database. PSI-BLAST
searches a database to find significantly similar sequence to the query sequence and
build a PSSM for the query sequence[9]. PSI-BLAST iterates these procedures to
refine the PSSM which contains information on remote homology. On the contrary,
RPS-BLAST searches a database of pre-calculated PSSMs on conserved domains.
PSSMs were already calculated and stored in conserved domain database; therefore
RPS-BLAST can build the PSSM and show significant hits in a single pass. RPS-
BLAST is useful to find the functional relationships of protein family. To compare
the procedure of PSI-BLAST and RPS-BLAST, a diagram of PSI-BLAST and RPS-
BLAST is depicted in figure 2.

PSI-BLAST is a powerful tool for extraction of remote-homologies among ho-
mologous proteins, because it refines the searching results iteratively. However, the
iterative nature of the PSI-BLAST algorithm makes very sensitive profiles which are
apt to be biased to outliers. Furthermore, PSI-BLAST generates sequence profile
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Fig. 2. Diagram of PSI-BLAST and RPS-BLAST

because PSI-BLAST uses sequence similarity to find remote homology. During evo-
lution, sequences may change up to 85%, so it is hard to detect remote homologies
only using sequence similarity. To improve this situation, we proposed a method
which used contextual information of conserved domain, because conserved domains
contained valuable information on functional and structural relationships among
proteins.

To test the usefulness of conserved domain information, we performed prediction ex-
periments on the RS126 data set using conserved domain profile generated from RPS-
BLAST. Prediction accuracy was 1% or 2% lower compared to the accuracies of the
previous methods which used sequence profile generated from PSI-BLAST. This result
showed that conserved domain profile could be used for protein secondary structure
prediction even though 20% of proteins in the RS126 data set were DUF(Domains of
Unknown Function) or UPF(Uncharacterized Protein Families). The number of con-
served domain in databases are growing rapidly, therefore the prediction accuracy will be
increased as the number of available data will be increased.

The method which used only conserved domain profiles showed good prediction
results, but we could not get better results because we could not get conserved domain
profile of all proteins in query sequences. Therefore we proposed a method which
used a combined profile of sequence profile and conserved domain profile. The
PSSMs which were generated from PSI-BLAST and RPS-BLAST were basically
homogeneous, because RPS-BLAST was a variant of the PSI-BLAST. We expected
that we could improve the prediction accuracy, because our proposed method used
sequence similarity and functional relationship together and because alignments
which incorporate sequences with significant yet low sequence similarity to the target
protein produce more accurate predictions that those which incorporate sequences
which are very closely related to the target[2]. To test the effectiveness of the com-
bined profile, we performed some experiments on the RS126 data set using PSSMs
from PSI-BLAST profile, RPS-BLAST profile and combined profile. The results are
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Table 1. Comparison with the results of different profiles

Window Length(7)

=9 =11 [=13 [=15 =17 [=19
PSI-BLAST Profile 71.5% 721% 723% 72.6% 72.7% 72.6%
RPS-BLAST Profile 70.5% 709% 71.1% 713% 714% 71.5%
Combined Profile 74.8% 752% 754% 754% 75.5% 75.9%

shown in Table 1. Among three profiles, combined profile showed the best results and
it meant that combined profile had more information on remote homology of proteins
and it could be used to improve the protein secondary structure prediction accuracy.

3.2 SVM for Protein Secondary Structure Prediction

SVM is a new type of binary pattern classifier based on a novel statistical learning
technique that has been proposed by Vapnik. Previous prediction methods such as
neural networks minimize the empirical training error, but SVM minimizes an upper
bound of the generalization error by maximizing the margin between the separating
hyperplane and the data. The Margin is the sum of the distances from the hyperplane
to the closest data points of each class, and optimal separating hyperplane(OSH) has
the maximum margin. When the two classes are not completely separable, SVM
transforms the data using kernel from the input space into a high dimensional feature
space by a nonlinear transformation where the two classes are linearly separable.
SVM had shown good performance in solving various problems in bioinformatics
fields, therefore we implemented a protein secondary structure prediction program
based on SVM.

The basic SVM is a tool for two-class problem and there are three secondary struc-
tures of proteins. Therefore we made binary SVM classifiers and assembled binary
classifiers to predict the secondary structures of proteins according to the method
proposed by Hua and Sun[7]. We built three one-versus-all classifiers(H/~H, E/~E,
C/~C) and three one-versus-one classifiers(H/E, E/C, C/H), and assembled these bi-
nary classifiers to make following five classifiers; SVM_TREEI, SVM_TREE2,
SVM_TREE3, SVM_MAX D and SVM_VOTE classifiers. SVM_TREEI,
SVM_TREE2 and SVM_TREES3 classifiers were composed of one one-versus-all
classifier and one one-versus-one classifier. One-versus-all classifiers were used first
to predict the secondary structure of input residue. If the output result was positive,
the secondary structure of the residue was predicted. If the output result was negative,
then one-versus-one classifiers were used to predict the secondary structure.
SVM_MAX_D classifier consisted of three one-versus-all classifiers and the structure
of the input residue was determined by a classifier which had the largest positive
distance to the optimal separating hyperplane. SVM_VOTE classifier combined all
six binary classifiers and predicted the secondary structure of the input residue using
simple voting method. Among five classifiers, SVM_MAX_D showed the best per-
formance and was shown in figure 3.
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Fig. 3. Illustration of SVM_MAX_D Classifier

4 Experiments and Results

4.1 Dataset

The RS126 data set was used to measure the exact prediction accuracy of the pro-
posed method and to compare with previous methods, because the RS126 data set had
been widely used for protein secondary structure prediction. The RS126 data set was
constructed by Rost and Sander[3] and contained 126 non-homologous proteins. Our
proposed method was tested on these data sets using a seven-fold cross validation. We
divided the data set into 7 subsets which had approximately similar size and structural
information on three protein secondary structures to avoid biased subsets. Six subsets
are used for training and one subset is used for testing.

4.2 Prediction Measurements

Three standard measurements were used to assess the prediction accuracy of the pro-
posed method. The Q; accuracy indicates the percentage of correctly predicted resi-
dues of three secondary structures[10]. The Q3 accuracy is the most obvious meas-
urements for the overall accuracy of protein secondary structure prediction.

z Number of residues correctly predicted in class i

(7 — ie{H ,E,C} XIOO
2% Z Number of residues observed in class i (D
ie{H ,E,C}

4.3 Combined Profile Generation

We transformed RS126 data set into FASTA format to get evolutionary information
using PSI-BLAST and RPS-BLAST. First, we tried to get PSSMs using web-based
BLAST system which is provided by NCBI. However, web-based BLAST system
was very slow, so it took so much time to get the profiles of 126 proteins. Therefore
we had constructed a local BLAST sever in Linux environment, and got profiles from
PSI-BALST and RPS-BLAST using this local BLAST server. We got sequence pro-
file from PSI-BLAST after three iterations and conserved domain profile from RPS-
BLAST for each protein in RS126 data set. About 20% of proteins in RS126 data set
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were DUF or UPF, but we could get conserved domain profile of those proteins using
RPS-BLAST. After we got both sequence profile and conserved domain profile, we
normalized and scaled the profiles to the [0, 1] range using the standard sigmoid func-
tion in equation 2

1
fix) = — x 100 ()
1 + exp(-x)

where X is the raw profile matrix value.
Finally, we united sequence profile and conserved domain profile to construct a
combined profile.

4.4 Protein Secondary Structure Prediction Using Combined Profile Based on
Support Vector Machine

Each residue in profile had 20 columns and was coded to a 21-dimensional vector. 20
columns represent 20 amino acids and an additional element is used to indicate that
the sliding window extends over the N- and the C- terminus. Therefore total length of
feature vector is 21 x window length. We performed several experiments changing
window length to know the influence of window length. Furthermore, we tested vari-
ous kernel functions to find the most suitable kernel function for protein secondary
structure prediction, and RBF(radial basis function) kernel was selected to train SVM.
RBF kernel is calculated by:

K(x;,x;)= exp(—r‘xi —xj‘z) 3)

where 7 is determined empirically for optimal performance. We used soft margin
SVM, so the regularization parameter C is also needed to be determined. The regu-
larization parameter C controls the trade-off between model complexity and misclas-
sified training sequences by controlling the influence of a training sequence. We con-
structed SVM classifiers with the parameter 7 = 0.001 and C = 1.0.

SVM_TREEI1, SVM_TREE2, SVM_TREE3, SVM_MAX_D and SVM_VOTE
classifier were constructed to test the performance of our proposed method. Table 2
shows the Qs accuracies of the different classifiers. SVM_MAX_D showed the best
performance among five classifiers. Our proposed method showed the best result
when the window length was 19, and it meant that our proposed method required
longer window length compared to previous methods, because previous methods
showed the best results when the window length was 11 or 13. It seems that this char-
acteristic is caused by the use of combined profile.

We compared our proposed method with previous methods using the RS126 data
set. The results are shown in table 3. Results of PHD, DSC, Predator, NNSP, Multi-
pred and Jpred were obtained from JPred webpage of the Barton group homepage
(http://www.compbio.dundee.ac.uk/~www-jpred/accuracy.html). The results of Hua
and Sun, Nguyen and Rajapakse were obtained from their papers[4][5]. Our proposed
method showed better results compared to previous methods. This reflected that com-
bined profile of sequence profile and conserved domain profile could improve the
prediction accuracy.
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Table 2. Q; accuracies of each classifier for RS126 data set

Window Length(7)

=9 =11 [1=13 1=15 1=17 [1=19 1=21
SVM_TREEI1 731% 74.1% T74.1% T43% 73.9% 743% 74.5%
SVM_TREE2 73.0% 734% T73.9% T3.8% 73.7% 73.6% 73.6%
SVM_TREE3 74.0% 74.5% T42% T4.1% T4.5% 7T42% 74.4%
SVM_MAX D 748% 752% 754% 754% 755% 759% 75.4%
SVM_VOTE T729% 73.7% T73.9% 73.8% 73.7% T41% 74.2%

Table 3. Comparison with other methods for RS126 data set

Q3(%)
PHD 73.5%
DSC 71.1%
Predator 70.3%
NNSP 72.7%
Multipred 67.2%
JPred 74.8%
Hua and Sun 71.1%
Nguyen and Rajapakse 72.8%
Proposed Method 75.9%

5 Conclusions and Further Research

Protein secondary structure prediction is one of the most promising research areas in
bioinformatics because it provides key information to understand the structures of pro-
teins. In this paper, we proposed a new method for protein secondary structure prediction
which used sequence profile and conserved domain profile altogether. Conserved domain
database is a collection of multiple sequence alignments for ancient domains and full-
length proteins; therefore conserved domain profile which was generated from conserved
domain database using RPS-BLAST has important information on remote homology and
can be used to improve the accuracy of protein secondary structure prediction. Conserved
domain profile can not be used alone for protein secondary structure prediction, because
conserved domain database does not contain conserved domain information for all se-
quence queries. Therefore we proposed a new profile which combined sequence profile
and conserved domain profile. To show the effectiveness of the proposed method, we
performed some experiments using RS126 data set. On the RS126 data set, Q3 reached
75.9% which was nearly 3% higher than the methods which use sequence profile only.
This result showed that conserved domain profile had useful information on remote ho-
mology and would be able to play an important role in protein secondary structure
prediction.
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The next step of our proposed method is to investigate the data similarity of profile

data. The distributions of amino acid are different among protein families; therefore it
will be useful information to increase the accuracy of protein secondary structure
prediction. Moreover, current state-of-the-art protein secondary structure prediction
methods use whole available structure data, therefore it is required to collect all struc-
tural information from PDB to increase the accuracy of the proposed method. Finally,
more sophisticated combination method for sequence profile and conserved domain
profile will increase the overall prediction accuracy.
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Abstract. Genome-wide differential expression studies of human diseases using
microarray technology usually produce long lists of genes with altered expres-
sion, therefore, the genes causally involved in a disease cannot be effectively
separated from innocent bystanders. Existing methods for differential analysis of
gene expression profiles seem unable to solve this problem successfully. In this
paper, we present a systematic strategy that combines gene-wise and func-
tion-wise differential analysis of gene expression profiles to interrelate genes and
functions with human diseases. The gene-wise analysis adopts a modified T-test
to analyze the expression alteration of each single gene, and the alteration is
represented by quantitative significant p-value. The function-wise analysis uses a
new combined S-test to identify coordinate alterations of genes within each
functional category. A computational tool, MageKey, is developed based on this
strategy, and its utility is demonstrated by the analysis results of gene expression
dataset of human Amyotrophic Lateral Sclerosis disease. MageKey is freely
available upon request to authors.

1 Introduction

Microarray technology, which can be used for measuring the expression levels of
thousands of genes simultaneously in a single experiment and generating gene ex-
pression profiles, has become a powerful tool in the post-genome era [1-3]. One major
application area of microarray technology is to discover disease relevant genes, which
may lead to gaining pathogenetic insights into diseases and identifying potential
therapeutic targets [3-6]. However, the great potential of microarray technology is
currently limited by the lack of powerful computational tools to make sense of the
generated gene expression profiles [7-9].

For the analysis of gene expression profiles, there is a widely held assumption that
genes showing significant expression difference in different conditions are likely to be
biologically important [3,5,10]. We define gene-wise differential analysis as the de-
tection of expression difference of single gene. For this purpose, a simple approach is to
do traditional two-sample T-test, and many sophisticated statistical methods have been
proposed in consideration of relatively few samples with overmany genes and ex-
tremely low signal-to-noise ratio in expression profiles [11-14]. These methods usually

D.S. Huang, X.-P. Zhang, G.-B. Huang (Eds.): ICIC 2005, Part II, LNCS 3645, pp. 11 —@] 2005.
© Springer-Verlag Berlin Heidelberg 2005
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produce long lists of differentially expressed genes, therefore, they cannot effectively
separate the genes causally involved in a disease from innocent bystanders [3,5,10].

It seems reasonable to suppose that the presence of genetic alterations may fre-
quently lead to changing the expression levels of many other genes functionally con-
nected with disease genes [5]. One promising method is to analyze the alterations of
gene expression at the functional level, such as biological pathways. Functional
analysis of expression profiles may help disease gene discovery by revealing pathways
or other functional information related to target genes [5,6,15]. We define func-
tion-wise differential analysis as the detection of coordinate alteration in the expression
of a gene-set containing multiple genes with specific functional characteristics. Al-
though some tools are available to provide such analysis, e.g. OntoExpress [16,17],
these tools require a predefined threshold for gene selection and check for
over-representation using only qualitative information. A recently developed tool,
GOAL [18], uses the T-test statistic to aggregate an average as a combined measure-
ment, but it can detect only those mis-regulations with consistent directions.

In this paper, we present a systematic strategy that combines gene-wise and func-
tion-wise differential analysis of gene expression profiles to interrelate genes and
functions with human diseases. The gene-wise analysis adopts a modified T-test to
analyze the expression alteration of each single gene, and the alteration is represented
by quantitative significant p-value. The function-wise analysis uses a new combined
S-test to identify coordinate alteration of genes within each functional category. A
computational tool, MageKey, is developed based on this strategy, and its utility is
demonstrated by the analysis results of gene expression dataset of human Amyotrophic
Lateral Sclerosis (ALS) disease.

2 Method

The flowchart of MageKey is shown in Fig. 1. First, gene-wise differential analysis is
used to evaluate the differential expression of each single gene. Then, genes are or-
ganized into gene-sets corresponding to different functional categories. Finally, func-
tion-wise differential analysis is used to evaluate coordinate expression change of each
gene-set.

2.1 Gene-Wise Differential Analysis

Gene-wise differential analysis determines the expression difference of individual genes
between two conditions. The simplest method is to use a two-sample T-test, which
measures the difference in means divided by the sum of standard deviations under two
conditions. When sample size per condition is small, however, the variance in T-test is
difficult to estimate because of erratic fluctuations and heterogeneity [13,14]. One feasible
way to improve T-test’s performance is to obtain more stable variance estimate, which has
already been taken into account in SAM [12] and Cyber-T [11]. In SAM, a small positive
constant is added to the gene-specific variance estimates. With this modification, genes
with small variance will not be considered as significant, however, genes with large



Correlating Genes and Functions to Human Disease by Systematic Differential Analysis 13

Filtering
[Nl 7 1 2 [ 3 [ 4 [... |
[Clasd © | o [ x [ x ... |
Sample Class assignment
Gene Expression Profiles
0@\'\0‘\
o he
4O
o™ <[] z=z====z
N
Sl ——————
Gene Ontology %" I:l ______
EGG U0 =z=z===
1 V4 g0 ======
S I:l
3
Association QA &&c% g
Files & h"v
LocusLink

Classifying Genes by Functional Categories
Functional Categories

2
% 'y
% Wull distrfution of S-vabe by~ P-value
resampling (100,000 times)

Genes

e

Functional Catagories

v
> -

Gene by Functional Category Combined S-test for Each Functional Catagory

Fig. 1. Flowchart of MageKey. The goal of MageKey is to determine whether the expressions of
multiple genes within a predefined functional category are consistently altered between two
conditions. See text for details.

variance will be always considered as non-significant. In Cyber-T, it combines informa-
tion from gene-specific and global average variance estimates and thus should be more
stable. But it will generate bias when the assumption of normal distribution is violated.

We adopt a non-parametric T-test with modified variance estimates, which uses a
tuning parameter (usually be 0.5) to determine the relative weights of gene-specific
variance and global average variance, and reports its significance by permutation
analysis.
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Suppose that e; is the expression level of gene i in sample j
(i=12,---;m;j=1,---,m,m+1,---,m+n2), where the first n; and the last n,

samples are obtained under two conditions, respectively. Then, for any gene i, the
means of its expression under the two conditions can be determined by

e —Z,«:lea/nl , (1)

_ n+n,
Ciny =D € 1 @)

and the variances of its expressions can be determined by

2 _

Siay —Z, -1 x(n) / 3)
) o (4)
Si2) —Z, € x<2>) /

Let the overall gene-specific variance of gene i and the overall global average vari-
ance be

2:(]7/711"']/”2) ((n'l -1 z(1)+(nz_1)'sz‘2(2))

n+n,—2

s :Zzlsiz/m . (6)

We define the non-parametric T-test statistic with modified variance as

&)

Gy — Gy (Aelo,1]) . 7)
AJz 24 (1= A)-s*

In addition, permutation analysis by shuffling condition-labels is used to calculate
the statistical significance values (p-values) for this modified test statistic under null

hypothesis, and the p-value of gene i is denoted as p; (i =1,2,-++,m) . A small p-value
for a given gene indicates its significant expression difference.

2.2 Categorization of Gene-Sets

Genes belonging to same functional category are grouped into a gene-set according to
their annotation information. For this purpose, KEGG [19] biochemical pathways and
GO [20] functional terms are currently used in MageKey. The KEGG biochemical
pathway annotation information is acquired from KEGG PATHWAY database (Au-
gust 2004, http://www.genome.jp/kegg/pathway.html). The GO hierarchy and GO
functional annotation information is acquired from Gene Ontology database (Sep-
tember 2004, http://www.geneontology.org). Other annotation information including
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Locus ID, gene symbol, gene title and OMIM, which are acquired from LocusLink [21]
database (September 2004, http://www.ncbi.nlm.nih.gov/LocusLink), have also been
integrated in MageKey.

2.3 Function-Wise Differential Analysis

Function-wise differential analysis determines if the expressions of genes within a
given gene-set are consistently altered between two conditions.

Suppose that the k genes numbered I;(j =1,2,---,k; Ij€ [1,m])) belong to the
same functional category I. Then the p-values of these k genes will be pi

(j=1,2,---,k;lie [1,m]). We define the average differential expression degree
and the average non-differential expression degree of these k genes as

S =(Zizl—10g(p1/)) /k , ®)

Suar =21, ~loz1- p, ) /k . ©)

Then, we use log-ratio of these two measures as the combined S-test statistic to
evaluate consistent expression alteration of the gene-set /.

non—diff

A\
S =log [i] = log(S‘h.ﬂ. ) —log (S"m,fdl.ﬂ ) . (10)

To calculate the statistical significance values (p-value) for this test statistic, per-
mutation analysis by random resampling is used.

3 Result

To demonstrate the utility and validity of MageKey, here, we use it to analyze the
publicly available human ALS disease expression profile dataset (GSE833 in GEO
[22], http://www.ncbi.nlm.nih.gov/GEO).

This dataset measures expression levels of ~6,800 genes in postmortem spinal cord
gray matter obtained from 7 individuals with ALS as well as 4 normal individuals,
using high-density oligonucleotide microarray technology containing 7070 probe sets.
This dataset has been preprocessed before we obtained it. To eliminate genes that had
extremely low expression, we filter the 7070 probe sets as follows. First, only those
probe sets for which there are at least a single measure greater than 100 are kept. Then,
probe sets are mapped to Locus ID using NetAffx [23] (http://www.affymetrix.com/
analysis/index.affx), and those probe sets without assigned “Locus” ID are discarded.
Of the 7070 probe sets, 5858 probe sets meet this filtering criterion, representing 5164
genes. In gene-wise analysis, multiple probe sets for a particular gene are treated
independently, that is, individual p-value is calculated for each probe set. In func-
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tion-wise analysis, they are treated as a whole by transparently calculating the geo-
metric mean p-value for the gene.

3.1 Gene-Wise Differential Analysis

We applied modified T-test with 1000 permutations to analyze differential expression
of 5858 probe sets (5164 genes) between ALS and normal individuals, and then we
obtained the approximate p-value for each gene. When comparing the distribution of
actual p-values with that of random p-values generated by 10 separate random per-
mutations of the disease-state labels in the actual dataset, there are overmany small
p-values occurred in the actual dataset (data not shown), indicating the presence of
some genes related with human ALS disease.

Table 1. A list of genes related with human ALS disease according to KEGG ALS pathway
(05030). Also included are the t-value, the permutation test p-value, the rank of the probe set (by
the absolute of t-value) and some other annotations.

probe set ID t-value | p-value | rank* | Locus ID | gene symbol | OMIM
X15306_rnal_at| -3.832 0.042 49 4744 | NEFH 162230
X02317_at -3.745 0.021 54 6647 | SOD1 147450
Y00067_rnal_at| -3.603 0.051 62 4741 | NEF3 162250
Y00433_at 3.587 0.036 64 2876 | GPX1 138320
X05608_at -3.553 0.045 68 4747 | NEFL 162280
U66879_at -3.015 0.021 122 572 | BAD 603167
114778 _s_at -2.338 0.022 276 5530 | PPP3CA 114105
U57341_at -1.964 0.094 419 4747 | NEFL 162280
Z23115_at -1.712 0.031 552 598 | BCL2L1 600039
769043_s_at 1.355 0.203 829 6748 | SSR4 300090
M22898_at 1.112 0.006 | 1110 7157 | TP53 191170
D31890_at 1.061 0.186 | 1191 3735 | KARS 601421
M14745_at -0.979 0.030 | 1318 596 | BCL2 151430
X04085_rnal_at| -0.711 0.189 | 1921 847 | CAT 115500
U57341 r_at -0.390 0.833 | 3039 4747 | NEFL 162280
U01824_at -0.342 0.722 | 3279 6506 | SLC1A2 600300
M13994_s_at 0.067 0.946 | 5295 596 | BCL2 151430

Table 1 lists a set of 17 probe sets (14 genes) related with human ALS disease ac-
cording to KEGG ALS pathway (05030). It can be seen that only 5 out of these 14
genes have been significantly mis-regulated (here, top 100 genes are considered to be
significantly mis-regulated), but many other genes which are currently considered as
unrelated with human ALS disease have shown significant expression alterations. This
phenomenon, which is probably typical in most human diseases, implies that it is
unrealistic to effectively identify disease relevant genes only by gene-wise differential
analysis of gene expression profiles.
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3.2 Function-Wise Differential Analysis by Using KEGG Biochemical Pathways

We then applied combined S-test with 100000 permutations to analyze 95 KEGG
biochemical pathways (each pathway consists of 8~200 genes). Table 2 lists the top 5
most significantly mis-regulated pathways. If we consider the pathways with p-value
less than 0.01 as significant, there will be only 2 significant pathways, one of which is
the human ALS disease pathway.

After the identification of the most significantly mis-regulated ALS pathway, we
reexamined the individual expression difference of genes within ALS pathway (see
Table 1). Although none of these genes is extremely significantly mis-regulated, most
of them show more or less expression alterations. Moreover, two known ALS suscep-
tible genes, i.e. NEFH and SODI1, can be identified from the ALS pathway by virtue of
their sufficient expression alterations relative to the others. A strategy combing
gene-wise analysis and function-wise analysis will be more effective.

Table 2. Top 5 most significantly mis-regulated KEGG biochemical pathways identified from
gene expression profiles of 7 ALS patients and 4 normal individuals. The number of profiled
genes for each pathway is listed. The S-value for each pathway is calculated using the combined
S-test statistics and the corresponding p-value is calculated using random resampling.

Function_ID Function_Name Gene_Count S-value p-value

KEGG Biochemical Pathway

05030 Amyotrophic lateral sclerosis 14 2.733  0.00046
(ALS)

00903 Limonene and pinene degrada- 15 1.999 0.00835
tion

00380 Tryptophan metabolism 54 1.265 0.01583

00350 Tyrosine metabolism 37 1.257 0.03153

00561 Glycerolipid metabolism 68 1.097 0.03319

3.3 Function-Wise Differential Analysis Using GO Functional Terms

We also applied combined S-test with 100000 permutations to analyze GO functional
categories (containing 568 GO biological process terms, 127 GO cellular component
terms, 418 GO molecular function terms, each term is covered by 8~200 genes). Table
3 lists the top 5 most significantly mis-regulated functional terms in all three aspects. If
we consider functional terms with p-value less than 0.01 as significant, there will be 4
significant GO biological process terms, 3 significant GO cellular component terms,
none significant GO molecular function terms. This suggests that consistently
mis-regulated phenomenon often occurs in specific cellular components and specific
biological processes. In addition, some of the identified GO biological processes, such
as protein kinase C activation (GO:0007205) and antigen processing (GO:0030333),
have been postulated to be associated with human ALS disease [24].
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Table 3. Top 5 most significantly mis-regulated GO functional terms (for biological process,
cellular component, and molecular function, respectively) identified from gene expression
profiles of 7 ALS patients and 4 normal individuals. The number of profiled genes for each term
is listed. The S-value for each term is calculated using the combined S-test statistics and the
corresponding p-value is calculated using random resampling.

Function_ID Function_Name Gene_Count S-value p-value

GO Biological Process

GO:0007194 negative regulation of adenylate 8 2.610 0.00614
cyclase activity

GO0:0030333 antigen processing 19 1.825 0.00663

GO:0045761 regulation of adenylate cyclase 23 1.661 0.00781
activity

GO:0007205 protein kinase C activation 9 2.484 0.00833

GO:0006221 pyrimidine nucleotide biosyn- 10 2.222 0.01154
thesis

GO Cellular Component

GO:0005875 microtubule associated complex 32 1.837 0.00105

GO0:0030529 ribonucleoprotein complex 124 1.179 0.00202

GO:0005840 ribosome 74 1.263 0.00519

GO0:0005842 cytosolic large ribosomal sub- 25 1.519 0.01296
unit (sensu Eukarya)

GO:0005830 cytosolic ribosome (sensu Eu- 44 1.275 0.02114
karya)

GO Molecular Function

GO0:0003887 DNA-directed DNA polymerase 10 2.338 0.01077
activity

G0:0045012 MHC class II receptor activity 12 2.096 0.01185

GO:0008080 N-acetyltransferase activity 8 2.303 0.01275

GO:0016410 N-acyltransferase activity 9 2.328 0.01317

G0:0005003 ephrin receptor activity 12 1.900 0.01570

4 Conclusion

We proposed a systematic strategy that combines gene-wise and function-wise dif-
ferential analysis of gene expression profiles to correlate genes and functions with
human diseases, and a computational tool, MageKey, has been developed based on this
strategy. When applied to analyze the gene expression dataset of human ALS disease,
the results demonstrate that MakeKey could effectively associate biological functions
with human ALS disease, both in KEGG biochemical pathways and GO functional
category, and some of these biological functions have been postulated or known to be
associated with human ALS disease. Furthermore, with the help of these identified
biological functions, the genes responsible for the disease can be determined at a
relative lower cost. In conclusion, the proposed method and the MageKey program is
able to effectively interrelate genes and functions with human diseases.
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Abstract. Extended Continuous Event Graphs (ECEG) are a special class of
Continuous Petri Nets. As the limiting form of Extended Timed Event Graphs
(ETEG), ECEGs can be used not only to describe the discrete events
approximately, but also to describe the continuous processes. In this note, we
obtain some of the global properties of ECEGs. In the end, a simple example is
given to illustrate the feedback control of CEGs with input.

1 Introduction

In the research of Discrete Event Dynamic Systems (DEDS), the modeling and analysis
are usually in three basic hierarchies: algebraic hierarchy, logic hierarchy and statistic
performance hierarchy. In algebra hierarchy, the most important method is dioid
algebra and its two special forms max-plus algebra and min-plus algebra. One of the
key tools in logic hierarchy is Petri Net. Event Graphs are special Petri Nets, that is,
upstream transition or downstream transition of every position is no more than one.
Cohen is the first one who derived the relation between the max-plus algebra and Petri
Nets is Cohen. He constructed the max-plus algebra linear model of TEGs [1]. The
further research on analyses and syntheses of TEGs based on this model can be found
i'n [2-4]. In another way, the analyses of TEGs can be treated as solving a set of dioid
equations [5,6]. Extended Timed Event Graph (ETEG, or Timed Event MultiGraph) is
the extended form of TEG. The dioid algebraic model of ETEG is construct in different
ways by Cohen [7] and Dai [8] independently. The analyses and syntheses of ETEG
based on dioid algebraic model had been studied in [9]. In [7], Cohen also considered
the dioid algebraic representation for the event graph with continuous positions and
discrete transitions. In [10], the min-plus algebraic model of a class of Continuous
Event Graphs (CEGs) was gived. All these algebraic models can convert serious logic
non-linearity into algebraic linear form.
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15 years ago, David and Alla proposed continuous Petri Nets, in which transition fire
continuously [11,12]. However the problem of analyses and syntheses of continuous
Petri Nets is far from solving. In this paper, we focus on ECEGs, which are the event
graph forms of continuous Petri nets, and are also the limiting forms of ETEGs [11,12].
ECEG can be used not only to describe discrete systems approximately, but also to
describe continuous processes. So the studies of ECEGs and the corresponding
algebraic models are of great significance.

The essential of the algebraic method to study TEG and ETEG is that the algebraic
linear equations will be derived by the local relation (within transition, its upstream
positions and the upstream transitions of those positions) in TEG or ETEG, then the
global properties can be elicited by using max-plus algebra and dioid algebra. But it
becomes rather complex for ECEGs. In this note, we obtain some of the global
properties of ECEGs. We also discuss briefly about the feedback control of CEGs with
Input.

2 Prelimitationary

Denote the positive integer set as N, the real set as R. Let w=+w,
R, =RU{w}, R" =[0,40) and R}, =R"U{w}.

For any a,beR we define a ®b=min(a,h) and a ®b =a+b ,where

min >

aPw=0@a=a and a®ow= o®a=0. (R @,@) denotes the min-plus

min *
algebraon R _; . The symbol “®” will be omitted sometimes for convenience.

R™" is the set of mxn matrixes, and the entries of the matrixes belong to

R, - LetA, Be R then
(A®B), =(A), ®(B), (1)

Forany AeR™* and BeR""  then ABeR™" and

min min * min

k @)
(AB); =(A®B); = g[(A)ih ®(B); 1.

min min >

Let AeRpr. A°eRyy, where (4°),=0 for i=j and (4°);=e for
izj, A'=4, A*=A4 ,---, and A" =@ A" . If for any ieN, there is no
i=0

negative value in diagonal entries of A’', we say A4 has no negative weight
circuit; if each diagonal entry is greater than zero, then say 4 only has positive
weight circuit.

Forany x,beR™!  we have:

min >

nxn

Theorem 1 [2-4]: If A€ RT:1  has no negative weight circuit, there exists a maximum

solution to equation x = Ax ®b which is given by x = A"b ; Moreover, if A only has
positive weight circuit, this solution is unique.
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Theorem 2 [2-4]: If AeR” has no negative weight circuit, then

min

A'=A"2A'9A’®...0A"". 3)

3 Definition of ECEG

Definition 1: A ECEG is a 6-tuplet < P,T,R v, M,,W >. P is the set of positions;
T, satisfying PN\T =¢, is the set of transitions; R =R, URyp, where Rpp
PxT and Ry <TxP V:T —(0,4+0) is the maximum firing velocity of
transitions; M, : P — R" is initial mark of places; W :R — R" is the weight of R .
Since ECEGs are event graphs, for any peP , the cardinal number of
{teT|<p,t>eRpy} and {teT|<t,p>€ Ry} are both no more than one. If
W(R) ={1}, a ECEG degenerates to a CEG.

ECEGs can be expressed by directed graphs with double circles representing
positions and rectangle representing transitions (Figure 1).

Fig. 1. A ECEG

Definition 2: For a transition ¢ , ‘t={pePlkp,t>Rp} and
t"={pe PI<t, p>e Ry} are called upstream and downstream of ¢ respectively. For

a position p, ‘p={teTI<t,p>e Ryp} and p° ={te T < p,t > Ry} are similarly

called upstream and downstream of p respectively. Let Nodes be a set of transitions or

positions, that is, *Nodes = U °nand Nodes°= U n°.

ne Nodes ne Nodes
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Throughout this note, mark,(7) denotes mark of position p attime 7, and V,(7)

denotes the firing velocity of transition 7 at time 7 . Obviously, mark,(0) =M,(p) .

Definition 3: Let T,, :={te T |t = ¢} . The firing velocity of t€ T,, can be arbitrary

within [0,\7(t)] , SO we may treat this transition as a input. For all ¢¢ T, , the value of

V,(7) can be obtained by the following algorithm: "
stepl. Let Ty ={re T | (Vpe *t markp(z') >0) or (teT,)}.If Ty =¢, we have
V,(t)=0 forall e T, and stop; otherwise, we have V,(7) =V (¢) forany te T, —T,,,
and forany re T, , V,(7)is known. Set T, =T .
step2. Let 7, be the difference set T-7, . If T,=¢ , stop. Set
T,={teT,IVpe "t (mark,(r)>0)or Cpc=T;)}. If T, =¢, we have V,(7)=0

for all < T, and stop; otherwise we have

) ) W, p;) @)
V,(7) = min min vV, @) ——- — L V()
4 CONT, . pi=lt;) W(p;,t)
murkpl. (7)=0

forany te T, , then adjust T, as T, =T, UT, and turn to step2.

Definition 4: The mark consumed by position p within time interval [7,,7,] is denoted

by Amark,(7,,7,) . Supposing {#;,}="p and {t,} = p°, we have:

Amark(2,.2,) =W (& p) [V, (D3du =W (p.1) [V, (2)du 5)

The definition indicates that mark » (7) is continuous.

4 Main Results

We only consider ECEGs without input, namely 7}, # ¢, in this section, so “without

input” is usually omitted for briefness. If a position satisfies p° ={t} and *p=¢, we
can add a position p, with zero initial mark and a transition #, satisfying
po = po={te} . ‘to=I{py} . ty={p.py} and W, py))=W(ty, py) =
W(t,,p)=1 (Fig. 2.). Without modified the firing velocities of those original
transitions, this treatment has no effect on the evolution of the ECEG. Now, for any
te T equation I’ =" ("#)| holds (I S | denotes the cardinal number of set S ).
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Definition 5: Forany te T, M, :[0,+o) — R ,;, is non-decrease continuous function

and represents the total mark consumed by ¢ in time interval [0,7] , i.e.,

M, (1) = L’ V,(z)du .

min

p t

Fig. 2. Treatment for places without upstream

Lemma 1: For any t € T in a ECEG, the range of V,(7) is a finite set.

Proof: Using definition 3, it is clear that

k i
V(n)lte T}g{O}U{V(z’yHVv‘;lz'e T,W' e W(Ryp), W, € W(Rpp), k=1,

i=1 i

P} (6)

so the range is a finite set.

Definition 6: P(t):={pe P| mark ,(7) > 0}.

According to the algorithm in definition 3, the following property of ECEGs without
input can be obtained:

Lemma 2: 1f P(7,) = P(z,) ,then V,(7,)=V,(z,) forany te T ;elseif P(z;) C P(z,),
then V,(7;) <V, (7,).

Consider two transitions f,,t, € T, a elementary path from ¢, to ¢, is a path from ¢,
to t, (including #, and ¢, ) without any circuit except itself, if it is. Here we exclude

neither the case that #, =¢, nor the elementary path that not includes any other

transition. Elementary circuits in ECEGs are the circuits without any sub-circuit except
itself.

Lemma 3: If te T satisfies V,(7) =0, there exists '€ T satisfing V,(r)=0, and

there exist a elementary path Pa from ¢ to ¢ and a elementary circuit Ci via ¢’.
Moreover, every position p in Pa or Ci satisfies mark;(7) =0 and every transition

in Pa or Ci satisfies V7 (7)=0.

Proof: The equation V,(7)=0 indicates that there exists p,€ °¢ such that
mark, (7)=0, 1€ *p; and V, (z)=0. Similarly there exists p, € ‘f; such that
mark, (7)=0 t, € "p, and V, (7)=0. This process can go ahead and we obtain p;

and f; (i=1,2,---). But the number of transitions and positions in ECEG is limited, so
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there exist i, and i, > suchthat r, =7, . Denote the minimum value of such 7 as i.

t; is exactly the transition ¢* we want to find. O

Definition 7: Consider t€ T and V,(r) =0 with 720, a transition '€ D,(7) if it

satisfies the following conditions (By Lemma 3, we ensure that these conditions are
reasonable):

1) There exists an elementary path Pa from ¢’ to ¢, and for every position p in
Pa markﬁ () =0; for every transition 7 in Pa, V-(7)=0.
2) There exists an elementary circuit Ci via ¢, and every position p on

Cisatisfies mark;(7) =0, every transition t satisfies V- (7)=0.

In the case of V,(7) #0, a transition t'e D, (7) if it satisfies the following two

conditions:
1) For any pe’’ , mark,(r)>0 or the transition t"e °p satisfies
W(p,t
V(1) > #V,,(r) .
W, p)

2) If the elementary path from " to t is Pa=(t"=ty, p;,ty,* Pr_isliogs Prst =1)
= W@, pin)
then mark, (7)=0 and V, (T)Hﬂ

=V(r)=V ().
=i WP jastig)

In intuition, we may consider that V,(7) “depends on” D, (7). Note that | D,(7) =1
for any reT . If V()=1, V(5,)=09 and V(5;)=1, we have D, (0)={s},
D,2 (0)={#,} and D,3 (0)={z,}, see figure 1.

Lemma 4: Consider te T with 1€ D,(7) , we have V(1) 2V,(t;) forany 7, >7.

Proof: If V,.(7) =0, according to definition 7, there exists an elementary circuit via ¢’
with markﬁ (r)=0 for all p in this circuit and V- (7)=0 for all 7 in this circuit.
Thus, after time 7 , the firing velocity of any transition in the circuit will be identically
vanishing. If V,(r)>0 , using definition 7, V,(7) is exactly V(') . Therefore
V(7)) <V.(r)=V(t) forany 7, >7.

Lemma 5: V,(7)is aright continuous step function.

Proof: According to lemma 1, if V,(7) is a right continuous function, then it must be a
step function. Now we only need to prove that V,(7) is a right continuous function.

Consider P(7) given by definition 6:
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1) If there exists Az>0 such that P(7)=P(z;) for any 7, €[zr,7+A7], then,
according to lemma 2, V,(7;)=V,(r) for any te T . Consequently, V,(7) is right
continuous.

2) Otherwise, since markp (7) of pe P is continuous, there exists A7 >0 small
enough so that 13(11) = F(z’z) > P(7) for any 7,,7, € (z,7+Ar7]. Using lemma 2, it is
clear that V,(7;) =V,(7,) 2V,(7) holds for any transition . Now we aim to prove
V,(r;)=V,(r) . Consider t'e D,(r) , we have V,(r)2V,(7;) by lemma 4, and
therefore V, (7) =V, (7,). With definition 7, we ensure that there exists a elementary
path Pa from ¢’ to ¢, and mark ,(7) =0 holds for any position p in Pa . Supposing
V,(z;)>V,(z), there must be a position p, in Pa=(t"=ty, p;,t;s** Pry>ly_is Prs
t=1,) satisfying mark, (7;) >0, otherwise, by definition 4 and the invariability of
P in the time interval (7,7+A7] , we will come to the conclusion that

2Pjs1) i Pjs1) . .
V,(z)=V, (TI)H—W TN Vi (z )H = (p,ﬂ, ) =V.(r) . which is
contradictable. Let 7, € °p,. Since the mark of p, varies and the firing velocity of 7
keeps invariable in time interval (7,74 A7], we can predicate that th () >th (7).
Because of V,(7)=V,(z;), then t, #¢ . Similarly, there must be a position p,

satisfying mark,, (z;) >0 in Pa, which is from ¢’ to 1, as a sub-path of Pa, and a

transtion #, € “p, such that V, () >V, (7) and 1, #1 . This process is endless, but
the number of transition in Pa is finite, so V,(7;) >V, () is impossible. Hence,
V,(;)=V,(7) is true for any te T and 7, € (7,7+A7] . As a weaker property, the

right continuity of V,(7) is also true.

Lemma 6: In an ECEG, V,(7;) 2V,(z,) forall te T and 0<7, <7,, thatis, V,(7) is
non-increasing.

Proof: We prove it by contradiction. Suppose that V,(7) is not non-increasing. Using

Lemma 1 and 5, there exists a transition ¢ and 7, A7;,A7, >0 such that

V e (t,—AT,T,
V=it FEmAnn) ™)
V, telr,,1+AT,)

where V| and V, are two constants and V; <V, , A7, and A7, are small enough so
that the firing velocity of any transition within (7, —A7,7,) and (7,7, +A7,) is
fixed. For 7, € (r,—A7,,7,), Let '€ D,(7;) and Pa be the elementary path from
t"to t. Since the firing velocity of every transition is fixed in [7;,7,)and the firing
velocity of every transition in Pa is not greater than its maximum firing velocity, the



28 D. Zhang et al.

mark of every position in Pa fixes at zero in [7;,7,) . And because of the continuity of
the mark of positions, the mark of every position in Pa is still zero at the time 7.
Using Lemma 4, the firing velocity of D,(7;) after time 7, is less than or equal to that
at the time 7;. Hence, according to the algorithm in definition 3, the inequality
V,(t,) <V, (7)) holds. It is contradictory.

Using Lemma 1 and Lemma 6, we have

Corollary 1: For any te T in an ECEG, V,(7) can only change for finite times in the
time interval [0,+o0).

Let us focus on the CEGs. In [10], we deduce the following theorem.

Theorem 3: Performances of a CEG can be represented by min-plus algebraic linear
equations set. Let x= (M,1 (”L’),Mt2 (T)""’Mz,, (7)) and v= (‘7(1‘1)4', ‘7(1‘2)-2',

~~,\7(tn )-7)" , we can deduce the following min-plus linear algebraic equations
x=Ax®v ®)

where 4 e R)\" and

w tieg () )
WiZl@m,m) e ama perny
P

n—1

A’}v . And it is
i=0

Corollary 2: The maximum solution to the equation (9) isx =(
i=

unique if A has only positive weight circuits.

Proof: There is no negative value in (9) so that A has no negative weight circuit. Then
using Theorem 1, 2 and 3 the corollary holds.

5 Example

A manufacturing system represented as a CEG is shown in figure 3. The real line part
has input transition u# and our aim is to maximize the mark consumed by output

transition y at the time 7. To do so we add a position p, to the real line part in figure
4 such that “p, = p, ={u} and mark, (0)=1.
If we introduce output feedback as imaginal line part in figure 4 with three new

parameters V( f), m; and m,.By Theorem 3, we have the equation
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Fig. 3. Feedback Control of CEG

M@ | T 0 0 m, | M@ | [Vw-7]
M@ 11 1 7 0 oM |V r
M, @®|=2 9 0 o o|M,D|® V)1
M@ | |0 o 1| o oM@ V(y)-t
M) @ @ @ m om0 V()T

By Corollary 2, the unique solution of equation (10) is

M@ T o my +m, +10 my +m, +1 my +m, m, ]
M, (7) 1 0 (m+my+2)®T my+my+1 my+1
M, (D)= 2 9 0 m+m,+2 m,+2
M (1) 3 10 1 0 m, +3
M} (ry| Lm+3 m; +10 m; +1 my 0
V)7
Vi)t
®IV(ty) 7|
Viy)-z
V()]

which imply that mark of every position in figure 4 is finite.
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Moreover, consider the minimum capacity at position

max{markp1 ()} = max{markp1 O)y+M,(7)— M,l ()}

= max{l+(2.2-7)® (m, +m, +10+2-7)® (m, +m, +1+2.1-7)
T

®(m +my +2.15-0)® (my +V(f)-1)—(2-7)® (my, +1+V (f)-7)} (12)
1 V(f)<2
m+1  V(f)=2

m +m, +10 V(f)>2

when V (f) = 2 the capacity required is minimum if m, =0, and when V(f)>2 the

capacity required is minimum if m; =m, =0. Let V(f)=2+e, where eis error,

then the capacity required of p, is at least m; +m, +10.
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Abstract. Here we develop a new approach of combined literature mining and
gene expression analysis (CLMGE) to model the complex neuro-endocrine-
immune (NEI) interactions. By using NEI related PubMed abstracts and the
Human Genome Organisation gene glossary for subject oriented literature
mining (SOLM), it is found that the NEI model serves as a scale-free network
and the degree of nodes follows a power-law distribution. Then we evaluate and
eliminate the redundant of SOLM-based NEI model by multivariate statistic
analysis basing on selected gene expression data. Each involving expression
data is tested by cross validation with Leave One Out strategy. The results
suggest that the performance of CLMGE approach is much better than that of
SOLM alone. The integrated strategy of CLMGE can not only eliminate false
positive relations obtained by SOLM, but also form a suitable solution space for
analyzing gene expression data. The reasonable biological meanings of the
CLMGE-based NEI model are also evaluated and demonstrated by classifying
its sub-functions according to DAVID and SwissProt databases.

1 Introduction

The neuro-endocrine-immune (NEI) system [1], the central component of the
complex human biological stress response, controls host defenses and homeostasis at
the molecular level. A great amount of evidence regarding to this theme has been
accumulated rapidly. However, the complex actions of NEI are still mysterious which
beyond the scope of any individual experiment. Now many integrated approaches in
the field of bioinformatics are developed, such as literature mining (LM) [2] which
retrieves information contained in valuable literatures and almost is free of the
limitation of individual experimental conditions. Our previous work has constituted a
preliminary approach of subject oriented literature mining (SOLM) [3] for
constructing the network special for a given biological system. While on the gene
expression level, microarray datasets can reflect the activities of thousands of genes
on a large scale; gene expression information may provide a chance to explore
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cooperative relations of the whole system according to the hypothesis that genes co-
expressed would be co-regulated [4].

Unfortunately, either LM-based or microarray data-based approach has its limits
for the network construction. For example, the LM derived network is relatively crude
and has many redundancies. The co-occurrence method is unable to represent various
types of relations such as the direct-ratio or the inverse-ratio. On the other hand, for
the microarray data, it is difficult to deal with thousands of variables directly to
construct a complex network. In view of the SOLM model forms a global solution
space for further analyzing microarray data, and the microarray data may
appropriately deal with the problems of validating the confidence of network and
differentiating many types of relations. With the goal of taking advantage of both
methods whereas avoid their limits to promote the ability for modeling complex
biological systems, here we develop a Combined Literature Mining and Gene
Expression analysis (CLMGE) approach to construct and analyze the NEI
interactions.

2 Methods

2.1 Subject Oriented Literature Mining

The Human Genome Organisation (HUGO) glossary (http://www.gene.ucl.ac.uk),
which includes about 20,000 none redundant gene symbols, is prepared for SOLM. A
total of 21229 PubMed abstracts (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi,
2005/03/01) are retrieved by using 11 keywords of NEI: “nerve-endocrine-immune”,
“hypothalamic-pituitary”, “neuroendocrinology”, “neuro-endocrine-immune”,
“neuroimmunology”’, “neuroimmunomodulation”, “immune-neuroendocrine”,
“neuroimmunoendocrinology”, “psychoneuroimmunology”, “nuclear factor-kappaB
pathway” and “pineal-immune”. We defined the co-occurrence as a pair of symbols
co-occurring in a sentence. Then took count of the co-occurrence of all symbol pairs
to form the weighted matrix, in which a row or column is a gene and each entry is the
number of co-occurrence of each pair genes. Note that the symbols are unified as the
corresponding unique names when counting the co-occurrence. Given importance and
frequency of the symbol, the co-occurrence should not share the same significance.
So the weighted matrix is normalized as: D= (du )n ., where

d; =2€/(Z:=1 c, + ZZ=1 ¢;) » and (d;)e[0]] ; and the adjoint matrix,
R=(r;) .is defined as

2d,’d,’
VTS ) ) @

2.2 Microarray Data and Missing Value Estimation

The NEI-related B-cell lymphoma microarray dataset, including about 14,000 genes
and 133 gene expression experiments, is downloaded from the Stanford Microarray
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Database (SMD, http://genome-www5.stanford.edu/), which stores raw and
normalized data from microarray experiments, and provides data retrieval, analysis
and visualization interfaces. The missing values in this dataset are estimated using the

K-nearest neighbors method [5]. Briefly, for x> a missing value of gene X; in a

observation j, we can find the other K genes which have the most similar expression
profile by the Pearson correlation analysis. Then the missing value is recovered with
the weighted mean of the corresponding observation of the K genes.

2.3 Multivariate Statistic Analysis for Gene Expression Data

We take the expression level of n genes as variable Xy, X;, ..., X, the dataset with m
observations and the n variables, is denoted by

X X Xy
[ ]_ Xar X Xy, 2)
X15X25“"Xn - . .

xml xm2 T xmn

The relationship between gene k and [ can be formulated as d,, = d(x,,Xx,) for
the adjoint matrix. So far, the most commonly used definition of d(x,,x,) is the

Pearson coefficient of the variable pair (X, ,X, ). The true relations between d,, and
1

d Ky > however, may not be independent. The interactions among multiple variables

should be considered.

Suppose the network follows a linear model [6], we can build the model through
multiple variables selection. If the prior knowledge about the network is unavailable,
there are two problems need to deal with. First, it is not advisable to utilize the
method directly for thousands of candidate variables. The next, for the limitation of
the algorithm, the number of variables should not exceed the number of observations
to avoid matrix singularity. Therefore, it is necessary to get some prior information
from the NEI network relating literatures.

For the linear model, x, = ﬂk() +ﬁk1xk1 +ﬂk2xk2 +“'+ﬁk,xk, + e, where the

Xi1sXpys > X, are the neighbor nodes of X, in the SOLM-based NEI model, and

e is the random error. Because of the “Over Fitting”, many variables in the model are
false positive and invalid. The significance of the model is verified using F-test,
defined as

__ SSRII
SSE/(m—1—1) 3)

H

where SSE and SSR represent the residual of random error and the variables of the
entire model; ;,/ are the number of observations and the number of the variables of
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entire model respectively. The P-value is defined as p = P(F, > F, ), in which

m—I—1
F,, obeys the distribution ofF(l, m—1— 1) .

Following step-wise model selection, for each attributive variable, we define its
neighbor nodes in the SOLM-based NEI model as the candidate variables of the
complete model. Starting from null model, we add one variable at the beginning of
each iteration, then try to delete the invalid variable influenced by the new variable,
and finally calculate the P value of each updated model. Repeat above steps for all the
candidate variables until no variable can be added or deleted. Accordingly, a credible
model with a lower P-value (<0.01) can be obtained.

2.4 Cross Validation with Leave One Out (LOO) Method

Cross validation with LOO strategy is used to estimate the gene expression of both
the SOLM-based and the CLMGE-based NEI models. At each iteration of LOO, we

omit one observation ; of the gene X, and its neighbor ones X;;,X;,,"**,X; > then

reconstruct the linear network based on the remaining observations X j; and

X ., X X, - Therefore, the omitted x, can be reevaluated by the

jine Agize T T Aljil

corresponding observations of neighbor genes.
Next, we evaluate the square sum of errors for all gene expression values in both
1 UL A 2 . . .
models. It can be formulated as SSE = ZZ(xﬁ — xﬁ) » in which X ; is the true
i=1 j=1
expression and X ji is the reevaluated expression. And we define the Z-score of mean

square error, Zpyod, as

_ SSE /mn- E{x,) @)
" STD{x,)

where E{x ﬁ} is the expectation and STD{x ;} is the standard deviation of the gene

expression.

2.5 Describing Functions from DAVID and SwissProt Databases

Finally, we submit the 350 genes into the Database for Annotation, Visualization and
Integrated Discovery (DAVID, http://appsl.niaid.nih.gov/david/), a web provide
integrated solutions for the annotation and analysis of genome-scale datasets derived
from high-throughput technologies such as Microarray and proteomic platforms. Then
we divide the sub-function of genes into three systems of immune, endocrine and
nerve, as defined in the DAVID and the SwissProt databases (http:/www.hgmp.
mrc.ac.uk/Bioinformatics/Databases/swissprot-help.html).
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3 Results

3.1 Network of SOLM-Based NEI Model

First, we constructed SOLM-based NEI model from 21229 PubMed abstracts with a
threshold of co-occurrence as 2, which including 925 genes as nodes and 3675
relations as edges. The average degree is 7.9. The degree of nodes follows a power-
law distribution, obviously appearing as a scale-free network. In the top 20 hub nodes
whose degrees are more than 50, there are 16 nodes fall into the sub-function
classifications, namely neuro-system (8 nodes), immune-system (7 nodes) and
endocrine-system (10 nodes), according to DAVID.
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Fig. 1. The degree of nodes in SOLM-based NEI model follows a power-law distribution. The
max degree is 197 and the corresponding node is tumor necrosis factor (TNF). Degree of
heparanase (HPSE), corticotropin releasing hormone (CRH), and interleukin (IL)-6 is 123, 105,
and 103 respectively.

3.2 Comparison of Both SOLM-Based and CLMGE-Based NEI Networks

Based on the SOLM-based NEI model, the overlapped 380 genes and 1196 edges are
extracted from the prior model and the microarray dataset. A predominant sub-
network (Fig. 2A) of 350 nodes and 1162 edges is selected for further analysis. For
variables of each node along with its neighbors, we use the microarray data by
statistic analysis to eliminate the redundant edges and form an updated model (Fig.
2B) with a threshold of P <0.01. At the same time, we calculated the P-value of each
model and find that the CLMGE-based NEI model is much more believable than the
previous one. By comparing both networks, we found that the average path length is
almost uninfluenced though the average of degrees varies obviously, indicating that
redundant edges are eliminated while the essentials are remained.
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Fig. 2. Predominant sub-networks of SOLM-based (A) and CLMGE-based (B) NEI models.
Sub-sets of neuro-system, immune system, endocrine-system, neuro-immune and neuro-
endocrine are classified according to DAVID; “Others” include genes with functions such as
signal, glycoprotein, and phosphorylation.

Table 1. Summary of the comparison between the SOLM-based NEI network and the CLMGE-
based NEI Network

Networks Number of Number of  Average Average
Nodes Edges Degrees Shortlength

SOLM-based 861 3621 8.40 6.4432

NEI network

CLMGE-based 276 426 3.09 8.4585

NEI network

As shown in Table 1, both SOLM-based and CLMGE-based NEI networks have
861 versus 276 nodes, 3621 versus 426 edges, 8.4 versus 3 average degrees, and 6.4
versus 8.4 average path length (geodesic distance). The results suggest that the edges
elimination do not impact seriously the average path length although affect the
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average degrees, comparing with the other figure. In other words, the eliminated
edges are almost inessential edges, and the backbone of the network is retained.

3.3 Cross Validation for Both Networks

Next, cross validations for both SOLM-based and CLMGE-based NEI Networks are
carried out by using the method of Leave One Out. It is found that the SSE,,,q for
SOLM-based or CLMGE-based NEI model is 1.25e+4 or 1.21e+4, and the Z value is
0.443 or 0.428 (equation (4)) respectively. The gene expression estimations of TNF,
the hub node with the highest degrees in both networks, are illustrated in Figure 3.
Comparison and estimation for hub nodes such as CRH, IL6, and IL2 as well as the
node with lowest degree such as oncostatin M receptor (OSMR) are summarized in
Table 2. The results indicate that the performance of CLMGE method is much better than that
of SOLM.

Table 2. Comparison and estimation results for four nodes and their sub-models of CRH, IL6,
IL2, and OSMR in both SOLM-based and CLMGE-based NEI Networks

Degrees Degrees
Genes Sub-functions of the of the Pvalue P value
node node (SOLM) (CLMGE)
(SOLM) (CLMGE)

CRH Neuro-Endocrine 105 13 1.11e-5 <1.00e-7
IL6 Neuro-Immune 103 6 1.38¢-3  <1.00e-7
1L2 Neuro-Immune 54 7 7.47e-4 <1.00e-7

OSMR Others* 3 2 <1.00e-7 <1.00e-7

* “Others” represents genes with functions such as signal, glycoprotein, and phosphorylation.

25F ‘ : :
TNF: Immune system |- SOLM
2r — CLMGE | -
== Ture
150 i

'
<
w
L
iy L
denrd
B

uolssaldxs sus)
o

0 50 100 150

Fig. 3. The estimation result of expression of gene TNF (Id848), which falls into the immune
system, with the degree of 197 in SOLM-based NEI model and the degree of 16 in CLMGE-
based NEI model. The Y-axis represents the number of microarray experiments. And the P-

=1.70e-3 and P, <1.00e-7 by F-test.

value of these sub-models are P, CLMGE

SOLM
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4 Discussions

Building a network for complex biological systems has been the focus of extensive
research for decades and is still a challenging problem. Up to now, there are many
types of complex networks in biological systems including protein-protein
interactions [7], genetic regulatory networks [8], signal transduction pathways [9] and
metabolic networks [10]. For the complex NEI system, however, there is less prior
information about the network topologies or other properties. It is almost impossible
to directly search the entire parameter space to generate the NEI network. Thus, it is
within this context that we preliminarily establish a new integrative and statistical
approach, CLMGE, to constructing biological network maps for NEI interactions.

SOLM, the first step towards constructing NEI network in the present work, is
based on co-citation, which shares the assumption with many existing literature
mining systems [2,11,12]. This approach holds that when two genes are co-cited in
the same text unit, there should be an underlying biological relationship. Next,
CLMGE method developed in this work may be a way to model NEI interactions by
applying SOLM to extracting all the gene interactions from literatures, using gene
expression analysis for validation, and eliminating the statistically independent
relations.

The SOLM method specifically designed to collect and extract PubMed
abstracts-derived information about NEI includes the discoveries of many researchers.
It could be provide a holistic frame of the NEI network, and forms a wide solution
space. In the SOLM-based NEI network, it is found that hub nodes such as TNF, IL-6
and CRH are main players involving in the NEI functions and also taking important
roles during the course of many pathological changes and complex diseases such as
inflammation, infection, stress and autoimmune disorders [13,14,15].

On assuming that the SOLM method could address most of the relations from
literatures, the approach of CLMGE will theoretically reach the global optimum
solution by eliminating the false positive relations. Moreover, the approach of
CLMGE can draw more detailed information such as relation types, intensities, and
directions from the gene expression data. In this work, the microarray data analysis is
testified for reconstructing the complex NEI network by comparing both SOLM-
based and CLMGE-based models before and after the processing of the multivariate
analysis. Although the selected microarray dataset is public and only parts of them are
overlapped with NEI literature derived data, our results suggest that the integrated
approach of CLMGE raise to a more desirable quality for NEI network when
comparing with that of SOLM alone. On the basis of the present work, not only the
false positive relations are eliminated remarkably but also the backbone of the whole
network is uncovered. This remarkable improvement is mostly resulted from the
elimination of redundant relations and avoiding “Over Fitting”. The more candidate
variables, the more precise the model would be, but the risk of extrapolation would be
expanded accordingly. For complex biological system, the false positive relations
may be associated with indirect interactions, which are misapprehended as direct
interactions by the method of literature mining.

As the statistic analysis can only eliminate redundant relations but may not
discover additional relations, the threshold of co-occurrences should be relative low.
On the other hand, we can choose a proper threshold for the variable selection
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accordingly. The microarray dataset used in this work is public and not special for our
purpose, so we can only utilize a part of this dataset that overlapped with the LM
derived data. On the precondition of having more appropriate microarray datasets, we
believe that this integrated strategy of combined the literature mining and gene
expression analysis would be much more precise and promising for reconstructing
complex biological networks.

5 Conclusions

The integrated strategy of CLMGE can not only eliminate the false positive relations
obtained by literature mining, but also form a suitable solution space for analyzing
gene expression data. The approach of CLMGE may be helpful for further
understanding the topologies and biological meanings of complex NEI interactions.

Acknowledgements

We would like to express our appreciation to Dr. Zhongqi Zhang, Chaolin Zhang, Tao
Peng and Ying Huang for their helpful discussions and comments. This work is
supported by the National Natural Scinece Foundation of China (Nos. 30200365 and
90209002), the Foundation for the Authors of National Excellent Doctoral
Dissertations of China (No. 200366), and the National Basic Research (973) Program
(No. 2003CB517106).

References

1. Besedovsky, H.O., Sorkin, E.: Network of Immune-neuroendocrine Interactions. Clin.
Exp. Immunol 27 (1977) 1-12

2. Jenssen, T.K., Laegreid, A., Komorowski, J., Hovig, E.: A Literature Network of Human
Genes for High-throughput Analysis of Gene Expression. Nat. Genet. 28 (2001) 21-28

3. Zhang, C., Li, S.: Modeling of Neuro-endocrine-immune Network Via Subject Oriented
Literature Mining. Proceedings of BGRS 2 (2004) 167-170

4. D'haeseleer, P., Liang, S., Somogyi, R.: Genetic Network Inference: from Co-expression
Clustering to Reverse Engineering. Bioinformatics 16 (2000) 707-726

5. Troyanskaya, O., Cantor, M., Sherlock, G., Brown, P., Hastie, T., Tibshirani, R., Botstein,
D., Altman, R.B.: Missing Value Estimation Methods for DNA microarrays.
Bioinformatics 17 (2001) 520-525

6. D'Haeseleer, P., Wen, X., Fuhrman, S., Somogyi, R.: Linear Modeling of mRNA
Expression Levels during CNS Development and Injury. Pac. Symp. Biocomput. (1999)
41-52

7. Ramani, A.K., Bunescu, R.C., Mooney, R.J., Marcotte, E.M.: Consolidating the set of
known Human Protein-protein Interactions in Preparation for Large-scale Mapping of the
Human Interactome. Genome Biol. 6 (2005) R40

8. Halfon, M.S., Michelson, A.M.: Exploring Genetic Regulatory Networks in Metazoan
Development: Methods and Models. Physiol. Genomics. 10 (2002) 131-43

9. Lappe, M., Holm, L.: Algorithms for Protein linteraction Networks. Biochem. Soc. Trans.
33 (2005) 530-534



40

10.

11.

12.

13.

14.

15.

L. Wuand S. Li

Sun J., Zeng, A.P.: IdentiCS - Identification of Coding Sequence and in Silico
Reconstruction of the Metabolic Network directly from Unannotated Low-coverage
Bacterial Genome Sequence, BMC Bioinformatics 5 (2004) 112

Stapley, B.J., Benoit G.: Information Retrieval and Visualization from Co-occurrences of
Gene Names in Medline Abstracts. Pac. Symp. Biocomput. (2000) 529-540

Stephens, M., Palakal, M., Mukhopadhyay, S., Raje, R., Mostafa, J.: Detecting Gene
Relations from Medline Abstracts. Pac. Symp. Biocomput. (2001) 483-495

Li, S., Lu, AP, Li, B., Wang, Y.Y.: Circadian Rhythms on Hypothalamic-pituitary-
Adrenal Axis Hormones and Cytokines of Collagen Induced Arthritis in rats. J.
Autoimmun.22 (2004) 277-285

Wilder, R.L.: Neuroimmunoendocrinology of the Rheumatic Diseases, past, present, and
future. Ann. N. Y. Acad. Sci. 966 (2002) 13-19

Russell, S.H., Small, C.J., Stanley, S.A., Franks, S., Ghatei, M.A., Bloom, S.R.: The In
vitro Role of Tumour Necrosis Factor-alpha and Interleukin-6 in the hypothalamic-
pituitary gonadal axis. J. Neuroendocrinol 13 (2001) 296-301



Mean Shift and Morphology Based Segmentation
Scheme for DNA Microarray Images

Shuanhu Wu', Chuangcun Wang', and HongYan™”

' School of Computer Science & Technology, Yantai University,
30 QingQuan Rd., Yantai 264005, China
wushuanhu@163.com
2 Department of Computer Engineering and Information Technology,
City University of HongKong, Kowloon, Hong Kong
h.yan@cityu.edu.hk
?School of Electrical and Information Engineering,
University of Sydney, NSW 2006, Australia

Abstract. Image segmentation is supposed to be the most important step in
microarray image analysis. In this work, we proposed a new template-based
segmentation method for DNA microarray images. Different from the local-
based segmentation techniques adopted by all the available analysis softwares,
our algorithm segments images from global view of point. Based on mean shift
filtering technique, we first segmented image into some different homogenous
regions in which all the spots appeared as different local maximum regions.
Then an initial spot segmentation template was extracted by morphological H-
reconstruction. Finally, a refined spot segmentation template was obtained by
histogram analysis. Experimental results showed that our algorithm is robust
and can obtain accurate spot segmentation results. Especially, compared to all
the available algorithms, our template-based spot segmentation scheme not only
can facilitate downstream intensity extraction step but also can be very helpful
to improve the accuracy of intensity extraction.

1 Introduction

DNA microarrays allow the monitoring of expressions from tens of thousands of
genes simultaneously. This technology makes use of the so-called hybridization
reaction in which two segments of single-strand DNA bind together or hybridize if the
bases on one strand are complementary to the bases on the other strand [1].
Applications of microarray technology range from the study of gene expression in
yeast under different environmental conditions to the comparison of gene expression
profiles of tumors from cancer patients. In addition to the enormous scientific
potential in understanding gene regulation and interactions, microarrays have very
important applications in pharmaceutical and clinical research.

In a microarray experiment, two samples of DNA, which are reversed transcribed
from mRNA , are labeled with different fluorescent dyes (usually Cy3 and Cy5) to
constitute the cDNA probes. The two cDNA probes are then hybridized onto a DNA
microarray, which holds hundreds or thousands of spots, each of which contains a
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known different DNA sequence. If a probe contains a cDNA whose sequence is
complementary to the DNA on a given spot, that cDNA will hybridize to the spot,
where it will be detectable by its fluorescence. Spots with more bound probes will
have more fluorescent dyes and will therefore fluoresce more intensely. The ratio of
the two fluorescence intensities at each spot indicates the relative abundance of the
corresponding DNA sequence in the two cDNA samples that are hybridized to the
DNA sequence on the spot. Fig.1(a) is an example of a combined gray microarray
image representation, where the red channel sets as the Cy5 image, the green channel
sets as the Cy3 image, and the blue channel is set to zero. In this image, one can see
the differential expression of genes in the two cDNA samples. Intense red
fluorescence at a spot indicates a high level of expression of the gene labeled using
the red-fluorescent Cy5 dye, with little expression of the gene labeled using the green
fluorescent Cy3 dye. Conversely, intense green fluorescence at a spot indicates a high
level of expression of the gene labeled using the Cy3 dye, with little expression of the
gene labeled using the Cy5 dye. When the genes in both samples express at similar
levels, the observed spot is yellow.

Image analysis is a very important procedure for in a microarray experiment. In
general, it includes three tasks: gridding, segmentation, and information extraction in
which segmentation is a crucial step for accurate information extraction. A number of
microarray image processing techniques have been proposed and implemented in
several commercial software and freeware packages in the last several years, such as
ScanAlyze [2], GenePix [3], Spot [4], QuantArray [5] and the newly developed
processing techniques [6], [7]. Existing segmentation methods for microarray images
can be grouped into three categories according to the geometry of the spots they
produce fixed circle segmentation, adaptive circle segmentation and adaptive shape
segmentation. Fixed circle segmentation fits a circle with a constant diameter to all
the spots in the image. The advantages of this method are that it is easy to implement
and that it works correctly when all the spots are circular and of the same size [2]. The
adaptive circle segmentation is adopted by GenePix[3] in its early version, where the
circle’s diameter is estimated separately for each spot. Although latest GenePix Pro.
6.0 [3] has no restrains on spot shape, it still need to give appropriate spot’s diameter
before processing. Except for those features, the above algorithms are all based on
local segmentation methods after image gridding. In local segmentation methods, it
may be difficult to determine whether a spot is present or absent if the spot is bigger
than the corresponding area in the grid or does not exist at all.

In this paper, we propose a new template-based spot segmentation algorithm by
mean shift filtering technology and mathematical morphological operator. Different
from the local-based segmentation algorithm adopted by all the available algorithms,
our algorithm segments images from global point of view. Firstly, based on mean
shift filtering, we segmented image into some homogeneous regions in which all the
spots appeared as local maximum regions. Then an initial segmentation template was
extracted by morphological H-reconstruction. Finally, a refined segmentation
template was obtained by histogram statistical analysis. Comparison with available
algorithm, our algorithm does not place any restriction on the spot shapes and
intensity distribution. Especially, the template-based spot segmentation algorithm can
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facilitate the downstream information extraction process and also can be very helpful
to improve the accuracy of intensity extraction.

2 Segmentation Method Based on Mean Shift Filtering

2.1 The Mean Shift Procedure

The mean shift procedure is based on kernel density estimation and was proposed in
1975 by Fukunaga and Hostetler [8] for mode detection and clustering and recently
rekindled in Cheng’s paper [9]. Given n data points x; i=1~n in the d-dimensional
space R?, the multivariate kernel density estimator with kernel K(x) with bandwidth ,
computed in the point x is given by

A 1 & x—x 1
flo= K(—=5) m
nh? ; h
The d-variate kernel K(x) is a bounded function with compact support satisfying:
j K(x)dx =1 lim Il x 1Y K(x)=0
R? llxll—oo 2)

IR" xK(x)dx =0 IR" xx" K (x)dx = cpl

where c is a constant. The multivariate kernel may be generated from different ways,
but here we only interested in a special class of radially symmetric kernels satisfying

K(x) =a, k(x| 3)

in which it suffices to define the function k(x) called the profile of the kernel, only for
x>0, and a; 4 is a strictly positive constant which makes K(x) integrate to one.

The quality of a kernel density estimator is measured by the mean of the square
error between the density and its estimate, integrated over the domain of definition. In
practice, however, only an asymptotic approximation of this measure (denoted as
AMISE) can be computed. For kernel function in (3), the AMISE measure is
minimized by the Epanechnikov kernel [10] having the profile

0 x>1

Employing the above profile, the density estimator (4) can be rewritten as

A Ck,d L X — xi 2 (5)

(x)= k(I ———117)
Tk & h

The first step in image segmentation with the underlying density f(x) is to find the

modes of each pixel. The modes are located among the zeros of the gradient V f{x)=0

and the mean shift procedure is an elegant way that will converge to these zeros
without estimating the density along following mean shift vector[11]:
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3 xgd % %)
m, . (x)= - X (6)

n X=X, 2
Z,-zlg(”T” )

where g(x)=-k (x) and > g(l(x=x;)/hII*) is a positive number.

Mean shift procedure above is also named as mean shift filtering. By this
procedure, each pixel can find its own mode (or cluster) and then image can be
segmented into some different homogeneous regions. Especially, mean shift filtering
is a procedure of discontinuity preserving smoothing that is a very crucial for accurate
image segmentation.

2.2 Feature Space and Kernel

The feature space for image can be represented as a two-dimensional lattice of p-
dimensional vectors (pixels), where p=1 in the gray-level case, p = 3 for color image.
The space of lattice is known as the spatial domain, while the gray level, color is
represented in the range domain. When the location and range vectors are
concatenated in the joint spatial-range domain of dimension d= p+2, their different
nature has to be compensated by proper normalization. Thus the multivariate kernel is
defined as the product of two radially symmetric kernels and the Euclidean metric
allows a single bandwidth parameter for each domain

_ C x x"
thh, (x)—Wk(llh—ll )k(llh—ll ) @)

A r s r

where x* is the spatial part, x” is the range part of a feature vector, k(x) the common
profile used in both two domains, i, and A, the employed kernel bandwidths, and C
the corresponding normalization constant. In practice, we adopted Epanechnikov
kernel because of its fast speed and excellent performance, what the user has to do is
to set the bandwidth parameter h = (hy , h,).

2.3 Microarray Image Preprocessing and Bandwidth Computation

The microarray images consist of a pair of 16-bit images in TIFF format scanned by
laser with different wavelength. We denote the two input images as “R” and “G” for
“red” and “green”, with R corresponds to the red-fluorescent dye Cy5 and G
corresponds to the green-fluorescent dye Cy3, respectively. For improving
computational efficiency, we transform them into a single 8-bit combined gray image
RG, given by

RG(i, j) = max(R (i, j),G (i, )) (8)

where R and G are obtained by a square-root transformation of the original inputs, R
and G, respectively.
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Another crucial issue is determining the bandwidth parameters. Here we proposed
an automatic method for determining the bandwidth parameter & = (h, , h,). Firstly, we
gridding combined 8-bit gray image RG by mathematic morphology technique
proposed by Hirata[12](see Fig.1(b)). Then we calculate the variance of pixels in a
central small regions (small than spots) in each grid and take the median as the
bandwidth parameter £,. Obviously, bandwidth parameter, &, should be smaller than
the size of objective (diameter of spot). In practice, we have found that taking h,=2,
i.e. its detecting neighborhood is 5*5, is very robust for segmenting a variety of
microarray images, even for noisy images.

(a) (b)

Fig. 1. DNA microarray image and gridding. (a) an example of microarray images; (b) an
example of microarray image gridding.

2.4 Microarray Image Segmentation by Mean Shift Filtering

Let x; and z; , i = 1,2,...,n, be the d-dimensional input and filtered image in the joint
spatial-range domain, respectively. In our case, the input is a combined 8-bit gray
image, so the feature space is a two-dimensional lattice of 1-dimensional vectors
(pixels). Based on the kernel (7), the segmentation process by mean shift filtering can
be implemented as follows:

1. Initialize j = 1 and y;; = x;;

2. Run the mean shift filtering procedure by kernel (7) and compute y; ;1 =y; ; +
my, g according to (6) until it converges to a stationary pointy = y; ;

3. Assign z; = (x;°, ¥'; o), where the superscripts s and r denote the spatial and
range components of a vector, respectively; if i = n, goto step 4, otherwise
goto step 2.

4. Grouping together all z; which are closer than 4, in the spatial domain and £,
in the range domain;

5. Eliminate spatial regions containing less than M pixels (used to filter out
noise).

By above filtering procedure, an image can be segmented into some homogeneous
regions where each spot appeared as local maximum region in the dark background
(see Fig.3(b)).
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3 Spot Segmentation Template Extraction

The final aim of microarray images analysis is extracting the gene expressions, so we
must accurately know the position of each spot. In this section, we introduce our spot
segmentation extraction method that can accurately locate the positions of spot and its
local background based on mathematical morphology and histogram analysis.

3.1 Initial Template Extracting by Morphological H-Reconstruction

By above mean shift filtering technique, an image can be segmented into some
homogeneous regions and all the spots appear as some local maximum regions. These
local maximum regions can be accurately detected by morphological H-reconstruction
technique [13] or contrast opening of f of size H. H-reconstruction or construct
opening defined as

Y (F)=y“(f.f—H) ©)

Where ™ is the morphological reconstruction operator by dilation and is defined by

Y (g, f)=0,(f) (10)

such that for some i, &, (f)=4¢," that is implemented using the geodesic dilation

operator based on restricting the iterative dilation of a function marker f by structuring
element B to a function mask g by

5, (f)=0,0," (11

where 5;,( f)=1inf(d5(f),g) . Based on (9), the local maxima in an image can be

extracted by setting H = 1 by
Maxima(f) = f(x) =7 (f) (12)

According to (12) and taking the segmentation results obtained by mean shift
filtering as input, an initial binary spot segmentation template can be generated
(similar to Fig.3(c)) where the regions with the value of 1 represent spots and rest of
regions with the value of 0 represents background. An important property is that the
filters by reconstruction involve the notion of connectivity and can preserve the
‘edges’ of the structures that is very desired for segmenting images accurately.

3.2 Template Refining by Histogram Analysis

For most of spots, above segmentation results are very satisfactory, but there still exist
a very few spots that can’t be correctly detected due to the effect of the noise. In
Fig.2(b), we showed an example. It is obvious that three spot don’t be correctly
detected: the central spot, the spot at the left and the one under the center spot. The
reason resulting this phenomenon may be that the adjoining spots are very close to
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each other so that the distance between them is less than the size of minimum
morphological operator or the neighboring spots is connected each other. We solve
this problem by local histogram analysis for each spot. Based on the initial
segmentation result (see example in Fig.2 (a)) obtained by mean shift algorithm and
initial template obtained above (see example in Fig.2 (b)), we give our refining
scheme as follows:

1. Locate the first spot in the initial segmented image, which consists of
some homogeneous regions, by the gridding results for original image;

2. Calculate the maximum value of the pixels in the gridded spot region and
its histogram; Especially, for judging if a spot is present, we calculate the
minimum value of the pixels in a larger area that encloses previous gridded
spot region for containing all the spots with different size; note that there
are only a few position in the histogram not to equal to O since the gridded
spot image consist of a few homogeneous regions;

3. Select a small disk region located in the center of gridded spot image and
calculate its minimum pixel value. If this minimum value equals to the
minimum value calculated in step 2, we can ascertain that this region has
no spot available, then locate next spot and go to step 2;

4. Calculate the optimal threshold by histogram analysis (refer to Fig.2(c)): if
the abscissa value of the maximum value in histogram is equals to the
minimum value calculated in step 2, we can ascertain it correspond the
background region and then select the abscissa value of maximum value
among the rest of discrete values in the histogram as the optimal threshold;
otherwise the optimal threshold, that correspond to the abscissa value of
maximum peaks, can be selected among all no-zero points in the
histogram; it is obvious that the pixels with the optimal threshold
correspond to a largest foreground region (spot);

5. If the optimal threshold is equal to the maximum value calculated in step 2
and the spot has already been well detected and available, then we locate
next spot and go to step 2; otherwise we find the maximum connected
region by using this optimal threshold as the final spot segmentation result.

(b) (© (d)

Fig. 2. [llustration of image segmentation and template extraction (a) The part of segmentation
image by mean shift algorithm; (b) The initial template extracted by morphological operation
for Fig.2(a); (c) The histogram of the center spot image in (a); (d) The final template refined by
histogram analysis.
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Fig.2 is an illustration of the procedure of spot segmentation template refining
using our scheme. Fig.2 (a) is the part of segmentation image by mean shift
algorithm; Fig. (b) is the initial template extracted by morphological operation for
Fig.2(a); Fig.2 (c) is the histogram of the center spot image in Fig.2(a); Fig.2(d) is the
final template refined by histogram analysis. From the Fig. 2(d) and Compared to
Fig.2(a), it showed that our scheme is effective and accurate.
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Fig. 3. Comparison of segmentation results: (a) Original microarray image. (b) Image
segmentation results by the mean shift based technique. (c) Spot segmentation template
obtained using our algorithm. (d) Spot segmentation obtained using Genepix Pro 6.0.
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4 Experiment Results

We tested our segmentation scheme for many real microarray images and the results
show that our algorithm is robust and efficient. We give comparisons of segmentation
results obtained by our algorithm and popularly used commercial software Genepix
Pro.6.0 in Fig. 3 and Fig.4 that include the initial spot block and the results of
segmentation. Note that GenePix uses a special marking () for indicating the absent
spots. As you can see in Fig.3, the results obtained by using GenePix and our
algorithm are similar enough and can accurately extract the spots with arbitrary shape,
The comparison in Fig.4 is very interesting. Fig.4 (a) is a low density microarray
image with some noise. The results obtained by our algorithm are very good, while
GenePix introduces more absent spots. This showed that our method is also robust for
noise microarray images. Especially, for the very big Spot, for example, the spot in
row 5 and column 23 that GenePix can’t detect it, while our methods can detected and
segment it perfectly. This may be caused by local based segmentation scheme.
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Fig. 4. Comparison of segmentation results: (a) Original microarray image. (b) Image
segmentation results by the mean shift based technique. (c) Spot segmentation template
obtained using our algorithm. (d) Spot segmentation obtained using Genepix Pro. 6.0.
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5 Conclusions

Image segmentation is supposed to be the most important step in the processing of
microarray image analysis and should be helpful to the following extraction of gene
expression information. In this paper, we proposed a new spot segmentation scheme
based on mean shift filtering and morphological H-reconstruction and histogram
analysis. The difference between our and traditional methods is that our method is
based on the technique of global segmentation and template extracting but the
traditional is based on local segmentation technique. The advantage of our template-
based segmentation scheme, compared to the traditional technique, is that it can
definitely indicate where the background is and where the spot is and therefore can
greatly facilitate the following analysis of background and foreground (spot) and
further can be very helpful to improve the accuracy of information extraction.
Experimental results show our scheme is efficient and accurate.
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Abstract. A comparative analysis of olignucleotide frequencies in two sets of
introns of genes highly-transcribed and lowly-transcribed respectively has
suggested that the existence of potential positive regulatory motifs of
transcription in yeast introns. To further reveal the distribution feature of these
motifs, we detected significant clusters of these motifs (mainly
pentanucleotides) in introns by r-scan analysis. The results showed that there
are more clusters of regulatory motifs in the introns of ribosomal protein genes
(highly-transcribed genes) than in lowly-transcribed introns. Experimental
studies show that the transcription factors function cooperatively in
transcriptional activation and the corresponding binding sites for factors
generally cluster in DNA. Accordingly, we speculated that the cluster
distribution of regulatory motifs of transcription in yeast introns could be
correlated with the cooperative action of transcription factors and the
transcriptional rates of genes could be improved by the cooperativity.

1 Introduction

A great number of experimental studies have indicated that many introns of
eukaryotic genes could function either as enhancers or as promoters or both in
transcriptional regulation [1- 4]; however, the sequence feature of these introns and its
regulatory mechanisms have not been thoroughly and systematically understood. In a
previous work, we have detected some potential positive regulatory motifs of
transcription in yeast introns by comparative analysis of olignucleotide frequencies in
two sets of introns with higher and lower transcription rates respectively[5,6]. The
occurrence frequencies of these motifs in highly-transcribed introns are significantly
higher than those in lowly-transcribed introns, and most of these motifs form many
wider overlapping clusters in highly-transcribed introns. So, we speculated that the
sequence structures of highly-transcribed introns could be favorable to transcription
of genes, and the highly-transcribed introns could also provide enough binding sites
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for transcription factors to perform the cooperative transcription [6]. Cooperativity is
a frequent phenomenon in eukaryotic transcriptional control. Many transcription
factors show cooperativity in transcriptional activation, which manifests itself in
clustering binding sites [7, 8]. These meaningful results lead us to focus our research
on two questions: Whether do these regulatory motifs cluster in intron sequence? Are
these regulatory motifs and their distribution feature in intron responsible for the high
transcription rates?

In this work, we used r-scan analysis [9-11] to detect possible clusters of
regulatory motifs and then compared the cluster distribution of regulatory motifs in
the introns of ribosomal protein genes (highly-transcribed genes) with that in lowly-
transcribed introns. The results showed that there are more clusters of regulatory
motifs in the introns of ribosomal protein genes than in lowly-transcribed introns. It
is recognized that cooperativity is reflected in the occurrence of multiple clumped
binding sites in DNA sequence([7,8] and cooperativity contributes to the improvement
of transcription rates of genes [12]. Thus, the cluster distribution of regulatory motifs
in introns could be correlated with the cooperative action of transcription factors.

2 Samples and Methods

2.1 Samples

In previous work, we intuitively chose 30 and 10 mRNAs/h as cutoff for high and low
transcription rates respectively. In fact, almost of all highly-transcribed genes encode
ribosomal proteins (RPs) except ybrO84w and yfl039c. Thus, from highly-transcribed
introns we used the 75 RP genes as sample sequences and analyzed the distribution of
regulatory motifs in the introns of RP genes. At the same time, 80 introns of lowly-
transcribed genes were chosen. The relevant highly-transcribed and lowly-transcribed
genes can be found in Table 1 and Table 2 of reference [5].

Transcription factor ABF1, RAP1 and TAF are involved in the transcriptional
regulation of RP genes [13-15]. According to the binding sites for transcription factor
ABF1, RAP1 and TAF [16,17], we divided the regulatory motifs (mainly
pentanucleotides) into three groups. These three groups pentanucleotides are called
ABF1 motif, RAP1 motif and TAF motif respectively (see Tablel).

2.2 Methods

Step 1 Definition of r-scan Statistic
Firstly, we put the introns of 75 RP genes together into a long sequence of length L.
This long sequence is called intron I hereafter for brevity. The positions of motifs of

each group in intron [ are indicated by Yl* < Y; <..< Y: . The distance between two
_ *
s+l T

adjacent motifs are defined by X | Y: (1<s<n-—1). Then
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Table 1. The potential regulatory motifs for transcription factors ABF1, RAP1 and TAF. The

motifs in parentheses denote the reverse complements. Grouping is done according to
TRANSFAC[16,17].

ABF1 motif RAP1 motif TAF motif
AAAAT (ATTTT) AAATA (TATTT) AATAT (ATATT)
AAATA (TATTT) AACTG (CAGTT) ATGTC (GACAT)
AAATT (AATTT) AATAT (ATATT) ATTAA (TTAAT)
AATAT (ATATT) ACCAC (GTGGT) GAATA (TATTC)
AATGA (TCATT) ATGTC (GACAT) TGAAA (TTTCA)
ACTAT (ATAGT) ATTCA (TGAAT)

AGAAT (ATTCT) ATTTA (TAAAT)
AGCAT (ATGCT) ATTTG (CAAAT)
ATAAT (ATTAT) CAATC (GATTG)
ATGTC (GACAT) CACCA (TGGTG)
ATTAA (TTAAT)
ATTGA (TCAAT)
ATTTA (TAAAT)
ATTTC (GAAAT)
ATTTG (CAAAT)
CACCA (TGGTG)
CGATA (TATCG)
GATAA (TTATC)
GGATA (TATCC)
TAATA (TATTA)
TAGCA (TGCTA)
i+r—1
R. = i=1,....n-r(r=1).

ey

is the length of r+1 consecutive motifs. It will be referred to as a r-scan statistic [9-

I1]. Let R <R, <....

.. . r) _ p*
(k=1, 2, 3) minimum of the r-scan [9-11]is m; " =R, .

.. < R,_, is the corresponding order statistics. Therefore, the kth

The same process was performed for 80 lowly-transcribed intorns, and the joined
long sequence is called intron II. Similarly, r-scan statistic is defined by substituting
intron II for intron I.
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Step 2 Goodness of Fit Test for Uniform Distribution
The Kolmogorov test for goodness of fit[18]is used to assess whether

Y, .Y, ,...... Y n* are drawn from a uniform on (0, L). Table2 summarizes the

results of test for ABF1 motifs, RAP1 motifs and TAF motifs respectively. Because
the value of P < 0.05 for RAP1 motifs in intron II, we suggest rejection of the
hypothesis of uniform distribution at a 0.05 level of significance. This means that the
positions of RAP1 motifs in intron II show a deviation from the uniform distribution.
Thus, the cluster distribution of RAP1 motifs in intron II will not be taken into further
analysis.

Table 2. The Kolmogorov test for uniform distribution in intron [ and intronll. n is the
occurrence number of motifs in the same group in intron [ or intronlIl. P is asymptotic
significance level.

Motif Intron [ Intron I
n p n p
ABF1 motif 3337 0.848 719 0.367
RAP1 motif 1346 0.608 280 0.043
TAF motif 874 0.104 178 0.337

Step 3 R-scan Analysis of Distribution of Motifs Cluster [9-11]

IfY 1* , Y; yerenns Y n* has a uniform distribution on (0, L) then
(r) r | k-1 r i
. m x b x |1
lim Py —~ <— g r=l-exp—— z — | = 2)
n—seo L n™' rt i\t ) !

The equation (2) here has been proposed by Dembo A et al [9]. With x chosen so as to
the right side of equation (2) is equal 0.01[10,11], the r-scan is referred to a

s . . X
significant cluster if the m,((r) is less than L———.
n

3 Results

According to the three steps mentioned above, we have detected significant clusters of
motifs for ABF1, RAP1 and TAF in intron I and intron I respectively.
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Table 3. The results of r-scan analysis in Intron [
Intron [
Motif
ro om"” Position ms” Position my" Position
3 9 18612/18613 1 18608/18609
/26093 /18619/18620
18615/18616 18612/18613 18608/18609
ABF1
? 0 18617 10 /26093 12 /18618/18619
18612/18613 18608/18609
10 10 18615/18616 11 13 /18617/18618
8652/17070
4 5 10419/25761 6 1371
RAPI1 2461/18608/
5 5 25761/25762 11 2462/ 15950
6 12 2461 15 18608/18609
5 7 18617 8 18618 13 18620/18621
6 9 18617 14 18620 15 18618
TAF
7 16 18617
8 17 18617
Table 4. The results of r-scan analysis in Intron ]
Intron II
Motif
r ml(r) Position mgr) Position mgr) Position
5 6 1642/1643 8 6163
ABF1 7 16 2190/9405
8 18 2190
TAF 3 7 9584
4 19 9584
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3.1 The Cluster Distribution of ABF1 Motifs

In intron [, 25 significant overlapping clusters of ABF1 motifs were detected by
8-scans , 9-scans,and 10-scans. Because of the overlapping of motifs, these clusters
form two wider DNA sequences. One of them consists of motifs AAAAT ,AAATA,
AAATT AATAT , ATAAT , ATATT , ATTAA , TAAAT , TAATA , TATTA ,
TTAAT, extending for 28 bp in ylr287ca intron (see Table3 and Figurel), and the
other consists of motifs AATAT , ATATT , ATTAA , ATTAT , TAATA , TATTA,
TTAAT , TTATC, extending for 15 bp in yor182c intron.

In intron II, we found 3 significant overlapping clusters of ABF1 motifs in the case
of r=5, one of which is in yjl041w intron and the rest two are in ydl029w intron (see
Table4 and Figure2). Furthermore, we detected 3 significant clusters in the case of
r=7 and 8. Two of these clusters form a stretch of DNA, extending for 26 bp in
ydl189w intron; the remaining cluster, a non-overlapping cluster, occurs in yor318c
intron.

3.2 The Cluster Distribution of RAP1 Motifs

In intone IT, with r=4 we found 5 overlapping clusters of RAP1 motifs. The first
cluster consists of TAAAT, AAATA, AATAT, ATATT, ATTCA, occurring in
ygl189c intron. The second cluster consists of CAAAT, AAATA, AATAT, ATATT,
ATTCA, occurring in yor096w intron. The third cluster consists of AAATA,
AATAT, ATATT, TATTT, ATTTG, occurring in yer131w intron. The fourth cluster
consists of CACCA, ACCAC, occurring in ykrO57w intron. The fifth cluster consists
of AAATA, TAAAT, AATAT, ATATT, occurring in ymr142c intron. With r=5 we
found 2 significant overlapping clusters in introns of ybr189w and ylr287ca
respectively. At the same time, we detected 4 non-overlapping clusters in intron of
yor096w, ybr189w and yjr145c respectively. With r=6, 1 non-overlapping cluster was
detected in ybr189w intron. 2 non-overlapping cluster were observed in ylr287ca
intron, which consist of the same motifs TAAAT, AAATA, AATAT, ATATT. With
r=7 and 9 we found 3 non-significant clusters, but they span two introns ( the introns
of ylr185w and ylIr287ca) due to some of RAP1 motifs are close to the 5' end of the
top strand of the ylr287ca intron.

Because motifs that are not follow a uniform distribution in the intron can not be
analyzed with the method introduced above, the clusters of RAPImotifs in lowly-
transcribed intorns were not considered.

3.3 The Cluster Distribution of TAF1 Motifs

In intron I, 3 significant overlapping clusters are detected by 5-scans and 6-scans. 6
non-overlapping clusters are detected by 5-scans, 6-scans, 7-scans and 8-scans. All
clusters consist of the same motifs AATAT, ATATT, ATTAA, TTAAT, extending
for 22 bp in yIr287ca intron.

In intron II, we found an overlapping cluster in yor318c intron by 3-scans and a
non-overlapping cluster by 4 -scans.



The Cluster Distribution of Regulatory Motifs of Transcription in Yeast Introns 57

(A)
18
16} 1
14 1
120 1
€
5
£
s
< 1of 1
=
£
e
S 8t i
?
@
2
£
6l ]
4t il
ol ]
0 !
1 ybrisow yerl3tw  ygl88c  yirld5cyki05wylr287caymria2c yord96wyorig2e 30369
Position
(B)
18
16} 1
144 1
121 1
€
5
£
s
£ 10r B
s
£
<
S s B
?
@
2
g
6l ]
4t il
ol ]
0 L L
18606 18608  1.861 18612 18614 18616 18618 1862 18622
Position x10°

ylr287ca

Fig. 1. The lengths of significant clusters and their start positions in intron I. (A) Each point in
the plane corresponds to a significant cluster, and abscissa of each point indicates the position
in intron I; ordinate of each point indicates the r-scan kth minimum. The bottom of each
vertical line indicates the corresponding introns of the ribosomal protein genes in which
significant clusters occur. (B) The detail of the significant clusters which locate at between
position 18608 and 18635.
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Fig. 2. The lengths of significant clusters and their start positions in intron II. Each point in the
plane corresponds to a significant cluster, and abscissa of each point indicates the position in
intron II; ordinate of each point indicates the r-scan kth minimum.

4 Discussion

In introns of RP genes and introns of lowly-transcribed genes we have detected
significant clusters of motifs for ABF1, RAP1 and TAF by r-scan analysis. However,
the cluster number in introns of RP genes is larger than that in introns of lowly-
transcribed genes. We also noticed that most of clusters contain copies of motifs. For
example, a non-overlapping cluster of TAF motifs contains two AATAT. It is known
that most transcription factors function cooperatively; this is characterized by the
clustering occurrence of binding sites for transcription factors [7,8,19]. Thus
clustering binding sites of ABF1, RAP1 and TAF could demonstrate they bind to
multiple cooperative sites respectively, and these motif cluster regions may form
regulatory modules.

It is noteworthy that of the 75 introns of RP genes, only two introns (introns of
yorl182c and ylIr287ca) have the clusters of ABF1 motifs and one intron (intron of
ylr287ca ) has the clusters of TAF motifs; in contrast , we found the clusters of RAP1
motifs in the 8 introns. RAP1 is a common activator of RP gene of yeast [14]. Our
results further showed that the sequence structures of introns of RP genes in yeast are
favorable for RAP1 binding.

The results of goodness-of-fit test showed that the positions of RAP1 motifs are
uniformly distributed in intron I, but not in intron II. Almost all of known biological
function genes in lowly-transcribed genes do not code ribosomal protein so far.
Therefore, the differences in distribution of RAP1 motifs between introns of RP genes
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and those of lowly-transcribed genes suggest that clustering of RAP1 motifs may be a
cause that is responsible for higher transcription rates of RP genes.
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Abstract. This paper investigates the effects on neural classification
performance of biological data by features selection. Where the Relief-F
and Symmetrical Tau feature selection algorithms were employed on a set
of high level features of DNA and structural profiles. It was observed that
even with a small percentage of the features used in neural classifiers,
the recognition rate of E.coli promoters was not degraded significantly.

1 Introduction

Data is composed of examples, each example is an observation of a system with a
discrete number of features or properties that describe the system. The number of
features depends on what is being observed, from a few features for a mechanical
system, to several thousand for biological sequences [I]. As the number of features
increases, the volume of the feature space grows exponentially, this is called the
Curse of Dimensionality [2].

Consequently, significant effort has been put into the area of feature selec-
tion algorithms (FSA’s), which aim to reduce the number of features that are
needed to describe the system, but still maintain or even improve the learners
performance. In general the goal is to remove irrelevant and redundant features
from the data. By reducing the feature space, it can increase learning speed, in-
crease learner performance (e.g. classification accuracy), can make the learners
model more easily understood, and reduce the learners storage requirements [3].
Research into the application of FSA’s to biological sequences has been growing,
for example they have been applied to DNA sequence classification [], splice
site prediction [5] and gene expression profiles [6].

One biological problem is the identification of a promoter region within a
DNA sequence. A promoter is a region of DNA, recognised by and a binding
target for RNA (ribonucleic acid) polymerase, which then starts transcription
of the coding region at the Transcription Start Site (TSS). Using biochemical or
genetic means to identify the promoter regions and pinpoint the binding site(s)
at which the RNA polymerase comes into contact with the DNA is difficult. For
this reason, previous techniques for identification of the promoter regions are
based on statistical and alignment techniques. Research by [7], [§] and [9] com-
piled increasingly larger number of promoter regions of E.coli. Using statistical

D.S. Huang, X.-P. Zhang, G.-B. Huang (Eds.): ICIC 2005, Part II, LNCS 3645, pp. 6170} 2005.
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methods, they identified two major consensus sequences, which consist of two
hexamers (6 base pairs (bps)) long. The first consensus sequence is TATAAT and
is approximately 35 bps upstream from the TSS, (labelled -35 hexamer). The
second consensus sequence is TTGACA and is approximately 10 bps upstream
from the TSS (labelled -10 hexamer).

Previous researchers have applied ANN’s to the problem of promoter recog-
nition, [10], [I1], and [I2], achieving promoter recognition in the 90% range and
false positive rates of around 5-10%. However, there is not a significant amount
of work on the application of FSA’s to the problem of promoter recognition in
E.coli.

In this paper we analyse promoter DNA data using filter type FSA’s, and
measure the effects of varying the number of the best features selected by an
FSA on the classification of E.coli promoters using neural networks.

2 Methods

2.1 Data

We used a pool of 872 E.coli (K12 strain) promoter sequences [I3]. The promoter
sequences were taken from 61 bases upstream of the T'SS, to 20 bases downstream
of the TSS. Three different types of non-target DNA sequences were used. The
first type was randomly generated DNA sequences with the same base frequency
as the target DNA (random-prom). The second type was taken from the gene
coding regions of the E.coli K12 strain [I3], with 872 sequences selected from the
pool of approximately 4400 known genes, starting 100 bps downstream of the
TSS. The third type used was randomly generated sequences, but using the same
base frequencies of occurrences as the 872 gene DNA sequences, (random-gene).
Table [l summarises the different data-sets used in this paper.

Table 1. Details of the data sets used in this paper

D| Region |N(bps)|Size| Non-prom |[Size|Total
A]-60 to +21| 81 |872|random-prom|872|1774
B-60 to +21] 81 |872 gene 87211774
C|-60 to +21| 81 |872|random-gene |872|1774

2.2 Feature Extraction

High Level Features. The following are definitions for the high level features
of a DNA sequence as outlined in [I4], and formally defined in [T5];

Features 1 to 12 - Helical Parameters. Table 2l lists the 12 different patterns as
defined in [T6], where R and Y denotes purine (A and G) and pyrimidine (C and
T) respectively and each feature takes on the number of times a non-overlapping
pattern occurs.
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Table 2. Features 1 to 12

Feature| Label | Pattern ||Feature| Label | Pattern

1 twistla|RRRRY 7 rollsa |[RRYYY
twist1b|YRYYY 8 roll5b |[YRRRY
twist3a|RRRYR 9 twist7a|RYRRR
twist3b|RYYYY 10  |twist7b|YYRYR
rollda |RRRYY 11 |twist8a|YRYRR
roll4b |[RYYYR 12 |twist8b|YYYRY

| U | W

Features 13 and 1/ - Site Specific Information. Feature 13 is the number of times
the gtg_motif occurs in a DNA sequence S, where it does not overlap. Feature 14
is the number of times the gtg_pair motif occurs, where the spacer is a multiple
of 10 + 1 bases from the beginning of each motif.

Table 3. Features 13 to 14

Feature|Label Pattern
13 |gtg-motif| GTG or CAC
14 |gtg-pair |gtg-motif spacer gtg-motif

Features 15 to 16 - Local Secondary Structure. The local secondary structures
are characterised by the presences of tandem and invert repeats. Let S be a
sequence of N bases, drawn from an alphabet of {A,T,C,G}. S = s1, 52, ..., Sm,
where s; is a base at position i in S. The reverse of S is denoted S~!. The
complement of a base is the nucleotide that binds to it on the opposite strand
of the DNA sequence and is denoted as s;, e.g. if s; = A, then 57 = T. The
complement of a sequence is denoted S.

Feature 15 - Tandem repeats. A tandem repeat is a sequences of nucleotides that
occurs twice on the same DNA strand. We define an imperfect tandem repeat
with no gaps between repeating sequences as T'= UV, where the subsequences
U and V are expressed as U = uy,ua, ..., Uy, and V = vy, va, ..., vp,. The period p
of T is the minimum integer such that u; = v;1, for some ¢ [I7]. The mismatch
between subsequences U and V is given by the hamming distance, d(U, V) = ¢,
where ¢ is the number of mismatches. The no-gap condition is met iff uy = vy
and Uy, = U,

Feature 16 - Inverted repeats. An inverted repeat is a sequence of nucleotides
that is found to be repeated in the reverse order on the opposite strands of the
DNA double helix. We define an imperfect inverted repeat as I = UV, where
U=uy,ug,..., U, V = 01,09, ..., U, and the number of mismatches is given by
the hamming distance d(U, Vﬁl) =c.

Given a sequence S, all repeats of the same type are found and the size of the
repeat n and number of matches b = n — ¢ are recorded. Then the probability of
one or more of the repeats being found is calculated using the process detailed
in [15], and the smallest probability is used for the feature value.
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Features 17 to 19 - DNA compositions. The AT content, AG/TC ratio and
AC/TG ratio are given in (), @) and (B]) respectively.

A+T
AT = — 1
content N (1)
AC T L OC#£0
i0— 4 T+C
AGTC ratio {0 T+C=0 (2)
ACT LG40
i0— Jd T+G
AC TG ratio {O TLG=0 (3)

where A, C, G and T are the number of adenines, cytosines, guanines and
thymines respectively, and N is the total number of nucleotides in the sequence
window.

DNA Structural Profiles. For a sequence S = si,...,sn, with IV bases, its
profile P(S) is given by {p(si,.., si+r)} where p(.) is the DNA property value
for a given set of bases, 1 <7 < N — k + 1 and k is the number of nucleotides
used to calculate its value. So for properties based on dinucleotides, k = 2
and for trinucleotide properties, k = 3. We used the DNA structural profiles GC
trinucleotide frequency count and Stacking energy [18], please see [19] for further
information.

2.3 Feature Selection Algorithms

There is a vast number of FSA’s that have been developed, see [20] for a review.
There are several types of FSA’s, the filter model processes the data before it is
feed to the learning algorithm. The wrapper model generates subsets of features
and uses a specific classifier to measure whether the subset provides better per-
formance compared to the full feature set. In this paper we have selected filter
type FSAs, namely Relief-F (RF) as it is commonly used in the literature, and
Symmetrical Tau (ST).

Relief-F. The original Relief algorithm was proposed by [21I] and is given in
Alg. [[] where d(.) is normalised to the interval [0, 1], which ensures the weights
are in the interval [—1,1]. The ¢ highest ranking features according to W were
used as the optimal feature set.

Symmetrical Tau. The aim of statistical methods, such as chi-square test, is
to determine if a variable B is correlated with variable A. To begin, a contin-
gency table, Tab. [l is used to relate the two variables, where variable A has «
categories, B has 3 categories, and A; and B;.

The problem with the most commonly used statistical, and information the-
ory based feature selection methods, such as Chi-square criterion, Asymmetrical
Tau, Information Gain and Gini indexing criterion, is that they tend to favour
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Algorithm 1. The Relief-F Algorithm
1: procedure RELIEF-F(D, p)
2: W —0
for i — 1 to p|D| do

S < random sample from D

H < near Hit

M « near Miss

for j — 1 to |X| do

W, =W, +d(S:, M;) — d(Si, Hy) > d(.) distance function

9: end for
10: end for
11: Return W
12: end procedure

Table 4. Contingency table

A B
By [ Bs]... Bﬁ Total
Ay [ci1ci2 cig | Ci+
Az [ca1[ca2 C28 | Co4
Aa |cat|caz Ccap| Cat
Total|cq1|cq2 cig|l ¢

features with more values. To overcome this problem, [22] proposed the Symmet-
rical Tau. In the case of a multinomial sampling model, the maximum likelihood
estimator of 7 is given in ().

J (Cij)Z J (Cij)2 I ) J ,
¢ ZZ T +ZZ it —Z;(CH) = > (ety)
2 i= j=1

=L : 5 ' )
22 =3 (eir)® =Y (e45)?

i=1 j=1

When there is perfect association between variables A and B, T'= 1. Whilst
if T'= 0 there is no association.

To use ST to determine the worth of each feature, the class of the DNA
sequence was represented by variable B and variable A was used to represent
the feature under examination. Variable A will have the number of discrete
values the feature can take. Using only the training data, the ST was calculated
for each feature, and the ¢ highest ranking features according to their T" were
selected as the optimal subset, Alg. 21

2.4 Neural Network

The ANN architecture used for classification of the promoters was a fully con-
nected three layer feed forward network with a single neuron to represent the two
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Algorithm 2. The Symmetrical Tau Algorithm

1: procedure SYMMETRICALTAU(D)
2: for i — 1 to | X| do

3: create C; from D(X;) > Where C; is the Contingency table
4: W, —T(C)) > Where T'(.) is from ()
5: end for

6: Return W

7: end procedure

classes. The activation function of all neurons was the logarithmic sigmoid func-
tion. All weights and biases were randomly initialised in the range of [—0.01, 0.01]
The training algorithm used depended on the size of the network being trained.

For the networks trained on DNA encoded using the high level features, the
network size is comparatively small and so were trained using the Levenberg-
Marquardt (LM) algorithm. Whilst the DNA structural profiles have 79 to 159
features, so the ANNs were trained using the Scaled Conjugate Gradient (SCQG)
algorithm, which is fast compared to other training algorithms for large networks.

The performance function used was the mean square error. When training the
ANN;, the target value was taken as 1 for a promoter and 0 for a non-promoter.
All data were normalised to the range of [—1, 1].

2.5 Performance Evaluation

The performance of the ANN classifier was measured using a confusion matrix
and derived F-measure (), and accuracy (@) metrics. A promoter that is cor-
rectly classified is called a true positive (TP), whilst a promoter classified as a
non-promoter is called a false positive (FP). A non-promoter that is correctly
classified is called a true negative (TN) and an incorrectly classified non-promoter
is called a false negative (FN). The accuracy of classifying each class is given by
the promoter and non-promoter sensitivity, () and (&).

TP

) — (5)
TP { FP+ FN
TP+ TN (6)
acc =
TP+ FP+ TN + FN
TP
SP = TP+ FP (7)
TN
NP = TN T EN ®)

2.6 Training and Testing Process

To train and test the ANN-based promoter classifiers, K-fold cross validation
was used. K-fold cross validation segments a data set D into K folds F1, .., Fix of
approximately the same size, and all folds contained an equal number of instances
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from each class. For each step 4, we trained an ANN on folds F};,1 < j < K, j # 1,
and tested using F;.

To find the best generalisation of a data set D with q features at step i. The
FSA is applied to the training data and the resulting ¢ best features were used
for both the training data and test data. The network was trained over a number
of epochs and at regular periods, training was paused and the classification per-
formance of the training data and test data were recorded in separate confusion
matrices. The F-measure of the test data was calculated and if it was the best so
far, then the confusion matrices of the train and test data were recorded for step
1. If the networks test data set F-measure did not improve after a set number
of epochs, training was halted. Once cross validation was complete, the training
and testing confusion matrices were summed to get the overall training and test
results. If the network output was above 0.5, the instance was classified as a
promoter, whilst if the output was below 0.5, then the instances was classified
as a non-promoter.

Five-fold cross validation was used to explored the effect of varying the num-
ber of features selected by the FSA’s, where the number of neurons in the hidden
layer was set as % of the number of features.

The three data sets were converted to the high level features, stacking en-
ergy and GC-trinucleotide profiles. In addition, the stacking energy and GC-
trinucleotide profiles of each data set were combined, to examine if classification
accuracy would improve.

3 Results and Discussion

Each FSA was applied to each of the data-sets, for all extracted feature types.
Given space limitations, only a few results are presented here. The analysis by
RF and ST of the data-set A using the stacking energy profile is shown in Fig.
and Fig.

Figure [ is an example of how the training and test classification accuracy
changes as the number of ¢ best features are selected by the FSA’s and Tab.
summarises the best classification results of the ANN’s.

0.03 0.03
0.02
0.02
0.01
= =
0
0.01
-0.01
_0'020 20 40 60 80 00 20 40 60 80
Feature index Feature Index
(a) Relief-F (b) Symmetrical Tau

Fig. 1. Data-set A encoded using the Stacking Energy profile
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Fig. 2. Training and test data classification accuracy for data set A using the Stacking
Energy profile

Table 5. Best results of the application of Relief-F (RF) and Symmetrical Tau (ST)
FSA’s to E.coli promoter classification using neural networks

D|Perf|[Feat [None|[X|[|[RF [[X7]|ST | X" ][|[Feat None [|[X][[RF [|XT[[ST [ X
acc 0.6339 0.6502 0.6491 0.6517 0.6508 0.6583
AlS, 0.6491|19 [0.6697|17 [0.6502|15 0.6256|80 [0.6261|75 [0.6353|80
Snp 0.6187 0.6307 0.6479 0.6778 0.6755 0.6812
acc High 0.7942 0.8022 0.8010 0.8154 0.8194 0.8194
B[S, Level 0.7844|19 [0.8039|14 [0.7982|12 Stacking [0.8251|80 [0.8360|75 [0.8303|75
Shnp 0.8039 0.8005 0.8039 0.8056 0.8028 0.8085
acc 0.8217 0.8308 0.8320 0.7996 0.8016 0.7976
C[Sy 0.8119(19 [0.8108|16 [0.8108|17 0.7947|80 [0.8108|80 [0.7787|80
Snp 0.8314 0.8509 0.8532 0.8045 0.7924 0.8165
acc 0.6540 0.6600 0.6514 0.6637 0.6818 0.6829
AlS, 0.6497|79 [0.6560|55 [0.6594|35 0.6875[159{0.6617|130 [0.6697|150
Shnp 0.6583 0.6640 0.6433 0.6399 0.7018 0.6961
acc | 0.8102 0.8108 0.8119 Stacking 0.8177 0.8268 0.8245
B[S, Trinucl 0.8131|79 [0.8177|65 [0.8062|79 +(GC 0.8268(159(0.8383|150 |0.8406|150
Snp 0.8073 0.8039 0.8177 0.8085 0.8154 0.8085
acc 0.8208 0.8349 0.8320 0.8308 0.8337 0.8343
C[S, 0.8360|79 [0.8452|65 [0.8062|65 0.8297[159{0.8314|150 |0.8028|150
Snp 0.8056 0.8245 0.8578 0.8320 0.8360 0.8658

For the high level encoding, both RF and ST showed that the the most im-
portant features were features 15, 16 and 17, which are tandem repeats, inverted
repeats and AT content respectively. This indicates that the repeat structures
are more likely to indicate the presence of a promoter than in a random or gene
DNA sequence.

Whilst for all of the structural profiles, both FSA’s were generally able to
identify the -10 regions, and to a lesser extent the -35 regions, as being more
strongly correlated with the class, than other regions of the DNA sequence, as

illustrated in Fig’s and [L(b)
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For the high level encoding, classification accuracy did not drop substantially
until there were only 2 to 3 features used, namely feature 15, 16 and 17, showing
their importance to classification.

After examining the classification results for all structure profile types, in
general the classification accuracy did not suffer greatly as the number of features
was reduced quite substantially. Even though the classification accuracy did not
improve as the number of features were reduced, the classification accuracy was
maintained, hence allowing for faster training and smaller network sizes.

From Tab.[I] it can be seen that the best classification accuracy was achieved
with most or all of the features from the data-set. This indicates that even though
most of the features are not strongly related to the class, they do provide some
additional information for the ANN to make a classification.

By examining the results from both RF and ST the differences between the
two algorithms are negligible. Indicate both are useful for the feature selection
of large biological sequences. However, RF was approximately ten times slower
in calculating the features weight compared to ST.

Ultimately due to the amount of data and time constraints, we were unable
to determine a mean and standard deviation of our results.

4 Conclusion

The Relief-F and Symmetrical Tau FSA’s were able to identify the -10 region
of E.coli promoter as being more correlated to the promoter than other regions.
The classification accuracy only degraded slightly as the number features used
was reduced. We found that there was no significant difference between Relief-F
and Symmetrical Tau in terms of determining each feature correlation with the
instance class, or resulting classification accuracy by the ANN.
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Abstract. DNA automaton is a simple molecular-scale automaton, in which the
converting of information deploys in molecule-scale by DNA and DNA-
manipulating enzymes autonomously. Finite automaton with two internal states
has been applied to medical diagnosis. This paper analyses the computation
ability of DNA automaton with different enzymes and the possibility of DNA
finite automaton with three internal states which is more powerful than the two
internal states finite automaton. Finally, we describe a DNA finite automaton
with three internal states and proposal a scheme of DNA automaton model in
which the tape head can move forward and backward, and symbols can be read
from and write into the tape, thus extend the computation ability of DNA
automaton and its application fields.

1 Introduction

Autonomous can convert information of one form into another according to a definite
procedure, such as Turing and finite state automaton. DNA automaton is a simple
molecular-scale automaton that convert information through biological process. Typi-
cally a DNA automaton is consists with three molecular units: hardware unit, a dou-
ble-stranded DNA contains the alphabet taps to be read; software unit, double-
stranded DNA encodes input and output information with programming amounts;
regulation unit, which regulate software molecule concentrations, and hence make
automaton transit according to a definite procedure. The key point of a DNA automa-
ton is Restriction Enzyme that makes automaton transition possible, while the cutting
site and recognizing site of Restriction Enzyme determined the computation ability of
a DNA automaton.

A molecular automaton has been proposed by Yaakov benenson [1] to realize the
basic features and processes of a finite automaton with two internal states using en-
zyme Fokl with DNA computing. This automaton has an alphabet comprising two
input symbols therefore can have eight possible transition rules, 255 possible transi-

D.S. Huang, X.-P. Zhang, G.-B. Huang (Eds.): ICIC 2005, Part II, LNCS 3645, pp. 71 —@] 2005.
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tion-rule selections and 3 possible selections of accepting states, resulting in 765 syn-
tactically distinct programs.

Since DNA automatons can read and “logically” judge information contained in
DNA according to some definite procedures automatically, and confidently give out-
put DNA as compute result, it can surly be applied in gene diagnose and gene analy-
sis. In 2004, Yaakov benenson [2] applied the finite automaton with two internal
states described above in medical diagnosis, which can identify and analyze mRNA of
disease-related genes associated with simplified models of small-cell lung cancer and
prostate cancer.

The motivation of this paper is to study the computation ability of DNA automaton
with different enzymes and improve the power of DNA automaton. The DNA finite
automaton with two internal states can resolve some gene diagnose problems, but its
ability is restricted by two internal states. The disease models for two states DNA
finite automaton are highly simplified, and the logical relation of each gene expres-
sion of diagnostic rule must be “and”, but generally the expression of genes is regu-
lated by each other. Considering the condition that expressions of two genes have
relationship with each other, diagnostic rules can not be expressed by the DNA finite
automaton with two internal states.

2 Restriction Enzyme: Trigger of DNA Automaton

Restriction Enzyme is a critical component in DNA automaton, which makes possible
status switching of DNA automaton. It is an endonuclease which recognizes a specific
sequence of bases in a DNA molecule. Type I restriction enzymes bind to the recogni-
tion site and then cut randomly somewhere along the length of the molecule. Type 11
restriction enzymes bind at a recognition site and then cleave the molecule by clipping
the DNA backbones somewhere within this sequence of bases. It is type II restriction
enzymes that have been used extensively in DNA computing, and the restriction en-
zyme we discusses here are type II.

The scheme of DNA automaton aims at the representation of Turing computations
through DNA computing. Therefore, various models of DNA computing of the Tur-
ing-universality have been proposed [3]. The pioneer conceiving of DNA automaton
is the DNA Turing model proposed by C. Bennett [4] in 1973, but the feasible model
of DNA automaton is constructed by Rothemund [5] using restriction enzyme in
1995. In this DNA computing model, the Turing tape is encoded by DNA sequence,
the restriction enzyme recognizes the specific sequence of DNA sequence which acts
as the tape head of automaton, cuts correspondence sites to make the tape head move
forward and therefore the transition of automaton status achieved.

This model is quite perfect in theory, and makes a great contribution to the re-
search of DNA automatons. In fact, the succeed models of DNA automatons are
based on this model in which DNA sequence encoded tape symbols and restriction
enzyme trigger the automaton. The drawback of this model is that it is too idealized to
realize by experiment. Therefore, Smith and Scheweitzer [6] make effort to use DNA
and standard laboratory technique to realize the DNA Turing model. Whereafter,
Beaver [7] proposed a DNA Turing machine to operate single molecule. In 1995,
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winfree [8] proposed a cellular automata model of DNA computing, and realize a
programmable self-assembly DNA model in 1998 by experiment [9].

In order to explore the feasibility of autonomous molecular computing, kensaku
sakamoto [10] proposed a DNA computing model use the hairpin formation by sin-
gle-strandedDNA molecules to solve a famous NP problem, the so-called satisfiability
problem (SAT) in 2000. The problem is elaborately encoded with DNA hairpin struc-
ture, and the selected DNA hairpin structure is well-designed to contain a recognition
site of given restriction enzyme to cut off them. This model approves the feasibility of
DNA automatons, but it is so well-designed to extend.

Till 2001, Yaakov benenson [1] proposed the programmable molecule automaton
model based on DNA computing, and the restriction enzyme in this DNA automaton
is Fokl. The main merit of this DNA automaton model is that it is programmable, in
another words, it has the universal property and can be extend to other problems. In
this model the distribution between states and symbols depends on the length of the
spacer between the recognition site and the restriction site of the particular restriction
enzyme employed.

Form the previous works above, we can see that the features of restriction enzyme
determine the computation ability of DNA automaton. Thus we try to analyze the
features of different restriction enzymes and establish the relationship between fea-
tures of restriction enzyme and encoding scheme of DNA automaton.

Restriction enzymes can be divided into three kinds in the proper sense of DNA
computing: the cut site is apart from the only recognition site, the cut site is inside the
only recognition site and the cut site is between two recognition sites.

2.1 Restriction Enzyme with One Recognition Site and a Cut Site Inside

The restriction enzyme with one recognition site and a cut site inside is the most
widely used restriction enzyme in biochemical engineering. The action of this kind of
restriction enzyme can be demonstrated as follows (Aat II in this example):

Aat IT
Recognition site

A g’ g ACGT Coned’
TGCA G5

* sticky—ends

sticky—ends

Fig. 1. Restriction enzyme with one recognition site and a cut site inside has no spacer between
recognition site and restriction site, thus leave no space for the encoding of states and symbols
of DNA automaton. It can only provide a single state transition mode, accordingly with one
state and one symbol. For this reason, it has not been applied in DNA automaton model.
Whereas, since it can provide a state transition mode, it may be used in DNA automaton with
further discussion.
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2.2 Restriction Enzyme with One Recognition Site and a Cut Site Beside

Restriction enzymes of this kind have some wonderful features, and have been suc-
cessfully used in DAN computing. These enzymes act on DNA sequence as follows
(Fokl in this example):

Fok 1
Recognition site

k———-D2----- %

5’..-GGATGNNNNNNNNN --------------------- 3’
FCCTACNNNNNNNNNNNNNp e 5
AR B R %
Fok T

Restriction site

Fig. 2. N denotes any base that can be encoded. The distance between recognition site and restric-
tion site of the restriction enzyme provides the encoding space for states and symbols. D1 and D2
determine the state transition mode the restriction enzyme can provide for DNA automaton. The
restriction enzyme used in programmable DNA automaton model is of this kind [1].

Given a restriction enzyme with one recognition site and a cut site beside, the dis-
tances between recognition site and restriction site are D1 and D2 (Fig. 2.), and D1 >
D2. We can make the following conclusion between features and the state transition
mode of the restriction enzyme:

The length of encoded states S: The length of encoded states S is determined by the
length of sticky-ends cleaved by the restriction enzyme,

S=(D1-D2),D1> D2 (1)

The length of encoded symbols H: The encoded symbol must contain the states, for
an n states automaton, each state must separate by at least one BP of nucleotide, on
the other hand, the symbol and n states should be about to be cut off by the restriction
enzyme. Therefore, the length of encoded symbols H must fit:

D2-n-12H>2S4n-1 2

Probable maximum states T: From formula 2, we can conclude that the probable
maximum states T a restriction enzyme can provide:

T: D2- H-1 (3
When H reaches the minimal value H=S + T — 1, T reaches its maximum value:
T: (D2-S8-2)/2=D2- D1/2-1 4)

Here, we give out the formula to calculate probable maximum states directly from
the features of restriction enzyme with one recognition site and a cut site beside. And
from formula 4, we can calculate that the probable maximum states Fokl can provide
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is T<<9-13/2+1=3.5, thus a DNA automaton using Fokl can contain at most 3
internal states.

2.3 Restriction Enzyme with Two Recognition Sites and a Cut Site Inside

This kind of restriction enzyme have two recognition sites, thus gives more restriction
to encoding process of DNA automaton, the action of these restriction enzyme can be
demonstrate as (BstXI in this example):

Bst XI Bst XTI
Recognition site %77]}1777 Recognition site
— —
“CCANNNNNNTGG -3
3 “GGTNNNNNNACC -5
4
Bst XI
Restriction site
ccC NNNN
3 GG ——
sticky—ends NTGG «-3
NNNNNACC ¥

sticky-ends

Fig. 3. Bst XI has two recognition site, D1 and D2 provide the encoding space for DNA
automaton. Since D1 > D2, the separated pieces have single stranded "sticky-ends,” which
allow the complementary pieces to combine. Therefore, this kind of restriction enzyme can also
provide several state transition modes due to D1 + D2 is not zero. In fact, Bst XI has been suc-
cessfully applied in DNA automaton of hairpin model to solve SAT problem [10].

A restriction enzyme with two recognition sites and a cut site between them may
provide some new state transition scheme for DNA automaton. With this feature, we
can make tape head moves not only forward but also backward, which will be dis-
cussed in the follow sections.

3 Scheme of Complex DNA Automaton

With the features of restriction enzymes studied above, we can give some wonderful
schemes of more complex DNA automaton than the 2 internal states automaton. Here
we will give out the schemes for three states DNA automaton and free tape head di-
rection DNA automaton.
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3.1 Scheme for Three States DNA Automaton

X. Shi et al.

The design of our three states DNA automaton incorporates ideas from designs for
two states DNA automaton. According to formula 4, the Probable maximum state of
Fokl is three, and we will use Fokl as the hardware of three states DNA automaton.

The state transition diagram of three states DNA automaton is:

Fig. 4. State transition diagram of finite automatons with three internal states, for each accept-
able symbol, there are nine possible state transitions

Given input symbol N encoding as:

The correspondence three states of N is:

ALL Transition molecules for symbol N:

Fok T
Recognition site

GGATGTAC
CCTACATGCCGA

S0—S0

S0—S2

GG

G G A
CC1

S1—>52

The nine transition molecules are encoded as Fig.5.

5’ GGCTCT3’

N: 5 GGCTCT3’
SO:
S1:
S2:

5 GGCT3’
5 GCTC3’
5 CTCT3’

S2—S52

Fig. 5. For each acceptable symbol of automaton, give 9 transition molecules as software mole-
cules. Each transition molecule is comprised with Fokl recognition site, transition regulating
part (black alphabet in transition molecule) and complementary of encoded state of input
symbol.
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The process of the 3 states DNA automaton can be demonstrated as follows:

<SO,N> M
——~—"—1Input symbols

Transition SO—S2 U

Fokl| E
82,0 v

Transition S2—S1 —

Fig. 6. Scheme and Process of the three states DNA automaton, which starts when the hard-
ware, software and input are all mixed together and runs autonomously, if possible till
termination

The automaton processes the input as shown in Fig. 6.The first input symbol is
comprised with a four-nucleotide sticky end that encodes the initial state. The compu-
tation proceeds via a cascade of transition cycles. In each cycle the sticky end of an
applicable transition molecule ligates to the sticky end of the input molecule, detect-
ing the current state and the current symbol. The product is cleaved by Fokl inside the
next symbol encoding, exposing a new four-nucleotide sticky end.

The design of the transition molecules ensures that the 6 BP encodings of the input
symbols are cleaved by Fokl at three different status, the leftmost encoding the state
SO and the middle encoding S1 the rightmost encoding S2 (Fig. 5).

The exact next restriction site and thus the next internal state are determined by the
current state and the size of the spacers (Fig. 2a, green) in an applicable transition
molecule. The computation proceeds until no transition molecule matches the exposed
sticky end of the input or until the special terminator symbol is cleaved, forming an
output molecule that has a sticky end encoding the final state. In a step extraneous to
the computation and analogous to a “print' instruction of a conventional computer, this
sticky end ligates to one of two output detectors and the resultant output reporter is
identified by gel electrophoresis.

3.2 Scheme for Free Tape Head Direction DNA Automaton

As the three states DNA automaton described above, the tape head can only move
“forward”, in order to make the tape head move “backward”, we must employ some
new state transition modes in the scheme of DNA automaton.

Considering features of the restriction enzyme with two recognition sites and a cut
site between them in chapter 2, Bst XI can form a 4 BP long sticky end the same as
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Fok I and provide a new state transition mode in the processing of DNA automaton.
Therefore, we establish a free tape head DNA automaton model which incorporates
Bst XI and Fok I together.

<SO,N> M
FokI recognition site ——Tnput symbols
—_—— \
Transition

Forward
Read a symbol and

tape head move
forward

<S2,M>

recogn Ition site —~—M—

Transition

Backward
Write a symbol and
Bt XT tape head move
o backward

Fig. 7. Scheme and Process of free tape head direction DNA automaton, the length of DNA
sequence encoded input symbols increased as Bst XI cleaves it, thus makes the tape head move
backward and write a new symbol on the tape. Since the sticky end is upside down when tape
head change its direction, the state transition molecule must change accordingly.

4 Conclusion

In order to improve the computation capability of DNA automaton, we studied the
features of different restriction enzymes, which act as triggers of DNA automaton,
and give out the formula to calculate probable maximum states from features of spe-
cific restriction enzyme. In succession, we establish several scheme of complex DNA
automaton with different restriction enzymes and combination of them. The 3 states
finite automaton model of DNA computing we proposed improve the capability of 2
states DNA automaton, while the free tape head DNA automaton model may lead to
the realization of universal Turing machine based on DNA computing.
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Abstract. With the birth of DNA computing, Paun et al. proposed an elegant
algorithm to this problem based on the sticky model proposed by Roweis. How-
ever, the drawback of this algorithm is that the “exponential curse” is hard to
overcome, and therefore its application to large instance is limited. In this s pa-
per, we present a DNA based evolutionary algorithm to solve this problem,
which takes advantage of both the massive parallelism and the evolution strat-
egy by traditional EAs. The fitness of individuals is defined as the negative
value of their length. Both the crossover and mutation can be implemented in a
reshuffle process respectively. We also present a short discussion about popula-
tion size, mutation probability, crossover probability, and genetic operations
over multiple points. In the end, we also present some problems needed to be
further considered in the future.

1 Introduction

DNA computing is a new vista of computation that bridges between computer science
and biochemistry. Because of its potential of massive parallelism, high density of
information storage and energy efficiency, DNA computing has become an attractive
research field since Adleman’s seminal paper in 1994 [1]. Although great progress
has been achieved both in theoretical and experimental aspects, its application to
realistic problems still suffers from two major limitations. First, the generating and
filtering approach employed by Adleman and other researchers couldn’t overcome the
“exponential curse” and therefore its application to large instance is limited. As esti-
mated in [2], the quantity of DNA molecules needed for a Travel Salesman Problem
(TSP) with 200 cities would larger than the weight of earth. This leads to the major
criticism on DNA computing except for other factors. Another concern is the reliabil-
ity of the biochemical protocols employed in DNA computing. Currently, great im-
provement has been witnessed both in reliability and speed of biological techniques
over the past ten years.

D.S. Huang, X.-P. Zhang, G.-B. Huang (Eds.): ICIC 2005, Part I, LNCS 3645, pp. 8089} 2005.
© Springer-Verlag Berlin Heidelberg 2005
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At present, there exist two potential directions to tackle the first barrier. One is to
convert known heuristic algorithms in traditional computers to DNA algorithms. Ogi-
hara first proposed this idea for the 3-SAT and the results of computer simulation
showed that the space complexity of 3-SAT might be reduced from2" to 2**" (where
n represents the number of the variables appeared in a formula) [3]. Another direc-
tion is to hybrid between DNA computing and evolutionary computing, which com-
bines both the massive parallelism inherent in DNA computing and the directed
search capability of evolutionary computing [4][5][6][7][8].

In this paper, we present a DNA based evolutionary algorithm for the Minimal Set
Cover problem. The rest of this contribution is organized as follows. In section 2, we
present a simple description of the Minimal Set Cover problem, a review of evolu-
tionary algorithms and some potential advantages of DNA based evolutionary algo-
rithms. In section 3, we then introduce how the DNA based evolutionary algorithm is
implemented. We then give a short analysis of the computing process in section 4.
Finally, we conclude in section 5 by present some problems to be further considered
in the future.

2 Backgrounds

2.1 The Minimal Set Cover Problem

The Minimal Set Cover problem can be formulated as follows: given a finite set
S={1,2,---, p} and a finite collection C={C1,C2,---,Cq} of subset of S, find the

smallest subset I of {1, 2,---, g} such that

Uc=s (1)
iel
Obviously, this problem can be solved through an exhaustive search of all the 27
subsets of I . In reference [9], the authors presented an exhaustive method to tackle
this problem based on the sticker model proposed by Roweis et al. [16]. Although the
sticker model is an ingenious theoretical model, its implementation still remains sus-
picious by current bio-techniques except for the exponential barrier. Therefore, it is
necessary to explore new method to solve it.

2.2 Evolutionary Algorithms

Conceptually, evolutionary algorithms (EAs) mainly get inspirations from Darwin's
principle of natural selection — the fittest survives the best. They consist currently of
three, more or less different, sub fields called evolutionary programming (EP), evolu-
tion strategies (ES), and genetic algorithms (GA). Because of their strong simplifica-
tions, EAs have been applied to solve practical problems, with a remarkable success,
in a variety of application fields, such as global optimization, machine learning and
automatic design.
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Essentially, EAs could be regarded as population-based stochastic generate-and-test
algorithms. First, an initial population is chosen randomly. Then the survival capacity
of individuals is evaluated. The selection process is implemented through a probabil-
istic function based on the survival capacities of individuals. Individuals with higher
survival capacities have higher chance of survival. Thirdly, crossover is introduced to
implement information exchange between individuals, and then mutation induces
variation in individuals. The basic process of a simple EA can be formulated as [10]:

Generate the initial population P(0) at random, and
seti=0;
Repeat

(1) Evaluate the fitness of each individual in P(i) ;

(2) Select parents from P(i) based on their fitness
in PQ@) ;

(3) Apply crossover and mutation to the parents and
get generation P(i+1);

Until the population converges.

Through successive generations, the survival capacities of individuals are im-
proved. As potential solutions are obtained through the evolution of an initial popula-
tion rather than filtered from the whole solution space, the hybrid of the EAs with
DNA computing may offer a promise to tackle the “exponential curse”.

2.3 Some Advantages of the DNA Based Evolutionary Algorithms

From the birth of DNA computing, there have been calls [to consider carrying out
evolutionary computations using genetic materials in vitro [11][12][13]. This motiva-
tion comes from the following facts [17][18][19]:

1. The massive parallelism inherent in biochemical reaction allows the processing
of populations billions of times larger than that for conventional computers. The
large population is expected to be able to sustain large range of genetic variation,
and thus high quality individuals can be generated in fewer generations.

2. Current biotechnology of in vitro evolution can be easily adopted to implement
mutation and crossover in one point or multiple points.

3. In the deterministic algorithms of DNA computing, the imperfectness of biological
operations is undesirable. While it is tolerable in executing DNA based EAs. To
some extent, errors may be regarded as contribution to some kind of variation.

In addition, the massive information storage of DN A molecules also provides a po-
tential power to the computation process. At present, one challenge of this method is
how to design a feasible fitness criterion that can physically separate DNA strands
according to their fitness.
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3 A DNA Based Evolutionary Algorithm for the MSCP

3.1 Encoding Method

From section 2.1, it is easy to see that any possible cover of set S can be represented
by a binary string of collections C,(1<i<g). In order to facilitate the operation of
genetic crossover and mutation, the following data structure, proposed by Tom Head

in the splicing systems [14], is used to represent a candidate solution by DNA se-
quences (the orientation is from 5' to3'):

tf tf
EhECE, - EquH Eq+ltEq+2
where subsequences E, E,---,E , denote sites at which restriction enzymes

RE

0°

RE,, -, RE

.+, can cut them respectively, and we assume that the resulted se-

quences are all with particular sticky ends. Subsequences h (head) and # (tail) are
mainly used to amplify those sequences representing candidate solutions by poly-

merase chain reaction (PCR). Subsequence C; (or C,.f ) denote that collection C, is
(or not) contained in some candidate solution.

Assuming k is the maximal cardinality (the cardinality of a collection means the
number of its elements) of these collections C; (1<i<gq), then all these collections
can be represented through k blocks, where the first k' (1<k'<k ) blocks denote
the elements s€ S included in C;, and the rest is empty blocks. Figure 1 shows an
example of some collection C, in case of k=6 and k'=4. For each element se S,

a distinct DNA subsequence with fixed length, say 20bp, is used to denote it. All the
empty blocks can be encoded by one particular subsequence with the same length as
s for all collections. Based on this, the length of each collection becomes 20k bp.

Concerning C/ for all collections, it is enough to use just one particular sequence that
is half-length of C; to represent them. The length of those candidates thus ranges
from 10kg bp to 20kg bp.

Value block Empty block

Fig. 1. An illustration of the representation for collection C, with k =6 and k"'=4

3.2 Initialization, Fitness Evaluation and Selection Process

Initialization of the Minimal Set Cover problem consists of the preparation of a com-
binatorial mixture of the initial population with size N, each individual essentially
corresponds to a possible candidate solution. The mix and split combinatorial synthe-
sis technique described in reference [15] can be used to synthesize the initial popula-
tion, and we recommend readers interested in it to refer to that paper. Here we assume

that the synthesized population are kept in tube 7.
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How to define the fitness function of individuals is very important in DNA based
EAs is a key step as this will have a great influence on the way how to physically
separate individuals efficiently. For the Minimal Set Cover problem, it is natural to
define the fitness function of an individual a as

fla)y=-l, @)

where [, is the length of this individual. Thus, the fewer collections an individual covers
the set S, the higher fitness it takes and the shorter its corresponding length is. As some
binary representation may contain individuals that don’t cover the set S at all, we should
first separate them from tube 7, proceeding the selection process. This can be imple-
mented through p sequential extractions as described in Lipton’s paper [15].

The selection process is implemented as the following strategy:

1. Separate individuals in tube T, by gel electrophoresis;

2. Regroup them in three distinct tubes, say 7,, 7, and 7T, according to their length

in an increasing order;
3. Amplify the content of the three tubes by PCR and dilute them to the previous
concentration, then extract fractions V, from tube 7, (1</<3) into tube T

such that

>V, =V, 3)
V,>V,>V, “)

3.3 Genetic Crossover and Mutation

In this section, we presents a volume-controlled strategy to implement the crossover
and mutation respectively:

3.3.1 Genetic Mutation
1. partition the content of tube 7| into tubes T, and 7, with volumes V, = fV,
and V, =(1- f))V, respectively (0< f, <1).
2. Assuming that the ithbit (1<j<q) is intended to undergo mutation for some

individuals, in other word, to flip their ith bit from Cl.’ to C l.f . Preparing some

double substrands E,C/ E,

i+1

in a new tube T, digest them with enzyme RE,
completely, then with enzyme RE,, . Finally, this will result in double strands
with particular sticky ends at both ends.

3. Digest the individuals in tube 7, with enzyme RE, completely, then with en-

zyme RE,

i+l

As this finished, the mutation site , C,- , of these individual will

drop off.
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Fig. 2. A schematic diagram of the genetic mutation process between two individuals is pre-
sented. The short green boxes indicate those restriction sites, while other boxes indicate the
value bits. This process is mainly implemented through the cut and reshuffle operations which
result in two types of possible produced offspring: one pure mutation (I) and the other with
crossover (II).

4. Separate the mutation site C, through gel electrophoresis and clear them, then
put the rest back to tube T, .
5. Add the content in tube 7" and some ligase to tube T, then the ith bit will be-

come Cl.f .

In figure 2, a very simple mutation process is presented between two individuals,
where we assume that the ith bit of them is both as Ci[ . In this case, the final recom-

bination process will result in two types of mutation: one pure mutation (I) and the
other with both mutation and crossover (II).

3.3.2 Genetic Crossover
1. partition the content of tube 7| into tubes 7, and 7, with volumes V_ = f,V,
and V, =(1- f,)V, respectively (0 < f, <1).
2. Assuming that the ithbit (1<j<q) is intended to undergo crossover for some
individuals, digest the individuals in tube 7, with enzyme RE, completely, As

this finished, all the individuals will be cut at the ith bit and resulted in segments
with a sticky ends in one side.
3. Clearing the enzyme RE, from tube 7T and then add some ligase to it, then the

recombination process will lead to some crossover between those individuals
In figure 3, a very simple mutation process is presented between two individuals,
where we assume that the ith bit of them is both as Ci[ . In this case, the final recom-

bination process will lead to some crossover between the two individuals, and some
individual may recover to its original situation.
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parents
E,C''E c' E,C!/E

i+l ii i+2

no change (I)

L 1 T 1 1 T 1 ] L T 1 il 1 I 1 ]

offspring

cut '

crossover (II)

 — | o —1 1 -reshufﬂe

Fig. 3. A schematic diagram of the genetic crossover process between two individuals is pre-
sented. The short green boxes indicate those restriction sites while other boxes indicate the
value bits. This process is mainly implemented through the cut and reshuffle operations which
leads to some crossover between the two individuals.

4 Discussions

In this section we give some discussion on the genetic parameter involved in the DNA
based EAs, such as the population size N, the mutation probability p, and the

crossover probability p,_, and the genetic operations over multiple points.

4.1 Population Size

In traditional evolutionary algorithm, the population size N is usually kept in a con-
stant during the evolution process. But in DNA based EAs, this doesn’t hold anymore.
This is mainly because of the following 2 reasons:

1. DNA based EAs, each individual may exist in many copies, so it is impossible
for us to select all the copies of the individual selected during the genetic mutation
operation and crossover operation.

2. It is hard for us to control the how many new individuals may be produced dur-
ing the genetic mutation and crossover process as the complexity of real bio-chemical
reaction.

4.2 Mutation Probability and Crossover Probability

Both the mutation probability p, and crossover probability p, are two important
parameters in DNA based EAs. Like the population size N, these two parameters
also vary in a complex way. From section 3, it is easy to see that:

1. The selection probability f, and f, have a great influence on the mutation
probability p, and crossover probability p, . Therefore, we can control the mutation
probability p and crossover probability p_ by them.

2. In figure 2 and figure 3, we just present a very simple situation of the mutation and
crossover process between two individuals. In real computing process, there
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involved thousands of individuals to be processed. So the final products of the genetic
operation may contain pure mutation, pure crossover, and their combination. This makes
the mutation probability p, and crossover probability p. even more complicate.

3. As the ligation process plays an important role both in the mutation and cross-
over process, its efficiency also takes contribution to the mutation probability p and

m

crossover probability p. .

4.3 Genetic Operations over Multiple Points

For some instances, researches have found that it is more beneficial to perform cross-
over and mutation in multiple points than in single point. Although in this paper we
present an implementation of DNA based EAs by one point crossover and mutation,
the method can be easily adapted to perform multiple points through the participation
of more restriction enzymes in the reshuffle process.

5 Conclusions

Since Adleman’s pioneering work, DNA computing has received more and more
attention. However, the most urgent issue in DNA computing is how to tackle the
“exponential curse” that hinders its application to practical instances. In this paper, we
present a DNA based evolutionary algorithm for the Minimal Set Cover problem,
which combines both the massive parallelism and the evolution strategy. As the po-
tential solution could be reached through the evolution process, DNA based EAs
therefore provides a promising alternative to overcome this disadvantage. Though
DNA based EAs show an exciting prospect, there are still many problems to be stud-
ied further:

First, at present, the easiest way to evaluate individuals is to separate them accord-
ing their length. But in practice, the fitness function may present in various form, and
it is not always possible for us to transform them into the length of individuals. There-
fore, it is desired to develop more sophisticate and flexible means to distinguish DNA
molecules.

Second, as the complexity of bio-chemical reaction, it is difficult for us to precisely
control the population size N , the crossover probability p_and the mutation probabil-
ity p, during the evolution process. Therefore, how to control these parameters effec-
tively so that the evolution process proceeds to the expected direction is very impor-
tant for the reach of the potential solution.

Third, theoretical studies should also be begin as the implementation of DNA based
EAs differs dramatically from that of the traditional EAs. And developing new ge-
netic operations is also helpful.

The last but not the least, the instances could be solved by our algorithm relies too
much on the number of the restriction enzymes. In order to overcome this disadvan-
tage, a specifically designed protein nucleic acid (PNA) may be a promising tech-
nique, which can suppress restriction of particular restriction sites and it may be pos-
sible to use the same restriction enzyme for multiple stations in the future [20].
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Abstract. An DNA computing model of solving the graph isomorphism prob-
lem with 3-D DNA structures is proposed in this paper. The k-armed branched
junction molecules are used to encode k-degree vertices. Double stranded mole-
cules are used to encode edges. These molecules are to be mixed in a test tube
to be ligated. The reaction product can be detected by gel electrophoresis. The
time complexity of the algorithm is o(n?) , where n is the number of vertices
of the graph.

1 Introduction

Computation problem is always the central or innermost part in science and technol-
ogy field. About the methods and theories of computation problem, human had ex-
perienced arithmetic theory, numerical computation theory, optimization theory and
bionic computation theory developed in the past half century. According to the com-
putation tools, human has experienced manual computation, abacus, calculator, and
the present computer epoch. The electronic computer was born in 1946. The devel-
opment of electronic computer undergoes 5 phase: vacuum tube, transistor, small and
medium scale integrated circuit and large scale integrated circuit (LSI). It is well
known that computer has act as the promoter action in the development of human
society. Graph theory and operations research theory are greatly promoted by the
development of electronic computer. However, with the development of the technol-
ogy and human society, and because of the limitation of the electronic computer in
manufacturing techniques, the shortage of the memory and the relatively low operat-
ing speed, scientist are now considering develop other types of computers, thus, some
new computing patterns, such as bionic computer, quantum computer, photon com-
puter and etc. are springing up. With the advance of the bioscience, especially, the
implementation of the human genome plan, both give great impetus to the develop-
ment of the bionic computing, in which artificial neural network (ANN) and DNA
computing are two main bionic computing models.

Research on DNA computing was initialized in 1994, when Adleman proposed a
method of solving a small instance of the Hamiltonian Path problem by a laboratory
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experiment involving DNA molecules[1]. Ever since then, substantial efforts have
been invested into this newly initiated field mainly because new structures and new
operations on them make possible that problems which are intractable for electronic
computers can be solved in the new framework. One of the major achievements of
computer science in the last two decades is to understand that many important
computational search problems are NP-complete, taking SAT problem into
consideration, thus are unlikely to have efficient algorithm implemented on silicon-
based computer. Hence, DNA computing was proposed as an alternative computing
paradigm to electronic computers for solving NP-complete problems. So, the research
on DNA computing has become hot- topic issue at the crossroad of mathematics,
biology, chemistry and computer science. Furthermore, the research on DNA
computing model for solving SAT problem gradually becomes the mainstream of the
research efforts, considered that it is a NP-complete problem.

Later, Lipton demonstrated how a large class of NP-complete problems could be
solved by encoding the problem in DNA molecules[2]. In particular, Lipton showed
one famous NP problem, the so-called “satisfiability” problem(SAT) and subse-
quently the other NP-problems could be encoded and solved using molecules. [2].
Cukras developed the theory of RNA computing and a method for solving the ‘Knight
Problem’ [3]. In 1997, Ouyang et al. presented a molecular biology based experimen-
tal solution to the maximal clique problem[4]. Sakamoto exploited and encoded con-
straints of Boolean operation into the hairpin formation of single-stranded DNA mole-
cules to solve an instance of the SAT problem[5]. Liu introduced a surface-based
computing strategy for SAT problem which made a further step toward the develop-
ment from theoretical DNA computing to practical DNA computer [6]. Wu analyzed
and made some improvement in the terms of combinatorial encodings of Boolean
variables as well as simplifying the biological operation[7]. In 2001, Benenson et al.
designed a programmable and autonomous computing machine made of bio-
molecules[8]. In 2002, Braich accomplished finding the unique solution of a 20-
variable 3-SAT problem after an exhaustive search of more than 1 million (2*°) possi-
bilities. The computational complexity of this size has been considered to be the larg-
est in the history of unaided human computation [9].

The advantages of DNA computing are its massive parallelism and enormous in-
formation storage capacity. A model has been proposed by Smith et al. to perform
computation on DNA strands attached to a surface. This method is called surface-
based computing[10].

For the above mentioned algorithms, the general approach is to treat the DNA
molecules as linear strings where much of the information content is encoded in the
order of nucleotides that make up the DNA. However, Jonoska[l11] et al. demon-
strated that 3-D structures could be used to solve the 3-SAT problem in constant
number of steps regardless of the size of the graph, and they found that the use of 3-D
DNA structures could significantly reduce the time and steps needed to identify a
solution.

The algorithm for solving the graph isomorphism problem using a 3-D DNA struc-
ture is proposed in this paper. We present procedures for solving graph isomorphism.
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The number of steps required for the algorithm is O(n?), where n is the number of
vertices of the graph.
Details of some terms and denotations can be seen in Refs. [12],[13] and [14].

2 Structure and Operations of DNA

DNA computing is a newly emerging computing methodology in which DNA mole-
cules are used as means for computation. The DNA molecule is one of the most com-
pact supports of information and has a very important feature from a computational
point of view. We present briefly the composition and structure of DNA molecules
here.

DNA molecule is a high-molecular weight compound whose basic unit is nucleo-
tide. Every nucleotide consists of one phosphate group, one deoxyribose sugar and
one nitrogen-containing base. There are four types of nucleotides which differ in the
chemical group: Adenine (A), Guanine (G), Cytosine(C) and Thymine (T), respec-
tively.

DNA molecule also has a regular form. DNA molecule has double helix structure.
Base pairing must comply with the Watson-Crick complementarily. That is, A pairs
with T, and C with G (figure.1). Otherwise, it is called mispairing. Although there are
only four types of bases and two types of base pairing, DNA molecules vary a lot due
to the different sequences of these base pairings.

This is the Watson-Crick complementarily rule, and when a single-stranded DNA
molecules pair with its complement, a stable double helix is formed.

—A—A—G—(G—G—A—T—

S I, R I ey e

Fig. 1. A single-stranded DNA molecule pairs with its complement, the dots in figure show
weak hydrogen bonding between A and T and G and C

Since the precise structure of DNA molecule was underpinned, many bio-
techniques have been invented including cutting, ligating, electrophoresis, polymerase
chain reaction (PCR) , heating, annealing, and so on, to manipulate DNA molecules
for computational efforts. These bio-techniques can also be used to help us to figure
out the mechanisms of information storage and output.

Various models of DNA computing are based on different combinations of the fol-
lowing biological operations on DNA strands. We briefly summarize them here:

1. Synthesis: Synthesis of a desired DNA strand by means of synthetic technique

2. Annealing and melting: the hydrogen bonding between two complementary se-
quences is weaker than the one that links nucleotides of the same sequences. It is
possible to pair two anti-parallel and complementary single strands, and it is possible
to separate (melt) them, obtaining two single strands from a double one. These opera-
tions are realized by creating adequate conditions of temperature, pH, etc.
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3. Amplifying: make copies of DNA strands by means of the Polymerase Chain
Reaction

4. Separate: Separation of the strands according to their different physical or
chemical properties by means of gel electrophoresis

5. Ligation: paste DNA strands with complementary sticky ends by means of li-
gases.

6. Detection: check and acquire the object DNA sequence from products of
reaction

All models of DNA computation are based upon the biological operation over a set
of specific sequence of DNA molecules. Note that some operations confine only to
certain models of DNA computing.

2.1 Synthesis

Oligonucleotides can be synthesized in laboratory. The synthesizer is supplied with
the four nucleotide bases in solution, which are combined according to the sequence
designated by the user. The instrument synthesizes millions of copies of the required
oligonucleotide and places them in solution in a small vial.

2.2 Denaturing, Annealing and Ligation

Double-stranded DNA may be dissolved into single strands(denatured) by heating the
solution to a temperature determined by the composition of the strand[15]. Annealing
is the reverse process of the denaturing. When a solution of single strands is gradually
cooled, single stranded DNA molecules will find their complements and bind to-
gether. In double stranded DNA molecules, if either one of the single strands contains
a "nick", this "nick" can be sealed by ligase and process is called ligation. This tech-
nique allows us to produce a unified molecule from individual single strands bound
together by their corresponding complements.

2.3 Hybridization Separation

The hydrogen bonding between two complementary sequences makes it possible to
pair two antiparallel and complementary single strands. This operation can be realized
by creating adequate conditions of temperature, PH, etc.

2.4 Gel Electrophoresis

Gel electrophoresis is an important technique for sorting DNA strands. Electrophore-
sis is the movement of charged molecules in an electric field. Since DNA molecules
carry negative charge, when put in and electric field they tend to migrate towards the
positive pole. The rate of migration of a molecule in an aqueous solution depends on
its shape and electric charge. Since DNA molecules have the same charge per unit
length, molecules in equal length migrate at the same rate in an aqueous solution.
However, if electrophoresis is carried out in a gel(usually made of agarose, poly-
acrylamide or a combination of the two), the migration rate of a molecule is also af-
fected by its size.
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2.5 PCR

Another useful method of manipulating DNA molecule is the Polymerase Chain Re-
action(PCR). PCR is a process that can quickly amplify the amount of DNA in a
given solution. Each cycle of the reaction doubles the quantity of each strand, leading
to an exponential growth in the number of strands.

2.6 Restriction Enzymes

Restriction endonucleases (often referred to as restriction enzymes) recognize a spe-
cific sequence of DNA , known as a restriction site. Any double stranded DNA that
contains the restriction site within its sequence can be cut by the enzyme at that
position.

3 Graph Isomorphism and Its Algorithm

Graphs in this paper are referred to simple graphs. Let vV (G) and E(G) be the vertex
set and edge set of a graph, respectively.

3.1 DNA Computing Model About Graph Theory and Combinatorial
Optimization Problem

At present, the research of DNA computer is still at “experiment " stage, none of
universal computer model has been provided so far. After Adleman reported his algo-
rithm for solving Directed Hamilton Path Problem based on DNA computing, many
scholars issued some DNA computing models of NP-problems in graph theory[16]
[17] [18]. Some Chinese scholars utilize the advantage of graph and combinatorial
optimization, adopt various DNA computing model, set up some DNA computing
models of NP-complete problem and hardly computing problem. What deserves to be
mentioned is, they have set up initially DNA computing models of such problems as
planning problem and Chinese Postman etc. Main results are as follows:

Liu Y. et al set up DNA computing models of covering problem in graph theory
corresponding to different algorithm [19] [20] [21]. Yin et al Set up initially surface
based DNA computing model of 0-1 integer programming problem and DNA com-
puting model of Chinese Postman problem[22] [23]. Liu W. et al provided DNA
computing model of Hamilton Path or Hamilton Cycle problem in a weighted digraph
or graph, and Set up DNA computing model of 3-SAT problem[24] [25] [26]. Wang
et al gave DNA computing model of bipartite graphs for Maximum Matching prob-
lem[27]. Pan et al set up initially surface based DNA computing model of minimal
vertex cover Problem[28]. However, the model of isomorphic problem in graph the-
ory DNA computing has never been studied. In this paper, An algorithm of solving
the graph isomorphism problem with 3-D DNA structures is proposed. The k-armed
branched junction molecules are used to encode k-degree vertices. Double stranded
molecules are used to encode edges. These molecules are to be mixed in a test tube to
be ligated. The reaction product can be detected by gel electrophoresis.
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3.2 Graph Isomorphism

Two graphs G and H are said to be isomorphic (denoted by G = H ) if there are
bijections, §: V(G) - V(H) and ¢: E(G) — E(H), such that y (e)=uv if and only
if w,, (4(e)) =Bw)O(v). Such a pair (9,4) of mapping is called an isomorphism be-
tween G and H . The graph isomorphism problem is another standard NP-complete
problem in combinatorial optimization. It has abroad applications, for example, iso-

morphism of model in system modelling, comparability of molecule in chemistry, and
rationality of component installation in mechanics.

3.3 Regular Algorithm for Graph Isomorphism

Stepl: give out the degree sequences of the graphs. If they are not the same as each
other, stop. And at this point, we can conclude that the two graphs are not isomorphic.
Otherwise, go to step 2.
Step2: make out all possible corresponding relations of vertices with the same degree
in two graphs.
Step3: check the relations above, if there are bijections, 8: V(G) - V(H) and ¢:
E(G) — E(H) , such that y (¢) =uv if and only if y, (¢(e)) = Ow)(v), stop. The two
graphs are said to be isomorphic. Otherwise, they are not isomorphic.

The execution of this algorithm is extremely hard for electric computers. Because

the time required for identifying a solution increases exponentially with the sizes of
the graphs.

4 Algorithm with 3-D DNA Graph Structure

4.1 Construction of k-Armed Vertex DNA Molecule

For a given k-degree vertex of the graph, a k-armed molecule is used to denote it. 3’
end of the molecule need to be extended. If adjacent vertices of such a vertex (k de-
gree) are d,,d,,---,d, , respectively, then the extending length of DNA segments at 3

ends of k arms of the k-armed molecule are correspondingly 10xd,,10xd,, -,10xd, -

The k-armed DNA molecule constructed by this method can distinguish the connect-
ing relation of the k-degree vertex.

4.2 Construction of the Edge DNA Molecule

Each edge isrepresented by a regular double stranded DNA molecule. The two 3 ends
of it also need to be extended. The extended part must be the complementary strand of
anyone of the 3 end extension part of the vertex associated with the k-degree vertex.
Such construction method can ensure the formation of the 3-D DNA graph as well as
preserve the connection characteristic of the graph. A k-armed molecule can be syn-
thesized by k single stranded DNA molecules through biologic method. Fig. 2 is ex-
amples of the 2-armed, 3-armed and 4-armed branched DNA molecules.
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3-armed 4-armed

Fig. 2. k-armed DNA molecules for the k-degree vertices, this shows a figure consisting of 2-
armed, 3-armed, 4-armed DNA molecular

4.3 Biology Operations for the Isomorphism Problem

For the two given graphs, we construct the vertex and edge DNA molecules by the
method described in sections 3.1 and 3.2. Put these DNA molecules into two different
test tubes. The same DNA primer and ligase were added into each test tube. This
enables the vertex molecules and edge molecules to ligate together to form double
strands at the 3’ ends. Then the same exonuclease was added in the two tubes. The
single stranded parts of the unmatched DNA molecules will be hybridized. In this
operation, all possible connection will appear because of the randomicity of DNA
molecules' ligation. In fact, all the corresponding relation of the vertices in the graph
will be formed, i.e., all the corresponding relation of the vertices will be found with
following operations. Finally, we can see whether or not the two graphs are isomor-
phic by gel electrophoresis. If the gel electrophoresis figures are different, two graphs
depicted by the figures are not isomorphic.

For two graphs which are not isomorphic, there is the possibility that they have the
same degree sequence or degrees of vertices adjacent to the vertex which have the
same degree are the same. The operations mentioned above can not solve the graph
isomorphism problem, i.e., gel electrophoresis figures of the two graphs which are not
isomorphic may be the same according to the operations described above. For this
reason, we add the following operations:

For the convenience of description, we use G, and G, to represent two graphs. For

G,, delete a k-degree vertex and its conjuncted edges. In the biologic operation pro-
cedure, we do not add DNA molecules of this vertex and its conjuncted edge mole-
cules in the test tube. Mark the tube with T, -

For G,, delete anyone of the k-degree vertices and its conjuncted edges. Its bio-

logic operation is the same as (1). Suppose that the number of k-degree vertices is S,
we should construct § test tubes corresponding to the k-degree vertices. Mark them

with T, Tog, = T, » respectively.
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Add DNA primer and ligase in 7, , this will ensure the vertex molecules and edge

molecules to be ligated to form double strands at the 3’ ends extension part. Then add
the same exonuclease in each tube to hybridized single stranded parts of the un-
matched DNA molecules. Gel electrophoresis is carried out with the products and the
electrophoresis figures are preserved.

Add the same DNA primer and ligase as (3) in T, - ,T, o, LT, G which will ensure

the vertex molecules and edge molecules to be ligated to form double strands at the 3’
ends extension part. Then add the same exonuclease as (3) in each tube to hybridized
single stranded parts of the unmatched DNA molecules. Gel electrophoresis is carried
out with the products and the electrophoresis figures are preserved.

Compare the gel electrophoresis figures of (3) and (4). If the two figures are not the
same, the two graphs are not isomorphic, stop. Otherwise, go to (1) and repeat steps

(1) to (5).

5 Conclusion

Let the number of vertices of the two graphs G, and G, be n, and their number of

edges be m. We use 5, (k=23,---,1) to denote the k-degree vertices, then 2% =n-
k=2
We only need construct m+s, regular double stranded DNA molecules and 5, k-

armed (k =3,---,+) molecules. The maximum number of steps of our algorithm is
5,0+, +-+s,” . It is obvious that s> +4s”+.cd5,’ <(s,+5,++5) =n>

therefore, the complexity of our algorithm increases linearly with the size of the prob-
lem.
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Abstract. This paper presents an implementation of Croitoru’s genetic algorithm
for graph coloring problem, and some necessary modification and simplifying
are made by using DNA operations. In this algorithm, each vertex and edge is
encoded with a series of encodings incorporating position information, and the
initial diverse candidate population is generated using POA. One crossover
operator, two mutation operators, evaluation and selection operators are all
implemented using basic operations on DNA. It is shown that the algorithm can
be implemented with space complexity much decreased and time complexity
O(mn?) to get a new generation, where n is the number of vertices and m is the
number of edges. Moreover, borrowing ideas from the above implementation, an
algorithm for Maximal Clique problem is also presented.

1 Introduction

The graph coloring problem is, for a given graph G=(V,E), coloring the vertices with
the property that for any pair vertices connected by an edge, they are colored
differently, the minimum number of color required is called the chromatic number of G
and is denoted by X(G). It is well known that it is NP-complete to decide whether for a
given graph G and an integer k, there exists a k-coloring of G. There are many optimal
methods for the problem, for example simulated annealing in [1] and genetic algorithm
in [2].

In 1996 Amos et al. proposed a DNA algorithm to solve the 3-coloring problem
based on a test tube [3]. In another approach, Bach et al. solving the 3-coloring
problems through generating all subsets of vertices V whose size are less than n/3 [4].

Developing efficient DNA-based algorithms for solving NP-complete problems is
one of the most important issues of DNA-based computing. Adleman [5] and many
researchers have explored the possibility of solving NP-complete problems using
DNA, but it is required to generate all the solution candidates for most algorithms,
which means the quantity of DNA used grows exponentially with the size of problems.
Thus, the size of instances that can be solved with these algorithms is quite limited.
Several suggestions [4] have been proposed to reduce the amount of DNA to be used.
Bach et al. [4] proposed methods for solving Clique and Independent Set, where
solution candidates to the instance are generated by combining (in all possible
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combinations) solutions for its sub-problems. Cai et al.[6] proposed a surface-based
method, and Sergio et al.[7] proposed an implementation of a random walk method for
solving k-SAT problems with the space complexity O((2-2/k)"). Since the beginning of
DNA computing concept was proposed, there have been calls [8] to consider carrying
out evolutionary computation using DNA, but only a few implementations have been
presented. In 1999 Chen et al. [9] proposed an implementation of genetic algorithm for
Max-1 problems. Rose et al [10] proposed a genetic method for producing massively
parallel, recombined gene libraries encoding for proteins.

The purpose of this paper is to study a possible implementation of a genetic
algorithm proposed by Croitoru et al [2]. for graph coloring problem. The paper is
organized as follows. In section 2 we give a brief description of Croitoru’s algorithm. In
section 3 we describe a DNA-based implementation of the algorithm. In section 4, we
present a solution for the maximal clique problem. In section 5 we conclude the paper.

2 Brief Description of Croitoru’s Algorithm

Let G=(V.E) be a graph with the vertices set V={1,2...n}. The set of all n! permutations
on the set V is denoted by S,. For an element v=v,...v;...vj...v, of S, if e=vjv;, i<j and
Vis1-..Vj 18 a stable set (including empty set @, see [2] for definition), then e is called a
bad edge with respect to v, and denoting by b(v) the number of all bad edges in G with
respect to v. There is the following theorem:

2(G)=1+minb(v)

The theorem says, for a graph, the problem of obtaining an optimal coloring is
equivalent to find an ordering with minimum number of bad edges. Croitoru’s
algorithm is based on the theorem.

Croitoru’s algorithm is a genetic algorithm with 1 crossover operator and 4 mutation
operators. A chromosome represents an ordering of the vertices of the graph. If the
graph has n vertices, the chromosome will be a vector: chrom=(vy,v,...v,), where
vi€{1,2...n}, vi#v;, i#].

Crossover: Let parentlz(vllvzl...vnl) and parentzz(vlzvz ...vnz) be two parent
chromosomes. Two cutting points C',C*€{1,2...n-1} are generated randomly for
parent' and parent’ respectively. One offspring is obtained by keeping unaltered
genetic information from parent' before C', the vertices after C' from the first parent
are rearranged using the ordering defined by the second parent. The second offspring is
constructed similarly.

parent' =316 1 254 . offspring' =316524
parent” =52 14136 offspring® = 523164

Order Mutation: Let parent=(v,v,...v,) be a parent chromosome, the offspring is
obtained by exchange 2 vertices located in 2 randomly generated positions.

2

For example: {

{ {
For example, parent =316254 = offspring = 314256

Block Mutation: The operator translates blocks of k successive vertices
(k is randomly generated). Let parent=(v,v,...v,) be a parent chromosome. If
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k=2 and 1i,j€[l,n-1] are randomly generated, the block mutation yields
Offspring:(vl <o Vi1 Viga. - VjViVig Vi - )

Color Spread Mutation and Bad Edge Stretch Mutation are not considered in this
paper, so they are omitted here. Two evaluations are proposed in their algorithm:
Evaluation by Bad Edge and Evaluation by heuristics. We consider only the first
evaluation. The selection is rank-based and the number of ranks is equivalent to the
number of fitness values.

Fig. 1. DNA Implementation Cornelius Genetic Algorithm

3 DNA Implementation of Croitoru’s Algorithm

The implementation of Croitoru’s algorithm based on DNA is outlined below (see
Fig.1 also).
Begin with a diverse initial population of candidates.

1. Evaluate the fitness of the candidates.

2. Select and purify more fit candidates.

3. Amplity fit candidates with PCR.

4. Reserve some, crossover a part and mutate others.

5. Combine all the candidates from step 4, and obtaine a new generation.
Repeat.

3.1 Operations Used in the Implementation

To implement the algorithm, we permit the following operations on DNA. For the
implementation of To-Single-Stranded and To-Double-Stranded, please see [11]. For
convenience of description, we extend the extract operation.



102 X. Liu et al.

1. Merge: mixing the contents of two or more test tube into one, denote by
T—Merge(T,,T,...Ty).

2. Detect: testing whether a test tube contains a DNA strand.

3. Cut: cutting DNA strands at specific restriction sites, denote by Cut(T,sls,).

4. Length: separating DNA strands according to their base length, denoted by
T«length(T,l).

5. Extract: extracting all strands containing certain subsequences, denoted by
T<«—Extract(To,(s;,S;...5y)).

6. To-Single-Stranded: denature each dsDNA in tube and remove one ssDNA,
denoted by T«—To-Single-Stranded(T}).

7. To-Double-Stranded: ~ making ssDNA to  dsDNA, denoted by
T«To-Double-Stranded(T)).

3.2 Encoding Scheme and Generating of Initial Candidate Pool

In order to implement the algorithm, we employ a specific DNA encoding scheme
(expanding the encoding scheme of [12]). We use dsDNA to encode the permutation of
vertices and the encoding looks like p;vipavs...paVapPus1- Let G=(V,E) be a graph with
[Vl=n, [El=m. For each vertex v;, we use a series of encoding p;vi, poVi...pnVi to denote
it, where p; (1<j<n) means the order of vertex v; in a specific permutation is j. we can
choose the lengths of v; and p; (1<i<n, 1<j<n+1) to be both I, then the length of a proper
permutation will be (2n+1)1. n* Kinds of encodings are needed to encode n vertices, but
in fact, we need only 2n+1 different encoding segments for the encodings of p;
(1<j<n+1) in each vertex’s encoding are the same. For a DNA strand representing a
permutation of vertices, there are n value sections (v, to v,) sandwiched between n+1
position sections (p; to p,+1) (see Fig.2). The last position section p,,; is needed for the
operation of To-Double-Stranded and PCR amplification. To encode an edge e=v;v;, we
use a series of encoding vipivj (1<k<n) in the similar way.

To generate an initial candidate pool, we can use POA (Parallel Overlap Assembly)
[12]. One thing to mention here is that we do not need to generate all the solution
candidates. To get legal permutations of vertices, we need extracting strands with
length of 2(n+1)1 and having v,...v, as subsequences, that is To~—Length(T,(2n+1)1)
and Ty—Extract(Ty,(v,V5...vy)) if we denote the initial tube as Tj.

__________________ 0
| I 1 I I ] -~

‘ __________________

Fig. 2. Encoding for vertices ordering
3.3 Implementation of Genetic Operators

3.3.1 Implementation of Crossover

The crossover operator is designed to propagate and exchange information regarding
stable sets defined in the parents throughout evolution. There is a cut point for each
parent chromosome and the crossover operation is performed separately on each parent
chromosome in original Croitoru’s algorithm. We can carry out the operation on all the
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chromosomes simultaneously and consider only single point crossover since there are a
large number of DNA strands presented in a tube when it is implemented using DNA.

pl pi annpn pl pi anjnpn
To-Single-Stranded
. ... Dbi .es an7npn+
piv pi v PuVaPus1 >
v » V
- Cut
Viepivyi 1V i1 PaV nPn
Pivispivi Pi+1Vi+1°*"PnVnPn+1 prvip Pirt P P
> >
Add DNA ligase etc, v’ipiri
pP1Vipivi Pi+1V i+1°" PnVaPn+1 \V4 pi1v’ispiv’ Pi+1Vit1***PnVaPn+1
> ) > > >
Vi Pi+1 M V’i!ﬁ
To-Double-Stranded
pi ... DDV’ PaV’nPn \V PV’ DiV’iDit PnVnPnt

Fig. 3. Crossover implementation process

Let the current test tube be T| and a randomly generated cut point be i (1<i<n). We
get tube T, after performing the To-Single-Stranded operation. Single strands in T, are

cut between v; and p;,, then ligase enzyme and v,'p, (;e {Z, vz,---,v_"}) are added

into tube T,. We get dsDNA after extracting proper length ssDNA and performing
To-Double-Stranded operation. The algorithm is outlined below (see Fig.3. also).

1. T, < To-Single— Stranded(T))

2. Foreachv e{y, v}, T «CGu(T,v, 1p,,)
3. Forj=lton add(Tz,%) (In Parallel]
Ligase(T,),T, < Extract(T,,(v,,V,,"*+,V,)),
T, < Length(T,,(2n+1)])

5. T, «<To— Double— Stranded (T,)

4.

In step 4, a single p; (1<i<n) extraction can be used instead, but for robustness of the
algorithm, we extract all n p; here. After many v, p,,, are added in step 3, the cut
ssDNA containing p; and pyv; will hybridize with v, p, ., and v, p,, will hybridize
with cut ssDNA containing p;;;. The ssDNA formed now may not be proper
permutation of vertices (some may appear more than once while some other may not
appear), so the extracting operation is performed here. Meanwhile, some ssDNA may
be of not proper length so the length operation is performed also. It is guaranteed to get
proper permutation of vertices in step 5 after two operations mentioned above are
performed.
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3.3.2 Implementation of Mutation Operation

A permutation operator is aimed at sampling the search space in a neighborhood of a
chromosome. There are 4 mutation operations in Croitoru’s algorithm and we give 2 of
them here.

DI Vi Di Vi DoVaoDnsg
To-Single-Stranded
pPivi Pi Vi PanVanPn+i >

ﬂ Cut

Pit1Visr *** Dy Di+IVi+l"'Dn»

> >
l

DP1VitVi1Pj

Add pi+1V’ipi, pj+1Vjp; etc,Ligase

1A FAVARALAVAEE o F DV bk D, H
T T ﬁ T T

P;ViPju
To-Double-Stranded
DI Vi Di Di PaVaDPn+1

Fig. 4. Order mutation implementation process

Order Mutation: the operator is used to change the order of some vertices in
permutation. For two randomly generated number i, j (1<i<j<n), the operator will
exchange vertices placed in p; and p;.

Let current test tube be T;. The To-Single-Stranded operation is performed firstly,
then, we cut ssDNA between p; and v;, between v; and p;,., between p; and v;, between v;
and pj,, that is we cut down v; and v; placed in p; and p;. Reordered ssDNA (with very

short double strand structure) will form after ligase, p,,v,'p, and p, v,'p, are

added. The operation completes after extracting proper permutation of vertices and
performing To-Double-Stranded operation. We denote the function by OM(p;,p;) where
pi and p; are two positions. The algorithm is outlined below (see Fig.4. also).

1. T, < To-Single— Stranded(T))
For Vi,V € {v,,---,v, }[In Parallel]
Cut(T,, p;1v,) Cut(T,,v,1 p,,,))
Cut(Tl,pj Ivj) CMI(TI,V]. ijﬂ)
End For
3. Add(T,p,v,'p»p;.v;' p;), Ligase(T))
4.  Extract(T,,(v,,v,,-+-,v,)),To— Double — Strand (T))

Block Mutation: The operator is used to translate blocks of successive vertices. This
operation can be implemented by many order mutations. For example, for parent
chromosome parent=p,v;...p;Vi...pjVj...PnVaPn+1 and k=2, the aim is to transfer v;vi,; to
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v; behind, that is to get child chromosome child=p,v;...pi.1ViiPiVis2. - -Pj-2ViPj-1ViPjVi+1
...PnVaPns1- We can get it by the following operations, vi<>V;;, to place vy, in the
destination place, in the same way, Vi,1¢>Vii3, Viu>Vi... Vi <>V;,Vi<>vi,1. One thing to
mention is that p; (1 <1< n ) does not change during the process. For general i, j, k, we
have the following algorithm.

Forr=1tok
Fors=1toj-i
OM (pyys15Pyy)
End For
End For

Color Spread Mutation and Bad Edge Stretch Mutation are both aimed to be carried
on single chromosome separately, when implemented with DNA, we think there is not
much meaning, so we do not consider them here. But since they are concerned with
dealing with edges, it is a good place to show how to extract an edge. The extraction is
a little difficult for our encoding for permutation contains position information of
vertices. To extract an edge e=v;v;, we need n-1 extraction operations (Let current test
tube be T)).

1) Perpare n empty test tubes, Label T,,T,;,-,T,, and T,
2) T, < To-Single— Stranded(T})
For s=2 to n-1
T, < Extract(T,,v,p,v;)
T, < Merge(T,.T, )
End For
4) T, < To— Double— Stranded(T,)

After performing operations above, tube T, consists of dSDNA containing bad edge
e=v;v;, and we denote the operation by (T, T)«Extract(T),e) (a little different from the
previous definition).

3)

3.3.3 Implementation of Evaluation

Evaluation by Bad Edges: according to the theorem mentioned before, each stable set
consists of successive vertices in the ordering, which means we can get the number of
bad edges by accounting pairs of vertices connected by an edge are successive in an
ordering. Our aim is to separate chromosomes by their fitness, for the rank of
evaluation, we can choose IEI+1(0, 1,..., [El), the number of bad edges in an ordering.
Let current test tube be T, edge set be {ey,...,en,}. we test an edge one time. Performing
(T,,Ty)—Extract(T,e,) firstly, the result is that T; consists of orderings containing bad
edge e; and T, consists of the rest of T. Then testing for e, is carried out on T and T,
simultaneously, (T, To;)«—Extract(Ty,e,) and (T}, T,;)«—Extract(T},e,). Repeating the
operations until all the edges has been tested. At end, we get 2™ test tube, Teieo.. ems

where el...em€ {0,1}and Zej means the number of bad edges in chromosomes in
j=l
tube. The algorithm is outlined below (let current test tube be T).
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1) prepare 2" empty test tubes, Labels T, e, e, €{0,1}

eeye,

Fori=1 tom
2) (el ) Extract(T, ., )
End For
Prepare m+1 test tubes, Label with W,k € {0,---,m},do the following
For each Te,mem [In Parallel]

3 m
) If Zej =k(e; € {0,1}) W, « Merge(W,, T, . )

j=1

End For

We get k+1 DNA strands sets of different ranks when the algorithm completes. We
use 2" test tubes in step 2 and m+1 test tube in step 3, but, in fact, the number of test
tubes can be reduced. For example, during the process of computing, some tube may
become empty (through detect operation), then the extract operation for these tubes can
be terminated. Besides, we can also control the degree of ranks of fitness. For example,
during the first a few generations of the whole genetic algorithm, we can limit the
fitness be k’(k’<m) since the difference of fitness is large and the number of
chromosome of each rank is about the same, for chromosomes with bad edges number
larger than k’, we can simply discard them. Further, in step 3, we can reuse test tubes
used in step 2. In this way, the number of test tubes used here can be greatly decreased.

3.4 Implementation of Selection and Note on the Completion of Algorithm

Selection is used to keep fit parent chromosomes in child generation and let less fit
chromosomes to die. The implementation of selection is easy to achieve after the
operation of evaluation.

For a given tube W (0<k<m) obtained at the end of evaluation, the chromosomes in
it have the same fitness rank. To let less fit candidates die, we can take a threshold
k’(k’<m) and discard chromosomes in tube Wy where k>k’. To embody the difference
of fitness among reserved chromosomes, we can perform different times of PCR for
them, making the more fit chromosomes to breed more offspring.

Normal completion rules of genetic algorithm can be used in algorithms based on
DNA also. For the problem whether a graph can be k-colored, the algorithm may
complete after evaluating operation. If after the evaluating, some test tubes W;
(0<i<k-1) are not empty, that is the number of bad edges in some ordering is less than
k-1, then we can say that graph G can be k-colored and answer “yes”. Further, we can
get concrete coloring schemes by decoding these DNA sequences. Another way to
complete is that after a specific number of generations, we still can not say “yes”, than
we say “no”.

3.5 Running Time Analysis

We take the operation of extracting as the most important criterion here and take the
complexity of extracting n parts to be n. The initial generation of candidate data pool
can be done in O(1) steps. To complete the crossover operation, the number of
extracting operations required is O(n). Order mutation requires O(n) extracting
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operations in a similar way. The number of extracting operations required for block
mutation is proportioned to the randomly generated k and the value of j subtracting i, so
it is O(n’). Evaluation of candidate based on bad edges is proportional to O(mn).
Selection can be done in O(1). So the total running time complexity to get a new
generation is O(n’*+mn).

As for space complexity, it is hard to estimate how many candidates are enough. But
since it is implemented as a genetic algorithm, we can guess the number of enough
candidates should be much less than the overall search space which is n!.

4 A Genetic Algorithm for Resolving the Maximal Clique Problem

The maximal clique problem is for a given graph G=(V,E), finding a maximal vertices
set in which any two vertices are connected by an edge in G. The problem is also
NP-complete. For a DNA solution to the problem, please see [12].

Adopting the same encoding scheme as [12], we encode a chromosome representing a
possible clique as p;vipavs...paVaPns1 Where p; is denoting position i and vie {0,1}, v;
equals 1 means that vertex i belongs to the clique, equals 0 means it does not belong to the
clique. The number of 1 in a legal chromosome can be chosen as evaluation criterion,
while legal means that two vertices connected by an edge in the complementary graph do
not appear as 1 in a chromosome [12]. To get a legal chromosome, do the following
operations for an edge e=v;v; in a complementary graph G’.

Let the current test tube be T, (T, T;)«—Extract(Ty,p;1). After the operation, T,
consists of DNA strands containing p;1 and T, consists of strands containing p;0. In the

same way, (T, T,) «—Extract(Ty,pjl), T, consists of strands containing ﬁ and p0.

T«Merge(T;,T,), then T consists of strands does not contain p;1 and p;l at the same
time, that is, strands that do not contain e=v;v;.

5 Conclusion and Discussion

We present a primary implementation of a genetic algorithm proposed by Croitoru et al.
with some simplifying in this paper. Their experiments showed that the algorithm is
efficient for graph coloring problem. The implementation is based on available
operations, but for the imperfect of operations, the feasibility of this implementation
need to be further studied. Using DNA to implement genetic algorithm have a lot of
advantages: high parallelism, high information density, the crossover operation is easy
to implement and more tolerance to error. The paper shows further the possibility of
implementing genetic algorithm on DNA.
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Abstract. For the minimum initial marking (MIM) problem is one of minimum
resource allocation problems, it is significant to study the MIM problem for a
class of hybrid timed Petri nets, called a hybrid timed event graph (HTEG). An
HTEG has additional continuous places and continuous transitions than a timed
event graph (TEG). By the construction of a new dioid endowed with the
pointwise minimum as addition and the composition of functions as multiplica-
tion, a linear min-plus algebraic model of HTEG was derived. Based on the
min-plus algebra and its properties, the MIM problem for HTEG was studied in
the text.

1 Introduction

Petri net is one of the most important modeling and analyzing methods in computer
and control science. A timed event graph (TEG) is such a Petri net that each place has
only (no more than) one input arc or one output arc. A linear model was derived for a
TEG by using a max-plus algebra endowed with the maximum as addition and the
conventional addition as multiplication [1].

But TEG can’t describe quantitative relations, e.g., one frame and two wheels con-
structing a bicycle. As an extension of TEG, a timed event multigraph (TEMG) was
introduced by [1]. A TEMG has an integer weight assigned to its each arc. The au-
thors of [3] derived a max-plus algebraic model to study TEMG. Farther, a TEMG
can’t describe real quantities, e.g., 1.5 kilogram of rubber and one steel circle con-
structing a wheel. A wider extension of a TEMG, called a fluid timed event graphs
with multipliers (FTEGM), was introduced by [2]. The multipliers and marking can
take real values, i.e., an FTEGM has additional continuous places than a TEMG. Its
min-plus algebraic model was derived in [2]. But it can’t describe continuous events,
e.g., a cool water flow at 10 °C and 0.6 litre/s mixed with a hot water flow at 90 °C
and 0.4 litre/s making a warm water flow at 42 °C and 1.0 litre/s. A wider extension
of an FTEGM, called a hybrid timed event graph (HTEG) will be presented in this
paper. An HTEG has additional continuous transitions than an FTEGM.

The order of set containment among TEG, TEMG, FTEGM and HTEG is as fol-
lows: TEGC TEMGC FTEGM C HTEG.

The minimum initial marking (MIM) problem is one of minimum resource alloca-
tion problems and is defined as follows: given a firing count vector X (with each
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component X (g) denoting the total firing number of a transition ¢), to find a mini-
mum initial marking M, such that there is a firing sequence § and each transition ¢
appears exactly X (g) times in 0, the first transition is firable on M, and the rest can be
fired one by one subsequently [5]. For an HTEG has time constraint, the MIM prob-
lem for HTEG is something different from [5]. This paper will propose a novel min-
plus algebra based method to study the MIM problem for HTEG.

The outline of this paper is as follows: the definition of HTEG and enabling condi-
tions of transitions will be given in Section 2, the min-plus algebraic model of HTEG
will be discussed in Section 3, some properties of the min-plus algebra will be given
in Section 4, the main results will be summarized in Section 5.

2 HTEG

Denote the real set by R, the nonnegative real set by R*, the nonnegative integer set
by N. Hybrid Petri nets were first put forward by the authors of [6], a similar defini-
tion is given for HTEG as follows:

Definition 1: An HTEG is defined by a 7-tuplet = <P, Q, R, W, Tempo, V,
M,>, where P is the set of places including a discrete place set (denoted by Pp) and a
continuous place set (denoted by Pc); Q is the set of transitions including a discrete
transition set (denoted by Op) and a continuous transition set (denoted by Qc); R is the
set of arcs, excluding the relations between Q¢ and Pp, but including the hybrid rela-

tions RQDPCURPcQD , RcPxQUQOXP ; W is the weight of R,

w: RQCPC U RQDPC U RPCQC U RPCQD 9R+’ RQDPD U RPDQD >N; V is the
restricted velocity of continuous transitions, V: Qc 2R"; Tempo is the time delay of
discrete transitions, Tempo: QD >R"; M, is the initial marking of places, My: P¢
- R*, P, >N; An HTEG demands that each place has no more than one input arc or
one output arc.

For the number of servers at a discrete transition can be obviously expressed [6],
the number of servers is not defined in the 7-tuplet. If an enabled transition has one
server, it can fire as soon as it finishes the last time. If an enabled transition has infi-
nite servers, it can fire instantaneously. The number of servers at a continuous transi-
tion takes one as the default.

An HTEG can be drawn by a directed graph where a discrete place is represented
by O, a continuous place by O , a discrete transition by | , a continuous transition
by, |:| an arc by — .

Denote the marking of a place p by Mark(p), the input place set of a transition g

by oq , the output place set of g by g ’ , the input transition set of a place p byo p . the
output transition set of p by p . Seeing Fig.1, p={q’}, p ={q}.

Definition 2: The enabling conditions of a transition g is defined as the following
cases:
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(1) For a discrete transition g € Q, , if Vpe q,Mark(p) =W (p,q),orifq
has no input places, g is enabled. This case is the same as the traditional definition.
(2) For a continuous transition ¢ € Qc s

Q2.1 1tVpe q,Mark(p) >0 orif g has no input places, g is enabled and the ac-
tual firing velocity equals V (g) .

2)Ifdpe "g,Mark(p) =0, g may be weakly-enabled. As shown in Fig.1, let
0,={q'e “plMark(p)=0,pe g}N Q. the actual firing velocity of g, de-

noted by V'(q) . equals min{ {V'(¢")XW(q',p)/W(p.q)1q'€ Q,} .
V(q) }where V’(q’) is the actual velocity of q'. If there is a loop composed of empty
places, those  transitions in the loop are not  enabled. If

{g’e "pIMark(p)=0,pe q}NQ, #D, qis not enabled.

Remark 1. (2.1) For a continuous transition g, if its each input place is not empty, g
fires at the highest velocity V(g) . (2.2) If one input place p of ¢ is empty, the input
transition q' of p should be considered. The actual firing velocity of q' determines
the marking increase rate of p. The marking increase rate of p affects the firing veloc-
ity of g. Recursively consider the actual firing velocity of q' .

A discrete transition ¢ can fire if g is enabled and g finishes the last time. The fir-
ing process will cost Tempo(q) units of time. A continuous transition ¢ can run at the
velocity V(g) if ¢ is enabled, or at the velocity V'(g) if g is weakly-enabled. A fiing

transition consumes some tokens in its each input places and produces some tokens in
its each output places. The token change is like the traditional case.
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Fig. 1. The weakly-enabling case

q1 q q3

Fig. 2. A simple HTEG example
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As shown in Fig. 2, a simple HTEG example demonstrates the enabling condi-
tions of transitions. Given My(p;)= My(p,) = 0, Tempo(q,)=0.4, V(g2)=2, V(q3)=3.
q1 is always enabled. When ¢t = 0, ¢, and ¢; are not enabled; when t=0.4, ¢, is

enabled, g3 is weakly enabled. V,(q3) =min{V(q,), V(g3)} = min{2, 3} =2.

3 Min-plus Algebraic Model of HTEG

First we define counter variable associated with each place and each transition. With a
place p, a counter variable M ( p,t) is associated. It denotes the cumulated number
of tokens which have entered into p from instant O to instant 7. Seeing Fig.2,

M (p,,t)=|1/0.4] where | x |=sup{ne Nln<x},
0,:<0.4
2(t—0.4),r>04

With a discrete transition g € Q,, a counter variable M (q,t) is associated. It

M(pz’t):{

denotes the cumulated firing times of g from instant O to instant z. It is an integer.
Seeing Fig.2, M (g,,t) = \_t/O.4J +1.
For a continuous transition ¢ € O, ¢ is discretized by using a sampling period

1, then a counter variable M (q,t) is associated with the discretized transition g. It

also represents the cumulated firing times of ¢ from instant O to instant ¢. It may be a
non-negative real. This case is like the numerical computing method for differential
equations.

With the independent variable time ¢, M (-,7) has three meanings for a place, a
discrete transition and a continuous transition. M (-,¢) = 0. Suppose that the initial
instant=0, M (-,1) =0 if t <O0.

Now consider two cases: (1) a discrete transition case and (2) a continuous transi-
tion case.

1<S§1
Vi wi

P O— Ovrh
O— >0
O— —O

p O)e— Lo @) '

q

Fig. 3. A discrete transition case
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(1) Consider a discrete transition g and the token increase of its output places. As
. . . °© ° ’ ’ ’
shown in Fig.3, given ¢ ={p,, p,s.... p,} and ¢ ={pg,...., p,, } where p, = p,,
oq and qo maybe include discrete and continuous places, Tempo(q) = d, W(p;, q) =
v, W(g, p;) =wj, vo=w =1, 1=0,1,..,n, j=0,,...,m . Mypo) represents the
number of servers at g.
Proposition 1: M (q,t) = min{ LM(pi,t)/viJ,i =0,1,2,...,n }. The cumulated
number of tokens of the output place p; of q,
M(p;.,t) ZMO(p;.)-i-M(q,t—d)ij , where My( p; ) denotes the initial
marking of p; . After eliminating M (q,1t) , we have
’ ’ &
M(pj. ) =M (p;)+w,; X3 | M(p,.t—d)/v,]- ()
i=0

where @ denotes the minimum.

Vi
w1

pl@ n @p’l
Pn @ @p’m

n m

q

Fig. 4. A continuous transition case

Po

viun 1 1W1Mn )
o

n Or O)r'»

Fig. 5. A discretized transition of Fig.4.

q Wt N

(2) Consider a continuous transition g and the token increase of its output places.
As shown in Fig4, given g ={p,,...p,} andq ={p],..., p, } which include

only continuous places, W(p;, g¢) = v, W(q, p;) =w, i=12,...,n, j=12,...m..
The velocity of g is denoted by u for the sake of brevity, i.e.,V(q) = u.



114 H. Dai

After ¢ is discretized, Fig.5 is gotten where Tempo(q) =1, Dq = {po, Py Py },

q ={PosPirsPl} s Wi @) = v, W, p;. Yy =wun, i=12,..n,
j= 1,2,...m, W(po, q)=W(q, po)=1, My(py)=1 as the default, i.e., g has one

server.
Proposition 2: M (q,t) = min{ M (p,,t)/W(p,,q),i =0,1,2,...,n}. The cumu-
lated tokens of p; , M(p;.,t) ZMO(p;)+M(q,t—1”|)><W(q,p;) ,
j=0,1,...,m. After M (q,t) and p, are eliminated,

[M(P_/,-st)_Mo(P;)]
= ([M (P}t =)= My (PDI+waum) @ w, XD o[M (B.1-0)/v,]’

i=1

@)

Remark 2. (1)1 may be taken as a sampling period. (2)When an appropriate value is
assigned to 1], the equation is approximately computed. When 1 is infinitesimal,
Equation(2) is transformed to a differential equation. (3) 1 is small enough that the

fraction of M (q,t) can be neglected. So Equation(2) does not have the function
I_xj while Equation(1) does.

A formal definition of min-plus algebra is stated as follows.
Since Equation(1) and (2) do not have M (q,t), the system variables only in-

clude M (p,t) . For the sake of brevity, M (p,t) is denoted by s(t), s(¢)=0.
s(t)is a nondecreasing curve. All curves like $(¢) form a set, denoted by S. A mini-
mum operation @ in S is defined as follows: Vs,,5,€S8
(5, D5,)()=5,(t) Ds,(¢) =min{ s5,(f) , 5,(t) }. Define £(¢)=+oo , denoted
by £ for the sake of brevity, let £€ § . £ is a special element.

Consider Equation(1) and (2), the coefficients of M (p,t) are taken as functions

on S. Four families of functions are defined as follows, x€ R*, s(1)€ §, o is an

operator between the defined function and s(),

Definition 3: (1)A counting shifting function U : U* os(t) =s(t)+ x,
(2)A time shifting function Z " : Z ™" o 5(t) = s(t — x),
(3)A scaling function K™ : K" os5(t) = xXxs(t),
(4)A Gaussian function I : [ o s(t) = LS(I)J )
Let G={U"lxe RYU{Z " lxe R"YU{K I xe R"}U{I}. For these

four families of functions are lower-semicontinuous(defined in [1]), we have
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Proposition 3: < G;®,® > can be induced into a dioid by using the following
definition: Vf,ge G,s€ S , (f@Dg)os(t)=(fos®)D(gos)) ,
(f®g)es(t)=fo(gos(r)).

The four families of functions were first defined in [2]. The set containing G and
the composition of functions with @ and ® is denoted by G . < G;®D,® > is a

dioid. For the sake of brevity, G is also denoted by G. < G;®D,® > is the needed
min-plus algebra.

Theorem 1. The dynamics of an HTEG can be represented by < G; @, ® > .
Proof: Equation(1) can be rewritten as
n
My(p)  w, v,  7—d (3
M, )= U 0K" oY (oK™ 0 Z™ o M(p,.1)).
i=0

Equation(2) can be rewritten as
[M(P;J)—MO(P;)]= KW_,'MT]OZ—T]O @

(M (P}, 0)=My(PIDB®K" o (K" 0Z o M(P.1)).

i=1

Those system variables M (p,t) of the places without input transitions are taken

as being known and stacked as a known vector b, the other system variables are
stacked as an unknown vector x, the coefficients of system variables are ranked as a
known matrix A, those equations like(3) and (4) are transformed into

x=Ax®b. )
The solution to Equation(5) is

x=Ab . ©6)
where A" = i @A" .
i=0

Now consider a simple example shown in Fig.6. Given that Tempo(q,)=1, V(g,)=2,
Tempo(q3)=3, My(p1)=0, My(p,)=0, My(p3)=12, the transition g3 has infinite servers,
i.e., g3 can fire instantaneously, the other transitions have only one server each. After
q» is discretized, Fig.6 is transformed to Fig.7 where Tempo(q,) =1 . Notice that

My(p2)+ My(p3) equals the capacity limit of p,.
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Fig. 6. A simple HTEG example

P3

n 2
| ([p %
2P1n n/@)2|

Fig. 7. After ¢, is discretized

The following three equations are gotten,

M(p,,0)=M(g,,t=D+0=2[1]. 0
M(p,,t)=2| M(p,,t=3)/2]+12 . ®)
M (py,t)=(M(p,,t =) +20) @ M (p,,t —M) ® M (p,,t —1) . ©)
20t-1),t 21
It is computed that M (p,,t) = a(t) wherea(t) L] or<l
1<

4 Properties of <G;®,® >

Some properties of < G;®,® > are mentioned bellow:
Property 1: (1)The identity element of < G;® >is U°=Z"=K", denoted by lg.

(2)Vx€R, the inverse of U™" is U ™", the inverse of Z ™" is Z", the inverse of
K*is K" if x20.

3 Vx,ye R, U'QU’=U" , Z7®Z"’= 7=t
K'®K =K".

>
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@) U” is commutative with Z™*, K" is commutative with Z~*. K" is not
commutative with U, but K> oU* =U" o K"

(5) I is not commutative withU * and K™, but I is idempotent,ie., /ol =1 .

(6) € is the zero element of < G;® >, the identity element of < G;® > .

For a curve x(¢)€ § , for any instant 7, X(#) € R", therefore S is an ordered set

like R. Similarlyy, G is also an ordered set as follows:
X, yeG,x2y Vse S,xo5>yos.

Property 2: Vx,yeR", (WU 22U " ©x2y;Q K" 2K ' ©x>y.

Remark 3. (1) Vse S , U os(t)=st)+x , U’ os(t)=st)+y ,
s(t)+x2s5(t)+y < x 2y, therefore the inequation(1) holds.

(2) Vse€ S , by the definition of s(f) , it is known that s(z) =0 ,
K os(t)=xs(t), K’ os(t)=ys(t), therefore xs(t) = ys(t)< x>y, the
inequation(2) holds.

Property 3: Vx,y,z€ S,Vae R,Vbe R*, b # 0, the following four equations
hold,

(Hy®x=2z&x=>2zand y27;

QU cy2z& y2U oz,

(3)K"oy22<:>y2K””oz;

DHloy2z=>y27.

Remark 4. (1) For the minimum of x and y is larger than z, both x and y is larger than
z, (2) holds because U “ is inverse; (3) holds because K b s inverse; (4) holds be-
cause y=1loy.

Definition 4: Consider a map f, f is monotone if and only if Vx,ye S,

x2y= f(x)zf(y).

Theorem 2: Obviously, Vf € G, f1is monotone.

Remark 5. Since each atomic function of G is monotone, and the composition of
monotone functions is monotone, therefore, Theorem 2 holds.
Consider the example in Fig.6 again. Here let us compute the minimum initial

marking of p; such that g, can fire fastest. If M 0( p3) =400, g, can fire fastest
and M (p,,t)=a(t) . Equation(9) implies that M (p,,t) <M (p,,t) , ie.,
a(t)<2 \_t — 4J +M,(p;).Then, M (p,) 28, i.e., the minimum of M(p;) is 8.

As shown in Fig.6, p; is a dual place of p,, My(p,)+ My(p;) represents the capacity
of p,, this example gave a solution to the minimum capacity of p,. Notice that the

result does not relate to the variable 1) . For the transition of* p (e.g.” p, ={q,} ) may
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be continuous and its firing counter is meaningless, so the MIM problem considered
here gave a known cumulated tokens into a place p(e.g. M ( Pyt )).

5 Conclusions

As a rational extension of a TEG, an HTEG is such a proper class of hybrid timed Petri
nets that it has continuous weights, places and transitions to model quantitative relations

and continuous events. It is lucky that a min-plus algebra, denoted by < G;®, & >,

was derived to study an HTEG. Until now we do not know whether a more general hy-
brid timed Petri net than an HTEG can have a max-plus algebraic representation.

Intuitively, the system described by an HTEG is a dynamical system with time
variables for discrete transitions and speed variables for continuous transitions. An
HTEG may describe complex synchronization relations among continuous and dis-
crete events occurring in manufacturing systems, computer network, transportation
systems and other man-made systems.

The min-plus algebra< G;®,® > is endowed with two operators: @ and ® . @

represents the minimum and &® represents the composition of functions. G and S
are ordered sets like the real set R. Since the initial marking of a place of an HTEG
was represented by a parameter in Equation(5), the MIM problem for an HTEG was

studied by using the properties of < G;@®,&® > . For the initial marking represents

the configuration of a system including initial resources, buffer capacity and the num-
ber of servers, etc., the MIM problem can be taken as one of minimum resource allo-
cation problems.
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Abstract. A voting-mechanism-based fuzzy neural network system is proposed
in this paper. When constructing the network structure, a generalized class
cover problem is presented and its two solving algorithm, an improved greedy
algorithm and a binary particle swarm optimization algorithm, are proposed to
get the class covers with relatively even radii, which are used to partition fuzzy
input space and extract fewer robust fuzzy IF-THEN rules. Meanwhile, a
weighted Mamdani inference mechanism is adopted to improve the efficiency
of the system output and a real-valued particle swarm optimization-based algo-
rithm is used to refine the system parameters. Experimental results show that
the system is feasible and effective.

1 Introduction

The first step in designing a fuzzy inference system is partition of input space. A good
partition method can implement a small rule base with robust rules'"!. Adam Cannon
and Lenore Cowen'”' presented the class cover problem (CCP) firstly, and proved the
CCP is the NP-hard. Based on the CCP, a generalized class cover problem (GCCP)
and its two solution algorithm, an improved greedy algorithm and a binary particle
swarm optimization (bPSO) algorithm, which are used to partition input space and
extract fewer robust fuzzy IF-THEN rules, are proposed in this paper. Then a voting-
mechanism-based fuzzy neural network based on the obtained fuzzy IF-THEN rules
and the real-valued particle swarm optimization (PSO) is constructed. Experimental
results identifying 11 kinds of mineral waters by its taste signals show that the system
is the feasible and effective.

2 Generalized Class Cover Problem

Adam Cannon and Lenore Cowen defined the CCP as follows'”: Let B be the set of
points in class one, and R be the set of points in class two, with IRI+IBl=n. Then the
CCP is:

Minimize K

s.t. max{d(V,S)}<I£1€iI£1{d(W,S)}

veB
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where S € B,ISI=K, d(.,.) denotes the distance between two points or a point
to a set. Carey E. Priebe ef al””' presented a greedy algorithm (we refer to it as the
original greedy algorithm below) for the CCP.

Aiming at designing the fuzzy neural network system architecture, we propose the
generalized class cover problem (GCCP) as follows:

Minimize K, Var

ry(v,R) < }/MaxDﬂ,Vve S
.z.
l{wlwe B,and ve S,d(v,w)<r,(v,R)} 2| BI

1 1
where SCB , ISEK , Var= |——Y (rsv,R)=F) » F=——21,(nR) ,
|S|_1veS |S|\'ES
v,o, fe[0,1], r ﬂ(v,R) denotes the cover radius centered on the point ve S, and

MaxDg denotes the most cover radius in the points in B. The parameter y is used to

control producing the class covers with relatively even radii, which is beneficial to
extracting the robust fuzzy IF-THEN rules, while the parameters & and £ are used

to make the system more noise-resistant, in which, « indicates that at least | B
points in B must be covered by the class covers produced from S, and £ indicates
that a class cover centered on a point in B is permitted to cover at most S| R| points

in R. So, the GCCP is to find a minimum cardinality set of covering balls, with center
points in S and relatively radii, whose union contains at least | B| points in B and

each covering ball contains at most S| R | points in R. The CCP can be regarded as a
special case of the GCCP with y=1,a=1,5=0.

3 Improved Greedy Algorithm
Toward the GCCP, we propose an improved greedy algorithm as follows.
Let S=¢, and C=B:

(1)Vxe B, computing dj(x,R), which equals to the S R|+1th smallest distance
from x to the points in R, Let MaxD :max{dﬁ(x, R)}, then Vxe B computing
xeB

rs (x,R)= yMaxDﬁ,if dﬂ (x,R) > yMaxD, .
ry(X,R) =dy(x,R),if d;(x,R)< yMaxD, ’

(2)producing digraph G =(B,E) as follows: Vxe B , for all ye B , if
d(x,y)< rﬂ(x, R) , then producing a edge from x to y , namely (x,y)e E;

Is (x,R) as: {

(3)Vxe C, computing cover(x)={ylye C,and (x,y)€ E};
(4taking ze C, and cover(z) =max{cover(x)}, if ICl< (1-a)| BI, then output
xeC

S, and end the algorithm, else Let S=Su{z}, C=C—{xlxe C,(z,x)e E}, and go
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to 3)Let IBI=N,IRI=M , and | S I= p(S), then the algorithm has the time com-
plexity of O(NM + N(N -1)+ Np(S)). Suppose N =M , and p(S)<< N, then the
algorithm has the time complexity of O(N?) approximately.

4 bPSO Algorithm

J. Kennedy et al. invented the real-valued particle swarm optimization (PSO) model
in 1995 Now, the real-valued PSO demonstrates good performance in many opti-
mization problems™. In 1997, J. Kennedy et al. presented the binary particle swarm
optimization (bPSO) model for solving discrete optimization problem'®, but the bPSO
model still needs further research till now'. The improved greedy algorithm runs at a
faster speed, which is its strongest character. However, it is hard to get best optimal
solutions. Therefore we propose a bPSO algorithm for the GCCP in this section.

4.1 Data Pretreatment

In order to meet the requirement of our following bPSO steps, the data are pretreated
firstly. The data points in R are stored in the array of Array _ R . And the data points

in B are stored in the array of Array_ B with size of N, where the nearer data points
in the Euclid space in B are stored as nearer as possible in Array _ B . After the data
pretreatment procedure, the class cover relational matrix of B relative to R is con-
structed as follows.

(1) Produce a digraph G =(B,E) as same as the improved greedy algorithm, and
store the cover radii of the points in Array_ B into an array with size of N accord-
ingly.

(2) Based on the digraph G = (B, E) , the 0-1 class cover relational matrix M, of B
relative to R with size of NXN is calculated, where M (i, j) =1 or O indicates there
is a edge from i tojor not, i, je[1,2,...,N].

4.2 Binary Encoding and Fitness Function of Particles

Let L be the population size of the particle swarm, then a particle I, can be encoded as
1, =b"b," b, , where b’ =1 or 0 indicates the point Array _B[i] is included in
Sornot, ie[L2,...N], ke[l,2,...,L].

According to the definition of GCCP, the fitness of the particle /; mainly depends
on three factors: (1) the cardinality C(I,) of S corresponding to the particle I,
where C(1,) = b, +b,") + ..+ b, ; (2) the number R(I,) , which indicates the number

of points in B which are covered by the class covers corresponding to particle /;. Es-
pecially, when R(1,) > «| B1, which satisfies the constrained conditions of GCCP, a

reward should be given to particle /;; (3) the sample standard deviation Var(l,) of the
class cover radii corresponding to particle I;.
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According to these factors mentioned above, we define the fitness of the particle I,
as:

N-CU), , RUD,

A% + 4, % n /ISXQ_Vgr(Ik),if R(I,)<aN
Fl)= (1)

i) g ) B 4 B 00 Rat 2

where 4,, 4,, and A, are weight coefficients, which denote the importance of the

three factors on scaling the fitness of a particle. Q is the least upper bound of the func-
tion Var(I,) which is calculated by the following theorem 4.1.

Theorem 4.1:

.......

quence, 272>tk = b where

1 1
Var(a, ,a; ,...a;, ) = i =_Zai,-

k5 a,., =min{a,,a,,....a,}

2 b 2
a,, =max{a,,a,,..,a,} '
Proof:
L = = LS4 ~a,)? . then calculate -2 =
et f(a,,a; ,..a,)=Var(a,,a, ,...a;) _ﬁz«zil_ -a,)?, then calculate T_0,
A i

where a,;, <a; <a,, , j=12...k, we know that the minimum of function fis zero at
a, =a;, =..=aq, within the closed region: a,, <a;, <a,, , j=12..k, 2<k<n.
Next we calculate the function value of f on the boundary of the closed region. With-
out losing generality, suppose the subsequencea, ,q, ,...a, has p a,, and k-p a,
1
-1k
garding p as an independent variable, we know that the maximum of function f is

peZ,1<p<k-1, then f= (amax—amin)2 .((k—p)2p+p2(k—p)) , Te-

gotten in p=—, and the function f is a unimodal function. Because p is an integer,

2

when k is an even number, we ob-

. 11 2 ko, k k., k 1 2
tain f=———.(a_. —a_. ).(k——)" —+(>)"(k——)) = a_ —a_. ) ,and

f = o = k=2 S QP R =20) = =)
because k 22, we get f < %(amax -a,.) =Var(a,, —a,,)" . When k is an odd

1 1 k=1,k-1 k-1 k-1
number, we obtain f= ——.(a.__ —a_ ) .((k— 2 + 2(k—

f k_lkz ( max mm) (( 2 ) 2 ( 2 ) ( 2 ))
= %(dmx —-a.) , and because k=2 , we get f< %(amax —a,.)
=Var(a,, —a,,)’ . Sum up, we come to the conclusion that

Var(a, ,a,,,...,a; )< Var(a

). The proof is completed.

min * amax
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According to theorem 4.1, we can set Q=Var(R, .R,,) , such that

—Var(l . .
OSWS 1, where R, and R, denote the least radius and the most radius

in the class covers obtained from S respectively.

4.3 Recursive Equations of bPSO

Let L be the population size of particle swarm (generally set L=20""), then each parti-
cle presents a candidate solution in the search space. Each particle has four state vari-

ables: ¥(t), ¥(r), ¥ (r) and ¥*'(¢), which present its current velocity, current posi-

tion, previous best position and the best position of all the particles, respectively. The
velocity and position of the ith particle are updated with the following formulae:'®!

v+ =wy, () + o, (X" (@) -x, () + ¢y1,, (O, (0) - x; (1) 2)

0,if p 2 Sig(v,(t+1)
Lif p<Sigv,(t+1)

x[j(r+1)={ &)

where i=1,2,...,.L; je{l,2,..,N}, j represents the jth element of N-dimensional
vector, rlj(t)~U[0,1],r2j(t)~U[0,1] , w, ¢; and ¢, are acceleration coefficients,

p ~U[0,1], and Sig(x) =1/(1+exp(-x))'®. When solving the GCCP with the bPSO
algorithm, the position of one particle is initialized by the solution gotten from the
improved greedy algorithm, and all the other particles are initialized randomly, which
means a bit of binary code of a particle takes 1 with 0.2 probability, and 0 with 0.8
probability. The initial velocities of the particles are set by random numbers uni-
formly distributed on [-0.4, +0.4]. In order to enhance local search near the best posi-
tion of all the particles, the parameters of the recursive equation of particles is deter-
mined as follows: w=1, ¢, =0.9, ¢, =1.2. The weight coefficients are set for

24,=055, 4, =01, 4, =0.15.

5 Voting-Mechanism-Based Fuzzy Neural Network Model

5.1 Fuzzy Neural Network Architecture

By projecting the class covers onto each input coordinate axis, the fuzzy subsets (lin-
guistic terms), which are used to produce the initial fuzzy IF-THEN rules, can be
obtained'"). The Gauss function defined as Eq. (4) is used as the membership functions in
this paper.

1 =exp(—(x—c)* /o) )

Based on the fact that an object with unknown class tag is generally close to those
samples whose class tags are the same with the one while far from the samples that
have different class tags, a voting-mechanism-based fuzzy neural network system
(VMENN) is proposed as follows.
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Different fuzzy inference mechanism can be distinguished by the consequents of
the fuzzy IF-THEN rules'”’, such as Mamdani and Takagi-Sugeno inference system.
The Mamdani inference mechanism is adopted in this paper. Let v\",v*,...,v""” be
the class tags of the training samples. Assume the number of the fuzzy IF-THEN rules

)

with the consequent y is v'”’ is a;, j=1,2,...,r, then those fuzzy rules can be repre-

sented as:

R i if x is A, and x, is Ay, and..and x is A,; then y is v

where (X, y) is a training sample, and ¥ = (x,, x,,...x,) is the input feature vector and
y is its class tag, i = 1,2,...,aj, j=12,...,r . The matching degree of the fuzzy rule

antecedent for the training sample X is computed by the multiplication T-norm'® as:

AR ) =TI, AL () 3)

Then a subsystem S ; can be constructed using all R i=12,...,a IE Its output is

ij

defined as:
0, =1-exp(-30 A (R, ) ©
Finally, the output of the fuzzy neural network system is defined as:
Y =+, Subject to 0, =max(0,,0,,...,0,) 0

According to the above, the VMFNN model is derived as Fig.1. Note that the links
between nodes in different layers indicate the direction of signal flow, and they have
no weights. The nodes in [B] layer have the node parameters, while the ones in other
layers have none. The node functions in the same layers are of the same form as de-
scribed follows:

[A] Input layer. o,=1,=x;, j= 1,2,....s.

[B] Fuzzification layer. The node parameters include the centers and the radii of
the membership functions in the fuzzy rule antecedent. The output of the nodes in the
layer are the membership degree calculated by Eq.(4).

[C] Fuzzy rule layer. By Eq.(5), every circle node in the rectangles multiplies the
incoming signals and sends the product out. The outputs of the layer make up the
input parts of the corresponding subsystems.

[D] Subsystem output layer. The outputs of the layer are calculated by Eq.(6).

[E] Voting output layer. The output of the layer is calculated by Eq.(7).

5.2 Optimization for the Fuzzy Neural Network System

Assume the system has r subsystems, subsystem j contains a; fuzzy IF-THEN rules,

j=12,...,r, and each fuzzy IF-THEN rule contains 2s parameters (i.e., the center
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Fig. 1. The VMFNN architecture

and the radius in the Gaussian function), where s is the dimensionality of input feature

vectors, then the number of the system parameters is totally M =253 a; .
=

Fig. 2. 11 kinds of taste signals of mineral waters

The real-valued PSO is used to refine the system parameters, and the real-valued
PSO algorithm flow can refer to [4][S]. Let L be the size of the particle swarm (gener-
ally set L=20). The initial velocity of the particles are initialized by random numbers
uniformly distributed on [-0.3, +0.3], and the initial positions of the particles are ini-
tialized by the initial system parameters with 15% noise. Taking use of information
included by the particle i, a fuzzy system as Fig.1 can be constructed. The misclassi-

. . . err.
fycation rates of the system constructed by particle i are defined as: E, = —, where

n
i=12,...,L, nis the number of the training samples, and err; is the misclassification

number of the system constructed by particle i. Then the fitness of the particle i can be
defined as: f; =1-E .
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Set acceleration coefficients w=0.7298 , ¢,=1.42 and c¢,=1.57 , which satisfy the
convergence condition of the particles: w> (¢, + ¢,)/2 -1 Since ¢, >¢, , the
particles will faster converge to the global optimal position of the swarm than the
local optimal position of each particle. To avoid the premature convergence of the

particles, an inactive particle, whose position unchanged in consecutive S epochs (set
S=10 in this paper), will be reinitialized.

6 Experimental Results

The taste signals of 11 kinds of mineral waters'"! are used as experimental data in this
paper. The experimental data consist of 1100 points with 100 points for each taste
signal as shown in Fig. 2. When computing the class covers of a taste signal, let the
taste signal be the set of B and all the others the set of R.

Fig. 3. (a)The class covers of the taste signals obtained by the original greedy algorithm; (b)The
class covers of the taste signals obtained by the improved greedy algorithm
(y=0.5,0=0.96,4=0.01)

The class covers of the taste signals obtained by the original greedy algorithm and
the improved greedy algorithm (y=0.5,=0.96,3=0.01) are shown in Fig 3(a)
and Fig 3 (b), respectively. From Fig. 3(a), we can see that the obtained class covers
are not even in size, and in which many with the radii of about zero (we call them
outliers below) distribute over boundary areas between the taste signals, and that are
unsuited for extracting robust fuzzy IF-THEN rules. From Fig. 3(b), we can obviously
see that the obtained class covers are relatively even in size and have no outliers, that
are suited for extracting fewer robust fuzzy IF-THEN rules. Comparison of the origi-
nal greedy algorithm, the improved greedy algorithm and the bPSO algorithm in
terms of K, Var and running time is listed in Table. 1.

From Table.1, we can obviously see that the bPSO algorithm can get better results
than the improved greedy algorithm, but it needs more running time.

Then the fuzzy neural network system I and II (below which are abridged as Sys I
and Sys II) can be constructed using the class covers obtained by the original greedy
algorithm and the improved greedy algorithm (¥ =0.5,a =0.96,3 =0.01), respec-
tively. The original taste signals are used for training the systems, and the taste signals
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Table 1. Comparison of the three algorithms for the GCCP in terms of K, Var and Runing

Time
o B 14 K Var Runing
Time
Original Greedy Algorithm 70 0.002617 8.503sec.
Improved Greedy Algorithm | 0.97 0 04 72 0.000393 7.995sec.
0.96 0.01 0.5 47 0.000647 8.477sec.
0.95 0.02 0.6 36 0.000875 7.987sec.
bPSO Algorithm 0.97 0 0.4 67 0.000293 124.14sec.
0.96 0.01 0.5 44 0.000447 123.58sec.
0.95 0.02 0.6 36 0.000575 123.22sec.
1000 1
4 —
% B00 B e - j§° 08} e=s Sys I
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4 600 A 0B
: :
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Z 400 H2 04 - gt -
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Fig. 4. (a)The curves of fitness of optimal particle in Sys I and II with respect to epochs;
(b)The curves of the misclassification percentages in Sys I and II with respect to noise level

polluted by the noise are used for identification experiment. Note that, assume origi-
nal signal is A, then the signal polluted by the noise is set A"= A+ AxnXrand ,
where 0 <7 <1, is the noise level, and rand is a random number uniformly distrib-
uted on [-1, +1].

The real-valued PSO is used to refine the system parameters of Sys I and Sys II.
The curves of the fitness of the optimal particle of Sys I and Sys II with respect to
training epochs and the curves of the misclassification percentages of Sys I and Sys II
with respect to noise level are plotted in Fig.4 (a) and Fig.4 (b), respectively. Obvi-
ously, from Fig. 4(a), we can see Sys II shows better learning capability than Sys I,
and from Fig. 4 (b), Sys II shows stronger noise-resistance capability than Sys I. On
the other hand, because Sys II is constructed by fewer fuzzy IF-THEN rules than Sys
I, it needs 71.363 sec. per 10 training epochs, while Sys I needs 106.146 sec. accord-
ingly. Therefore Sys II is better than Sys I in terms of learning capability, error toler-
ance and running speed.

7 Conclusions and Discussions

By choosing proper parameters of ¥, and f in the improved greedy algorithm and

the bPSO algorithm, fewer robust fuzzy IF-THEN rules can be obtained. Then those
rules are used to construct the fuzzy neural network system, which has many perfect
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characteristics, such as better robustness, learning capability, simplicity and running
speed. In our experiences, we set ¥y =0.3~0.7,=0.90 ~ 0.97, =0~ 0.05as gen-

eral choices.
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Simulation-Based Optimization of Singularly
Perturbed Markov Reward Processes with
States Aggregation*
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Abstract. We present a simulation-based algorithm to compute the av-
erage reward of singulary perturbed Markov Reward Processes (SPM-
RPs) with large scale state spaces, which depend on some sets of param-
eters. Compared with the original algorithm applied on these problems
of general Markov Reward Processes (MRPs), our algorithm aims to ob-
tain a faster pace in singularly perturbed cases. This algorithm relies on
the special structure of singularly perturbed Markov processes, evolves
along a single sample path, and hence can be applied on-line.

1 Introduction

Many models in communication network, finance, operations research, and other
fields can be formulated by Markov models. Meanwhile, Markov Decision Pro-
cesses (MDPs) are introduced to solve optimization problems in these models.
The theory of Markov Decision Processes (MDPs) is a mathematical framework
for modelling sequential decision tasks that had become very popular in the field
of Intelligent Computing. And one of popular algorithms for MDPs is based on
the simulation of a single sample path.

However, dimensions of state spaces in these models are often too large for
our normal algorithms, and the computing of optimization for these decision
problems will waste a lot of time and memory saving. Obtaining desired opti-
mal control parameters or policies will be quite intensive and the way to solve
the Markov Reward Process (MRP) or MDP with a large scale state space is
a challenging issue at present in this field. But some of these large scale state
space problems can be appropriately simplified. The aim of our paper is to cre-
ate an algorithm to optimize a class of MRPs with large state spaces, in which
underlying Markov chains have hierarchical structures and are called singularly
perturbed Markov processes (SPMPs). The asymptotical properties of these re-
ward processes are studied by G.Yin and Q.Zhang [2]and [5],and M.Abbad and

* This work was supported by National Natural Science Foundation of China un-
der Grant(60274012) and Natural Science Foundation of Anhui Province under
Grant(01042308).

D.S. Huang, X.-P. Zhang, G.-B. Huang (Eds.): ICIC 2005, Part II, LNCS 3645, pp. 129-[I38] 2005.
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J.A Filar [3] and [4],respectively. From our simulation in Section 4, we will find
that in some segments of a single sample path, the occurrence of states will be
far more frequent than others. With the convenience of this property, we will
introduce a new simulation-based algorithm to optimize an averaging reward
problem of the original SPMRP. Differing from other methods, our algorithm is
based on the aggregated states, which directly cuts down the steps of computing,
and balances the frequency of every states taken in computing.

To concentrate the paper on methods based on policy parameterization and
gradient improvement, here, we bring the conception of Markov Reward Pro-
cesses, created and described a popular simulation-based method, displayed the
whole schedule of this algorithm, and modified this algorithm into a new way
with faster updating.

2 The Gradient of the Performance Metric

2.1 Singularly Perturbed Markov Reward Processes

Using the same notation as in [I], we consider a discrete time, finite-state Markov
chain {i,} with state space S = {1,---, N}, and its transition probabilities
depend on a parameter vector § € IRF. Here, transition probabilities can be
denoted by
P(j1i;0) = P(in = j |in—1=1;0) . (1)

When the current state is ¢, the process receives a one-stage reward, which also
depends on the parameter 6 and denoted by g¢;(6). Transforming them into a
matrix form P(0) = [P(j |i;0)]nx~ - Henceforth, such an MRP can be expressed
as the four-tuple I' =< S, {0, 0 € ]Rk}7 {9i(0),i € S},{P(j|i;0),i,7 € S} > .

The performance metric used to compute different parameter 0s is the average
reward criterion 7(6), and defined as:

T
n(0) = lim lEg{Zgik(G)} . (2)
k=0

T—4oc0 T

where the iy is the state at time k. If the transition probabilities matrix P(0)
is aperiodic, the average reward 7(f) is well defined, and does not depend on
the initial state. The average reward can be rewritten as () = vazl i (0)g:(6),
where the steady state probability vector 7(6) = (71 (), -+ ,7n(0)) is the unique
solution of the balance equations: 7P = 7 and we = 1. If the matrix P(#) here is
aperiodic and the functions P(j |i;0) and g;(0) are bounded, twice differentiable,
and have bounded first and second derivatives, then 7(0) and 7(6) are also twice
differentiable, and have bounded first and seconded derivatives.

The main objective of this paper aims to the properties of the singularly
perturbed Markov Reward Process(SPMRP).In fact(see, for example,[2]), any
transition probability matrix of a finite-state Markov chain without transient
states can be of the form
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where each P, (), a € {1,---,n} is a transition matrix within the ath recurrent
class for a < n. Here, we denote the steady state distribution corresponding to
Po(0) as v (0) = (vh(0),--- ,v5(0), -, v () € R™™ where i € S,,. First
of all, we look into a general Markov chain with its states and the transition
probabilities satisfy the following assumption:

Al. S=U, S, where S;(S; =0,if i # j and |S;| = m;, mq +---+m, = 1.

A2. p{s'|s,0} = 0 whenever s € S; and s € Sj, i #j .

A3. Forevery i =1,2,--- ,n, and for all § € R” the matrix P;(#) in matrix ()
is irreducible .

Then we consider the situation where the transition probabilities of I" are per-
turbed slightly. We define the disturbance set D = {d(s'|s,0)|s , s € S, § € RF},
and the elements of the set D(0) satisfy: > /g d(s'|s,0) = 0. Now, we transfer
these elements into a matrix form D(#) = [d(s|s,0)]nxn, where D(f) can be
seen as a generator. We shall also require that there exists ¢y > 0 such that
Vo e R

G(0) = G(0) +eD(09) . (4)

is a generator of a Markov chain for any 0 < € < ¢g. Then we shift our aim to the
perturbed Markov chain. Suppose that {i¢} is a singularly perturbed Markov
chain depending on a small disturbance parameter ¢ > 0, and having a finite-
state space S = {1,2,---, N}. The form of the transition probabilities matrix
satisfies
P(0) = P(0) +eD(0) . (5)

where P¢(0) and P(f) are the transition probability matrices, and D(6) is a
disturbance matrix. Here, singularly perturbed Markov chain are required to be
also irreducible whenever Ve > 0 and the assumptions are all satisfied,e.g.no
matter how close € approaches zero, every sub-state space will occur eventually.

One-step rewards of the SPMRP are the same as those in the general process,
still denoted by g¢;(#), ¢ € S. Under the condition of the singularly perturbed
Markov chain, we rewritten the SPMRP as I'., where € € (0, €], in the form of
a four-tuple I. =< S,{6,0 € R*}, {g:(0),i € S}, {P<(j|i;0),i,j € S} >.

Denoting the steady state distribution corresponding to P€ by 7.(6) and one
step reward by ¢g(0) = (g1(0),--- ,gn(0)). We define the average reward as we
discussed above

ne(0) = me(0)g" (0) . (6)

And the optimal value function 7.(6) corresponding to SPMRP is given by
P = (09" (0)] . 7
ne = maxrc(0)g" (0) (7)

To deal with singularly perturbed Markov reward problems, we will construct
a new Markov reward process through states aggregation, which has an optimiza-
tion objective asymptotically converging to the original one. Here, we denoted
the aggregated state space as (2 = {S1, S2,---, S}, for more simple denotation
as 2=1{1,2,--- ,a--- ,n}. To proceed, we define a matrix 1 as

I: diag{]-ml, ]-mga Tty 1mn} °
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where the entry vector 1,, = (1,1, ---,1)T € R™* ,Va € 2. From [2] and [3],
we can construct a new Markov chain as {«ay}, generated by the generator
Q0) = diag{v:(0), -+ ,va(6), -+ , v, ()} D(O)T . (8)

Let 7(0) be the steady state distribution vector of the transition matrix P9) =
Q(0) 4+ I,,xp. Directly from the Lemma 2.1 in [4], we assume there is another
optimization problem named Aggregated Limiting Problem as

T.=< 2,{0,0 € R*}, {7, (0),a € 2}, {P(a|B; 0), o, f € 2} > . (9)
where vectors goé(e) = (9041 (9)’ Y (9), s Gam, (9)),VO¢Z € Sa’ ga(a) =

va(0)gL (0),Y o € 2 and g(0) = (3,(0),72(0), - ,7,(0)). And its average reward
function is defined as

7(6) =T(0)7" (6) - (10)
Lemma 1. Assume assumption A1)-A3),we have
. — T € T _
 im | max [w(9)g" (0)] — max [r*(0)g" (0)]] =0 . (11)
or in a more exact form as
| max [7(6)g" (6)] — max[r*(6)g" (6)]] = O(e) . (12)
0cRF cRF

which can be directly proved from the [2).

So any maximizing parameter 6 for Aggregated Problem is also a maximizing
parameter for 6 and vice-versa. In the next section, we will resolve gradient
of aggregated performance function to take place of original one. Hence, we
can easily prove that |V7(0) — Vn(0)| = O(e). If we optimize the sample path
generated original perturbed process along the gradient of 7j(), we also can
obtain the optimized value of 7(6).

2.2 Properties of the Gradient of the Performance Metric

For any # € R* and o € 2, we define the differential reward D,(f) of an
aggregated state a € 2 by

T —1
Da(0) = Eo| Y (§a, (0) =71(0))lac = a| . (13)
k=0
where oy, is the aggregated state at time tj, the kth epoch with the transition
between two different subspace in set {2, which can be seen as an index for
a certain segment of the sample path dominated by states in some S,, and
T" = min{k > 0oy, = &}, where we have a general assumption i* € S,. We also
have properties that Dy-(6) = 0 and that the vector D(0) = (D (6)),-- - , Dy (6))
is a solution to Poisson equation

3(6) = D(6) + 7(0)1T — P(9)D(6) . (14)

We will display a theorem which gives us an expression for the gradient of the
average reward 7(#), with respect to 0. Before we start our theorem, we first
bring some assumptions here:
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A4. The Markov chain corresponding to P(6) is aperiodic and irreducible. That
is to say, there is a state o which is recurrent for the chain.This point can
be directly derived from the aperiodicity and irreducibility of P¢(#), and
at least we can divide S into some S, with i* € S,~, which «, is an index
of some aggregated state.

A5. For every i, j € S, the function p§;(0) and g;(¢) are bounded, twice differ-
entiable, and have bounded first and second derivatives. Hence, for every
a, B € £, the functions P,5(f) and g,(f), as the linear combinations
of the pf;(#) and g;(0), are also bounded, twice differentiable, and have
bounded first and second derivatives.

Theorem 1. Let Aj), A5)hold. Then the gradient of the aggregated limiting
average reward is

¥10) = X 70 (V0000 4 0009k 0+ X [ 3 (T va00))1k0)

aER pen biesa NjeSs

+ 2 (Z di; (0 )V“a )}Dﬁ(e)) : (15)

1€Sy ]655

Specially, when the disturbance matrix D(6) is irrelative with the parameter 6,
we have

Corollary 1. Let Aj), A5)hold, and the disturbances are independent of the
parameter 6. Then

Vi) = 3 70 (6) (Vgaw)vz(e) T ga(O)TE(0) +

:Z: LGXS: (j;ﬁ dij)Vvé(e)]Dﬁ(@) : (16)

The expressions given by Theorem 1 and Corollary 1 involve no terms of the
steady state distribution of P¢(6), but only involve with those of P, (f), o € (2.

3 The Simulation-Based Optimization

In this section, we propose a simulation-based method to compute the gradi-
ent of 7(#). Moreover, we will routine the whole process of the algorithm for a
disturbance-controlled case. As we proposed in Section 2, the extra estimators
such as Vu, (0) and v, (0) are required before our estimating V7j(0) from Dg(6).

3.1 Estimators of Vv,(0)

Compared with the algorithm without states aggregation(such as in [I] ), Vv, (0)
can not be neglect here, so we should design a method to estimate them. However,
these terms are not directly generated through our sample pathes with transition
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matrix P¢(#). To obtain them, we should first look into sample pathes generated
by the matrices P, () to estimate Vv, (0). v4(0) is the steady state distribution
of P,(#), which can be easily estimated from counting every states along the
sample path , and we also have balance equations: v4(0)P,(0) = v,(6) and
Vo (6)1,,, = 1. Here, we will propose a method based on a single sample path
generated by P¢(f) to approach results of a theoretical one. Now we take one
of steady state probabilities v’ (0), i € S, as a new performance evolving with
matrix P, (9) To compute this performance, we set one step reward vector qbg =
(L, @, o gime) € RY*™e as:

¢o =1 d=0 Vj#i i,j€Sa. (17)

As the performance metric introduced in Section 2 as equation (2), we first set
the average reward criterion defined by

1 N
u(6) = lim = Ep Lz:% Dok (9)}

where the whole process is generated by some P,(f), so iy € S,, and we can
easily find that p(6) = v?,(6). When we reform the average performance metric
as u(0) = va(0)¢%, = v:,(0), we obtain that our average reward is equal to the
estimator for v’ (6). Similarly as computing the gradient of performance, from
Theorem 1, we have

Voa(8) = D val6) Y Vpii(0)d;(6) - (18)

1€Sq JESa

where p;;(6) is an entry in P(6) in (3), and d%(0) is the differential reward
corresponding to this partial problem to compute Vv¢, (6) = Vu(6), defined by
d;(0) = Eg | Y_ (9 —va(0))lio = j| - (19)

k=0

where i, ik, j € S, and T = min{k > 0]iy, = i*} is the first future epoch state
1" is visited. Through an approximation we can connect these theoretical results
with our simulation sample path as follows.

Lemma 2. For any «; ,aj € Sy, we have |V, (0) — Vi, (8)] = O(e) where

VUL (0) = > va(0) Y Vpa,a, (0)d5(6) . (20)

i€Sa j€ESa
where «; 1s the ith state in the set S, .

we can proof this problem in a short way as

V() = D 0h(0) Y VIph,a, (6) — cdasa, (0)]d5(6) -

1€Sy JESa
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So we can use sample pathes generated by P€() to approach the theoretical
results, and as € — 0 we have V! () = Vv, (0).
From Theorem 3.2 in [5], for any i, € S, oy € £2, aj € Sq, @ € 2 we have

k 2

sup FEgle (1{it:Saj} 7vgj1{at:a}) =0(e) - (21)
t€[0,T] t—0

-

So we can use the states generated from the sample path to approximate the
vi,(0) by
. k—1

ve(0) t=0 L{it=5a;}
2jes, vi(0)
where v{(6) is the ith element of vc(f) which is the steady state distribution
vector of P¢(f). When we obtain the estimator of Vv, (0), we complete equation
(15) in Theorem 1, and hence obtain V7j(#) from it. Following the direction of
V7(0), we can complete our optimization.

vl (0) = +O0(e) = +O0(e) . (22)

k—1
t=0 Hat=a}

3.2 The Optimization for D(0)-Controlled Model

We will take a special but useful case into consideration in this section, that
the matrix P(0) is irrelative with 6, i.e. only the behavior of perturbation factor
D(0) is controlled by parameters. So the equation (Bl can be written as P¢(0) =
P+ eD(0). We call it D(6)-controlled model, and have Vv, (0) = 0, Vo € {2, and

vi0) = 3 70(0) (Vaa@e + X | 3 (3 9as0)) ok | Do)

aEe BeN “ieS, “jES

And to finish the theoretical support of our algorithm, the following lemma is
necessary:

Lemma 3. The aggregated chain associated with the generator Q(6) is a Markov
chain on {2 defined by o, = i, , where the T}, are the successive epoches at which
the chain enter another subspace: it, € Sa, and i, 1 ¢ Sa, .

This can be directly obtained from the Lemma 2 in [6], and the proof is omitted
here. From (Z3)), we can find out that the gradient of the performance is irrelative
with Vv, (), so that only some counters are required to record the steady state
distribution vectors. Meanwhile, a long term decision series for Vv, () are not
necessary. Here, we will display the algorithm of this case in Algorithm 1, and
From the expression of this algorithm, we can easily find out that no matter how
many states in the original state space S, the algorithm only evolves with the
aggregated state space (2.

4 Simulation and Results

In this section, we will give some examples to illustrate our algorithm, which will
update the performance and parameters along the sample path generated by a
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Algorithm 1. optimization algorithm based on states aggregation

0: Compute g, (), and D?(9) = > epdij(0) for all o, B € 2 and i € S.
1: Estimate the steady state distributions of P, (0) as:
T T ~
R R i Ray(T
Rei (D)= lpi=ary > XM= lpes.y »  0ai(T) = (T)
k=0 k=0 Xa(T)

until the condition, for some € [057 (T 4+ 1) — 05 (T)] < &, is satisfied.
2: Compute some factors:

FP(0) =0aga(0) . F57(0) = 0a[D(0)] +1 .
where %\‘1 = (%\;L)zl s 62:”“) € IRlea’ Da(e) = (Dl1 (0)? ] Dim(, (0))7
and i1, ,%m, € Sa.
3: Recursive in every epoch k where oy = i1, # i1, —1, and compute following

until the recurrent aggregated state Sy or a. is first visited in future

1 —1
Di, (0,7(0m)) = > (F™*(6m) — 7(0m))
k=n
g1 —1
(B i0)) = 3 (vm(em) 1 Biy (B 7(0)
n=tm,
9m+1 = 9m + ’YmFm(em,ﬁ(em)) ’
tm41—1
ﬁm+1(9) = m (9) + AVm Z (yan (Om) = m (em)) .

n=tm

vﬁ;n—lan (em))
ﬁ;n—lan(em) ’

where ~,,, is a positive step size sequence, A > 0 allows to scale the step size
for updating 7 (0) by a positive constant, and «y is the aggregated state.

4: When o is revisited, return to step 1, unless [7(6,,.,,) — 7(0%,,)| < d, where
d > 0 is small enough,or {7(6s,,,,), k =1,2,---, I} enter some stable domain.

singularly perturbed Markov process. Here, we name every epoch of the data
updating as iteration, and iteration steps is an important measurement to value
an algorithm. The sample path generated by the transition probability matrix
with the form of:

PL0 O D1,1(0) D12(0) Dy,3(0)
P@) =1 0P 0 | +ex | Dyi(0) D22a() D23(6)
0 0 P; D3 1(0) D3 2(0) D3 3(9)

where the second term of equation is the disturbance matrix with all entries
in D, 5(0) larger than 0,V6 € IR”, for any o # 3, and ¢ = 0.001. All of the
sub-matrix P,,a = 1,2, 3 are with a large scale state space. The recurrent state
i* is assumed in the subset S corresponding to the transition matrix Py, so the
aggregated state a® = S; is the recurrent state after the aggregation.
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Fig. 2. Algorithm without States Aggregation

In our algorithm, we view the sample path as the evolution of aggregated
states. So the recurrent state should also be defined in the sense of aggregated
state, and we denote it as a*. The other details in our simulation are omitted
here. Obviously, from these figures, we can find that algorithm with state aggre-
gation will lead to a smoother optimization. Furthermore, the optimization will
be faster than that without state aggregation.The results in Fig[Il show that the
convergence in algorithm with state aggregation will be better than the other.
It is just because of the sample path of the singularly perturbed Markov chain,
which always transits between long segments, which are dominated by a certain
subset S;,i = 1,2, 3, so our iterations in an algorithm without states aggregation
are constrained as a local one with states in S, until the single sample path ar-
rives some new segment. We can easily find these shortcomings from the Figl
for example, the undulation of the optimized performance in the Fig With
states aggregation, our algorithm cut down all of these shortcomings.
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5 Conclusion

In this paper, we obtain the gradient of performance of singularly perturbed
Markov reward processes based on aggregated states, and design an algorithm
which can save iteration steps and the mount of computing during the optimiza-
tion. Our designment also can optimize the objective on-line with the evolution
of practical processes.
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Abstract. In this paper, an application of hybrid intelligent control algorithm to
semi-active Control of the MR Damper is presented for engineering structures.
The control signal is optimized directly by the {GA approach to obtain the nu-
merical relation between the control signal and the system output. And then,
this relation is stored in the weight value of a trained artificial neural network,
which can be available for another structure subjected to other seismic inputs.
The results of numerical example indicate that the semi-active control of MR
damper based on the hybrid algorithm can efficiently reduce the structural re-
sponses induced by earthquake.

1 Introduction

Magneto-rheological (MR) fluid is a kind of controllable rheological fluid'. When
subjected to magnetic field, the rheological properties of the fluid can be reversibly
and dramatically changed from the free-flowing Newton fluid to semi-solid fluid with
certain shear strength. Thus, the MR damper is developed from MR fluid by reason
that this microscopic shift can induce macroscopically the damping force of the MR
damper to change greatly. Since the dynamic constitutive relation of the MR fluid is
complex and nonlinear, it is rather difficult to obtain the mapping relationship be-
tween the damping force of the MR damper and structural response”™.

In this paper, an application of hybrid intelligent control algorithm to semi-active
Control of the MR damper is presented for engineering structures. In the process of
calculation, the control signal is optimized directly by the Micro-GA Approach to
obtain the digital relation between the control signals and system output. And then,
this relation is stored in the weight values of a trained ANN, which can be available
for another structure subjected to other seismic inputs. Results of the numerical ex-
ample indicate that the MR damper applied for the semi-active control can efficiently
reduce the structural responses induced by an earthquake.

2 Modeling of Structural Control

An appropriate holistic model should be established for dynamic response analyses of
structure under the action of earthquake. Due to the asymmetry of structure and multi-

D.S. Huang, X.-P. Zhang, G.-B. Huang (Eds.): ICIC 2005, Part I, LNCS 3645, pp. 139 —[[48] 2005.
© Springer-Verlag Berlin Heidelberg 2005
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dimensional feature of ground motion, which induce the structural response to be
multi-dimensional, seismic response of asymmetric structure will be the spatial vibra-
tion with the coupled translational-torsional motion. If only considering one-
directional dynamic response of structure, the actual seismic response of asymmetric
structure cannot be correctly evaluated’.

The equation of motion for the structural system with the coupling torsional motion
subjected to bi-directly horizontal seismic excitations is derived as follows:

U+ UL+ KUY = IM1TH )X, 1

where {U}={U,,U_,,..U

placement vector of structure; [M ],[C] and [K] are the mass, damping and stiff-

v,,u,,.U,6U,U,,.U,} is the dis-

xn® ™~ yl2 ™ y2o° yn?

.. . T
ness matrices of structure, respectively; {X g} = {X Xg X Yg} means the vector of

biaxial horizontal seismic excitation; [ H g] denotes the location matrix of seismic

{Inxl } O
excitation, givenby [Hg]=4 0 {{,}¢,where {1, }={L1L,.., .
0 0

Experimental results have shown that the relationship between damping force and
relative velocity for the MR fluid is of obviously hysteretic characteristics'. Thereby,
a more accurate model of the MR damper is accomplished in terms of the nonlinear
bi-viscous model with four parameters that are the pre-yielding damping coefficient
C o » Post-yielding damping coefficient C »o » damping force F , » and the velocity v,

when the damping force is equal to the zero value. The relation between the damping
force and relative velocity for the MR damper is illustrated in Fig. 1, the expression of
which is given by:

C,x—F, i<-y >0
C,(x=v,) -v<igy, x>0
C,xi+F, izv, >0

F = po y

‘" |C,x+F, izy, i<0 @

C,(x+v,) -»<igy  ¥<0

C,x—F, x<-v, x<0

where v, and Vv, represent the compressive yielding velocity and stretched yielding

velocity, respectively, given by:
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_F,-C,v, _ F +C,v,

= v, ®
Cpr - Cpo Cpr - Cpo

Fig. 1. Nonlinear Hysteretic Bi-Viscous Model for MR Damper

The range of the damping force obtained by Eq. (2) is F, € (0,F, ). And the

y,max
damping force can be changed in terms of imposed current as follows:
Ev = Fy,maxff (4)

where fs =v/ Vax Mmeans the controlling signal of the damper, apparently,

f,€[0,1].
From Egs. (2) and (4), it can be found that the damping force is a function of the
damper piston velocity X and the applied controlling signal fs , 1.e.

F,=F,(xf,) )

Accordingly, the equation of motion for multi-story eccentric structure with damp-
ers subjected to two-dimensional seismic excitations can be expressed as

(M0} +[CHUY+ KUY =M UH X )+ HIEY  ©

where [H ] denotes the location matrix of the dampers; {E} is the control force
vector of damper, every component of which is calculated according to Eq. (5).

Let the state variable be {X }={{U}" {U}"}". Then, if the floor displacement
with the dimension of p and floor velocity with the dimension of g are defined as

the observed variable {Yo}, the dynamic system described by Eq. (6) can be trans-

formed into state space equation:
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(X} =[AX}+[BI{F.}+[LI{X ] %)
{r,}=[C,1{X}

where

L -
(Y,}={AU,,AU,,,,...AU,, AU, ,AU , ,...AU ) ;

[A]= ) ! s [B]= 0 s [L]= oL
|\-M7'k -m7'c|’ T \M_H,|" T |H,|’

in which [C, ] means the transformation matrix of observed variable, which is related

to the location of sensors. From Eq. (5), one can obtain:
{(F.}=F({Y.}.F) ®)

where {F} is the controlling signal; {¥_} represents the relative velocity vector at

the locations of dampers, determined by:
{Y.}=[C.{X} ©)

in which [C,] denotes the transform matrix of observed variable relative to the loca-

tion of sensors, in which the derivation of [C_] can be found in Reference 6.
The design objective of the controlled system described by Eq. (7) is to find a map-
ping relationship, {F,}=F.,({Y,}), to make a performance of the system,

J=J({X}.{Y }.{F.}), meet a definite demand (maximization or minimization).

3 Hybrid Intelligent Algorithms

3.1 Basic Process of GA

The GA, which is based on natural selection conceiving of eliminating the inferiority
and retaining the superiority, as it were, “survival of the fittest”, transforms the possi-
ble solution space of problem into the genetic operation space to search the optimized
solutions. For the design of a control system, suppose an optimization problem to be:

{f=fGZD (10
{Z}e D

where {Z}={z,,2,,...,2, }" is the independent variable vector. Each vector {Z}

is a possible solution. Thus, D can be regard as not only the definition space of
{Z}, but the constraints of the problem and solution space composed of solutions.
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The objective of optimal problem in Eq. (10) is to search optimized parameters
{Z_}e D that optimize the target function f .

Consequently, the problem comes down to the parametric optimal problem of cost
function in the 7 -dimensional space. For the class of problem, it is not easy to derive
directly the solution from the target function. Normally, the ANN or the climbing
mountain searching optimal algorithm depending on gradient can be efficiently ap-
plied for some problems. Yet, for the parametric optimal problem in the #» -
dimensional space, the optimizing strategies may converge towards local optimal
solution, but not global optimal solution. However, the GA is an effective method to
solve the kind of problem.

3.2 Micro-GA Approach

The calculation of fitness function is the most time-consuming process of the above-
mentioned genetic operators. Furthermore, the population scale of standard GA (rang-
ing in size from 30 to 200) is large and computation is complicated. Accordingly, a
GA with small a population, namely, Micro-GA, is developed to achieve a fast turn-
around time from the generation to next generation evolution. Its essential point is
that the evaluating and ceasing of the algorithm are not based on the average perform-
ance of the population, but on the best individual. However, it is a known fact that the
information of the GA is generally less with very small population due to insufficient
information processing and early convergence to non-optimal results. On another
hand, some new individual is continuously introduced to prevent the premature con-
vergence that is caused by the reduction of population size in this algorithm. The
investigation results showed that the implement of the Micro-GA for the optimization
problem looks highly feasible and rewarding’.

3.3 Processing of ANN Training Data

Multi-layer feed-forward ANN is composed of one input layer, one output layer and
one or several hidden layers. Commonly, the transformation function of the hidden
layer is nonlinear, such as the S type function or hyperbolic tangent function. And the
transform function of output layer determined by mapping the relation between input
and output is linear or nonlinear. Theoretically, any function can be approximately
used for the multi-layer feed-forward NN.

After the optimized control signals are obtained by using the above Micro-GA, the
numerical relation between control signals and outputs of system will be stored in the
weight value of artificial neural network to train. And the training data should be
normalized before training the ANN so that the absolute value of the data is made less
than 1. By the processing, the adaptation of the ANN increases.

If the domain of an ANN input component N, is (N N. ), the normalized

i,min® " " {,max
N, is:
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ﬁ_ 2(]\']i_zvi,min) 1
YN N (a1

i,max i,min

When the ANN output function is bounded, the normalization of the training data is
unnecessary. Whereas, the training data must be normalized when the output function
is unbounded:
2(N0 _No,min) -1 (12)
N, ..—N

0,max 0,min

N =

The output data of the trained ANN should be adjusted so as to obtain the actual
output based on the following equation:

NN —N )+l 13
N — o( 0,max o,mm) +N ( )

0 2 o, min

4 Control of Multi-story Structure Using MR Damper

In order to explore the effectiveness of the above-discussed intelligent control algo-
rithm, let us consider a six-floor asymmetric structure shown in Fig. 2, where M. is
the center of mass and K. is the center of stiffness. The floor-frame model is adopted
to calculate the structural response. The structural parameters: the mass of every floor
is 922x10° Kg; the inertia moment of every floor is 2.797x10® Kgm?; the lateral stiff-
ness of every column of the lowest story in x-axis and y-axis directions are both
2.836x10” KNm, and that of other columns are 4.504x10” KNm.

Dy e - - T e e o "
| | | | | | | | |
g | \ \ ! \ \ \ [ \
| | | |
\ \ \ \ \ [ \
C -—-—— W —— -—-—-— —-—-— - — - — - — - -
o | | e e 1 x ] | |
B L f———i ————— i ————— ——— ——— I‘ ————— I‘ ————— l ————— ‘If
T | | | | | |
g | \ \ \ \ | \
| | |
A — ——— ——— ——— ——— ——— ——— -—
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48000

1 2 3 4 6 ©) ® 9

Fig. 2. Locations of columns
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6000 4000 6000

Fig. 3. Locations of dampers

The first several periods of structure based on calculations are: 0.82801s, 0.6758 s,
0.5805 s, 0.27655 s and 0.22571 s. The MR dampers made by American Lord Corpo-
ration are used as control device. Its energy consumption is 22 watt and maximal
damping force is 200KN. The installed places of devices are shown in Fig. 3.

The selected seismic wave as the structural inputs are (1) the El Centro wave of
USA on May 18, 1940, (2) the Seattle wave of USA on April 13, 1949 and (3) Taft
wave of USA on July 21, 1952. It is convenient for comparisons that the x-component
peak acceleration of each wave is adjusted to 200 cm/s” and y-component is adjusted
to 250 cny/ 5™,

The seismic response of asymmetrical structure often shows the effect of transla-
tional motion coupled with torsion . In this instance (shown in Fig. 2), the Y-axis
displacement of columns at @ axis is magnified since the mass center does not coin-
cide with the stiffness center. In order to control the torsional response, the dampers
are fixed at @ and ©) axis along with Y direction (Fig. 3).

4.1 Optimizing Control Signals Using Micro-GA

In this section, the optimized numerical solution of Eq. (10) is calculated directly
using the Micro-GA in interval 7 =nAT composing of sample periods A7 with

size of 7. The time serial {FS } is transformed into space serial:

{Z}={ {Fs }g’{Fs}ir’{Fs}gAr""{Fv}(Tn—l)Ar }T 14
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Firstly, the optimized control signal vector {F Y} at interval 7 composing of sam-
ple periods with AT size of 1 is obtained by using the Eq. (2) as fitness function.
And then, for the next interval 7 of the simulating duration, the corresponding con-
trol signals are achieved in terms of the above control theory. It is noticeable that the
initial values of the two ‘1/s’ modules are not zeroing, but the final velocity and dis-
placement at the last interval, respectively.

The controlled and uncontrolled peak displacements of floors and control effi-
ciency are shown in Table 1. It can be seen from the table that the Micro-GA has the
good control efficiency on optimizing control signals. Although Eq. (10), which
shows the relationship between control signal and output of system, is complicatedly
nonlinear, the optimized control signal can be gained directly in virtue of the optimiz-
ing ability of the Micro-GA.

Table 1. Reduction effect using GA control

Uncontrolled displace- Controlled displace- Reduction ratio
Floor
ment peak (mm) ment peak (mm) (%)
6 103.4275 71.4949 30.8744
5 98.1718 67.5032 31.2397
4 88.1077 60.1003 31.7876
3 73.7994 50.5815 31.4607
2 55.9789 38.5027 31.2192
1 35.4568 24.3807 31.2383

4.2 Nonlinear Feedback Control Using Hybrid ANN

Although the optimized control signal can directly be obtained by using the Micro-
GA, the relationship between control signal and output of system cannot be expressed
by a known way. Hence, it cannot be used when subjected to other seismic wave. Just
as well, the ANN has an ability to approximate the nonlinear mapping, and it can be
used to learn this relationship that can be used to structural control subjected to other
seismic wave.

} 00 o uncontrolled
80 [ — controlled

-40

T L L T T TRTIRTI RS RRR AR T T T
0 2 4 6 8 10 12 14 16 18 20
time (s)

Fig. 4. Y-axis displacement reduction at 6th floor (hybrid ANN control, El-Centro wave)
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Fig. 5. Y-axis displacement reduction at 6th floor (hybrid ANN control, Seattle wave)

Firstly, a feed-forward ANN with two hidden layers is constructed. The transfor-
mation function of the hidden layers is expressed by the hyperbolic tangent function,
and that of output layer with the domain [0, 1] is the Logsig function, respectively.
The node numbers of two hidden layers are chosen as 20 and 10, while the output
layer is selected as 3. After the optimized control signals are obtained by using the
Micro-GA, the relationship between control signals and outputs of system is stored in
the weight value of artificial neural network to train, which can be available for the
structure subjected to other seismic waves. The data must be normalized to make the
absolute value of data be less than 1 before the ANN is trained. The comparison
curves of controlled and uncontrolled are shown in Fig. 4 and 5.

The controlled and uncontrolled displacement peaks and reduction ratios of the
floor responses using the hybrid ANN approach are shown in Table 2. By comparing
the Table 2 with Table 1, it can be concluded that the control effect using the hybrid
ANN control approach that is trained in terms of the nonlinear relationship between
the control signal and system output is close to that only using the uGA control.
However, its advantage is that when subjected to other wave, the control effectiveness
using the trained hybrid ANN approach is also efficient.

Table 2. Reduction effect using hybrid ANN with EI Centro wave

Floor Controlled displace- Uncontrolled displace- reduction ratio (%)
ment peak (mm) ment peak (mm)
6 72.5762 103.4275 29.8289
5 68.5502 98.1718 30.1733
4 60.8727 88.1077 30.9110
3 50.6066 73.7994 31.4268
2 38.4519 55.9789 31.3100
1 35.4568 24.2834 31.5129

5 Conclusions

Although semi-active control is essentially most intricately nonlinear control, it can
be efficiently solved by the intelligent control theory combined with the classic con-
trol theory. In this paper, a control strategy based on the GA and ANN for the semi-
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active control is proposed. Since the Linear Quadratic performance function is intro-
duced, the proposed control strategy also belongs to the class of optimal control. The
explored main contents include:

(1)The eccentricity of structure and the multidimensionality of seismic excitation
are considered in the analyses. Under the action of earthquake, the torsion effect
greatly impacts on the structural responses coupled with the plane and torsion mo-
tions.

(2)The nonlinear relationship between the damping force of the MR damper and
control signal is considered.

(3)The hybrid intelligent control algorithm is introduced to the structural control.
The control signal is optimized directly by the GA to obtain the numerical relation
between the control signal and the system output. And then, this relation is stored in
the weight value of a trained neural network so that it can be available for other seis-
mic inputs.

The numerical results have shown that the strategy presented here is simple, robust,
fault-tolerant and effective.
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Abstract. The chaotic phenomenon in the brushless DC motor is revisited in
this paper. For a specific real physical plant (i.e., the brushless DC motor), the
main drawback of some existing chaos control methods is first analyzed. Then,
a piecewise quadratic state feedback method is proposed for controlling chaos
in the brushless DC motor model. In the proposed method, the direct-axis (or
quadrature-axis stator voltage) is used as the control variable, and the piecewise
quadratic state feedback is used as the control law. The control mechanism is
illustrated and then the principle of parameters selection is discussed. Chaos in
the brushless DC motor model can be satisfactorily eliminated by the proposed
piecewise quadratic state feedback, and the speed of the motor can be stabilized
to a constant value. This control method is simple and can be easily
implemented. Simulation results verify the effectiveness of the method.

1 Introduction

Power electronics systems are highly nonlinear due to the on-off operations of the
devices. Kuroe and Hayashi [1] pointed out earlier that chaos can exist in a power
electronics system, and Kuroe et al. [2] showed that chaos can also be observed in
some other motor-driven systems. From then on, many chaotic phenomena in typical
power electronics particularly converters have been reported [3-5]. Chaos in brushless
DC motors was first studied via simulations [6]. Chaos in induction motors fed by a
PWM inverter was then investigated [7, 8] and chaos in DC motors was also reported
and discussed [9]. Moreover, chaos in Permanent Magnet Synchronous Motors
(PMSMs) was studied [10, 11] and chaos in switched reluctance drive systems was
investigated [12]. It has been pointed out that the torque and the speed of a motor will
oscillate in a random-like way subject to strong electromagnetic noise, so that the
motor drive system is operated in a chaotic mode. This will cause degradation in
performance and reliability of the system, not acceptable in industrial applications.
Therefore, it is very important to control chaos in various motor-driven systems.
There are many chaos control methods suggested in theoretical research [13-17],
but for a specific engineering plant there are quite few methods that can be practically
used. For instance, the OGY method [17] is the most well-known method for chaos
control but it is often found that there is no adjustable parameter for control when this
method is applied to a real plant such as the Brushless DC Motor. Furthermore, it is
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not certain that one can actually achieve the desired control objective even though one
can find an adjustable parameter because the approximation nature of the OGY
method. It is well known that in a specific application, each chaos control method has
some practical limitations, such as the choice of initial conditions, the feasibility of
implementation, the design or computational complexity, and so on. Therefore, a
specific and overall simple and effective control method for a particular application is
often very desirable.

It was suggested that the entrainment and migration control method might be used
to control chaos in PMSM [18]. But it requires an exogenous force to be input to the
differential equation on the velocity, which is an external torque and is extremely
difficult (if not impossible) to be used as a manipulating physical system variable in a
real machine. In addition, the initial conditions and the target have to be very
accurately computed and implemented, which are conceptually very difficult and
practically impossible. Therefore, this method actually is undesirable in the PMSM
control applications. It was suggested in our previous work that the time delay
feedback control (TDFC) method could be used for chaos control in PMSM [19]. In
doing so, the direct-axis or the quadrature-axis stator voltage can be used as the
manipulating variable without requiring any exogenous force being inputted to the
differential equation of the velocity. Although the TDFC method is acceptable for
such applications, it has two shortcomings: first of all, it is difficult to determine the
time delay constant for a specific target; secondly, the control objective must be an
equilibrium point or a UPO (Unstable Periodic Orbit) of the system, which may not
be the requirement of the application in interest.

In general, if a speed-adjustable motor-driven system is operated in the chaotic
mode for some reason, it is desirable to move it out of the mode by eliminating chaos
in the system and retaining the speed to the desired value. How can this goal be
achieved? In this paper, a piecewise quadratic state feedback method is suggested for
the purpose for a brushless DC motor model, where the direct-axis (or the quadrature-
axis stator voltage) can be used as the manipulating variable and the control objective
can be set to a constant value consistent with the requirement in the application while
chaos is eliminated from the operating mode.

The piecewise quadratic state feedback control method was originally suggested
for generating chaos [20, 21], with theoretical analysis performed [20] and physical
circuit implemented [21]. It was found, through simulations, that the piecewise
quadratic state feedback strategy can also be used to control chaos [22], where
unfortunately the reason for the ability of controlling chaos was not explained. In
order to apply this seemingly effective method to control physical plants, the chaos
control mechanism will be analyzed in detail in this paper. Based on the analysis,
control parameters can be selected according to the control objectives.

The rest of this paper is organized as follows: in section 2, chaos in a brushless
DC motor model is reviewed. In section 3, the piecewise quadratic state feedback
method is described and the control mechanism is analyzed in detail. In section 4,
simulation results are presented to verify the correctness of the theoretical analysis.
Finally, in section 5, some discussions and remarks are given to conclude the paper.
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2 Chaos in a Brushless DC Motor Model

The transformed mathematical model of a brushless DC motor with smooth air gap is
given by [6]

L=l +l®-T7, M

~

where P and G are system parameters, id , iq ,® and TL are the transformed direct-

axis, the transformed quadrature-axis for stator current, the transformed angular
speed, and the transformed external load torque (including friction), respectively, and

Vv, and Vq are the transformed direct-axis and transformed quadrature-axis for stator

voltage, respectively.
When ¥, =7, =T,=0,p=20, 6=55. 7,(0)=20 . i(0)=1,

(T)(O)Z —2, system (1) has chaotic behaviors, with a chaotic attractor shown in
Fig.1.

Fig. 1. The chaotic attractor in the brushless DC motor, when p=20 , 6=5.5,
v, =v,=T,=0

From Fig.1, one can see that the angular speed of the motor in the chaotic mode is
oscillating in a random-like way, which is not acceptable in real applications. Details
about chaos and bifurcation from this system under different conditions have been
analyzed before [6], which will not be repeated here.
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3 Controlling Chaos via Piecewise Quadratic State Feedback
Consider the following general 71 -dimensional chaotic system:

x =F(x(¢),7) )

(A .
where X=[)Cl X, xn] is the state vector and F is a smooth vector

function. A controller U is designed for system (2), so that the controlled system
becomes

x=F(x(t),t)+u 3)

The following piecewise quadratic state feedback is employed as the controller:
u= —ch|cx| )
where K = [kl k, - k, ]T is the feedback gain vector and € = [C1 ,Casttt Cn]

is the state observation vector. The objective, as discussed above, is to eliminate
chaos in the brushless DC motor model (1) and stabilize the speed at a given value.

For simplicity, we first assume that the load 7, = 0 and the system parameters

are fixed at p=20 and 6 =25.5. If no control force is inputted, the equilibrium

points of the system are found to be (- 4.3589, 19, - 4.3589), (0, 0, 0), (4.3589, 19,
4.3589), respectively.

Reexamine system (1). One can easily find that only ‘74 and \74 can be used as
the manipulating variables for control, with free choices for K and €. Note that this

can be considered as one kind of output feedback control strategy, but is not as

general as the case where € is a matrix. Now, we simply determine the controller
structure with

~ N~ ~ | 5
Vq—(),vd——kld‘ld‘ S

Then, the controlled system becomes

T T ~ (6)
[ =—i —,0+pd
=1, +To- 4|

5=ol; -0

If l'd‘ < (0, then there is no equilibrium in system (6); if id‘ >0, there are three

equilibrium points given by
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(.78 )=(000) ™
T =\Jp-1+k—2kp+kp’ ®
i =p-l
& =+lp-1+k-2kp+kp’
;;*Z—\/p—1+k—2kp+kp2 ©)

i =p-1
@ :—\/,o—1+k—2kp+kp2

For equilibrium (7), one obtains the eigenvalues at equilibrium (7) as
{8.73,—13.23,1}; therefore, equilibrium (7) is unstable. For equilibrium points (8)
and (9), the characteristic polynomial of the corresponding Jacobian matrix is

2 +38kA* +608kA+3971k +7.52> +25.54+209=0 (10)

To this end, one can study the locations of the eigenvalues versus the variation of
k by using the equivalent “open-loop transfer function” and root locus. From (10), it
is easy to have the equivalent “open-loop transfer function”, as follows:

k(385> +608s5 +3971) (1
GU (S): 3 2
§7+7.55"+25.55+209

The root locus of (11) is shown in the left part of Fig.2. From root locus in Fig.2, it

can also be seen that if the controller parameter k is greater than a critical value kc ,

all eigenvalues have negative real parts; therefore, the equilibrium points (8) and (9)
are both stable. According to the Routh-Hurwitz criterion, one can easily

obtain kc =~(0.01. From (8) and (9), one can see that the equilibrium points are

changed with the change of the feedback gain k . The speeds of the motor at the two

changing equilibrium points versus the change of k are visualized in right part of
Fig.2, respectively.

From Fig.2, it is clear that a stable equilibrium of the controlled system starts from
the two symmetrical open-loop equilibrium points, and is changed smoothly with the

increase of the feedback gain k . If k > kc , the output speed will be stabilized at one

of the two stable equilibrium points according to the basin in which the initial
condition locates. Therefore, a proper feedback gain can be selected according to the
expected speed value. However, the objective of controller (5) cannot be set as a
value between — 4.3589 and 4.35809.
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Fig. 2. The root locus of Eq.(11) and speeds of the motor at the changing equilibrium versus the
change of k

To solve this problem, the following controller is used instead:

~ _ 77|~ _ (12)
v, = llq‘lq,vd—O

Then, the controlled system becomes

=i -T@+pa-Iif| (9
L=l +1@
5=of;-)
then the equilibrium points of the controlled system are
(.7 )=(000) (14
- J -1 19

7=t

( P +4(p- 1))2/4 iti >0

(z+ I+ (p 1))2

A AR 1o
(l JP +4(p-1) 1))/4 it i, <0

2 (m)

It is easy to find that the equilibrium (14) is unstable. For equilibrium (15), it is
also easy to derive the equivalent open-loop transfer function, as

@
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a7

O(s*+3.255-2.75) ; .
G, (s)= h Q=11 +76 -1
)= 5 a5 5s 1200 M €

From (17), the root locus can be derived for (), as shown in the left part of Fig.3.

According to the Routh-Hurwitz criterion and some transformation, it is not difficult
to derive if the following condition is satisfied:

I>1 =0.038 (18)

Then all the eigenvalues of equilibrium (15) have negative real parts, i.e. the
equilibrium becomes stable under control.

It can be easily verified that the characteristic polynomials for (16) are the same as
that for (15). Therefore, the root locus for the linearized system at equilibrium (16) is
same as that of (15). The speeds of the motor at the changing equilibrium versus the
change of [/ are shown in the right part of Fig.3. Accordingly, the output speed will
be stabilized to be at one of the stable equilibrium points according to the basin in

which the initial condition locates, provided that [ > lc . At the same time, the output

speed is stabilized to be either at (—4.3589, 0) or at (0, 4.3589). The three equilibrium
points of the original system can never be stabilized because the feedback gain is
equal to zero, so that there exists no control at these points.

5 0

Root Locus

Imag Axis

Fig. 3. The root locus of Eqgs.(15) (16) and speeds of the motor at the changing equilibrium
versus the change of [

When the load ]N“L # 0, the similar analysis can be conducted, which is omitted for
the limited length. Some simulation will five to illustrate the method is effective when
7~"L # 0, which will be given in the following section together with the case discussed
above.

4 Numerical Simulations

In order to verify the feasibility of the above-proposed control method, some
simulations under different conditions have been carried out.
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Firstly, the simulation on the case with 7, = 0 is reported. When the controller

(5) is used, The controlled system is given by (6), with ’l:](())= 10, };(0)2 20,

®(0)=0.1, k = 0.1. According to the above analysis, when ®(t,)> 0, where 7,
is the moment when the controller is put into operation, the stable equilibrium is

obtained from (8), at which O =7.423:if t, =30, the controlled output is shown

in Fig.4(a). If controller (12) is used with [ =2, t, =40s, and the same initial

condition as above, the output angular speed is obtained as shown in Fig.4 (b). In this

case, @ =—3.4721. One can see that, when TL =0, the proposed control method
can eliminate chaos effectively. The stable angular speed of the motor is relevant to
the control parameter kK and the initial conditions. Therefore, the parameter k can be
calculated according to the control objective, and the controller can be put into

operation at any time instant. Moreover, the control objective can take different
constant values.

N

(@) /s

N

A N 7
50 60 70 80 90 100

Fig. 4. The curves of the output angular speed, (a) when controller (5) is put into effect at
t, =30s, (b) when controller (11) is put into effect at t, =40s with fL =0

Secondly, simulation on the in case of TL # 0 is reported. If controller (5) is
used, with T, =1.5 and k=02, 7(0)=-2, 7,(0)=-1, &0)=4 ., and
moreover if the controller (5) is put into effect at 7, = 50s, then the output angular
speed is obtained as shown in Fig.5 (a). In this case, O~J(l0) < 0, and the stable output
is —9.69. If controller (12) is used with [ =3, there exist two stable equilibrium

points, with @ =-3.2018 and @ =3.0158 , corresponding to the initial
conditions Zj(to) <0 or Z(IO) >0, respectively. In this simulation, Z(O) =1,

5(0)2—3 , 60(0)2—2 , fL =0.5, and the controller is put into effect at
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I, = 30s. In this case, the output angular speed is obtained as shown in Fig.5 (b).

From Fig.5, it is clear that the proposed controller is still effective even if the load is
not zero.

20

(@) |t
10 20 30 40 a0 [21] 70 a0 a0 100

N
5 = B

e I 1 |
] 10 20 30 40 50 60 70 a0 50 100

Fig. 5. The curves of the output angular speed (a) when controller (5) is put into effect at
t, =50s with fL =1.5, (b) when controller (11) is put into effect at t, =30s with fL =05

5 Conclusions

Piecewise quadratic state feedback method has been proposed for controlling chaos in
a brushless DC motor-driven model. The quadrature-axis (or the direct-axis voltage)
is used as the manipulating variable, while the state variable is used in the feedback
control law for control. Therefore, it is feasible for real brushless DC motors. The
control objective can be a constant value. It is more reasonable considering practical
requirements, as compared with the OGY and TDFC chaos control methods. Given a
control objective, it is easy to calculate the controller parameters according to the
given objective. The control objective is sensitive to the initial conditions of the
system. This may be inconvenient for some applications therefore should be improved
in the future. The equilibrium points of the uncontrolled system cannot be used as the
control target, which is another drawback of the proposed method. Moreover, the
points near these equilibrium points are difficult to reach because the feedback gain
may be too small to have immunity to parametric perturbations and measurement
noise, or too large to be realized by circuits.
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Abstract. Support vector machine is a new and promising technique for pattern
classification and regression estimation. The training of support vector machine
is characterized by a convex optimization problem, which involves the
determination of a few additional tuning parameters. Moreover, the model
complexity follows from that of this convex optimization problem. In this paper
we introduce the support vector machine adaptive control by Lyapunov
function derivative estimation. The support vector machine is trained by particle
filter. The support vector machine is applied to estimate the Lyapunov function
derivative for affine nonlinear system, whose nonlinearities are assumed to be
unknown. In order to demonstrate the availability of this new method of
Lyapunov function derivative estimation, we give a simple example in the form
of affine nonlinear system. The result of simulation demonstrates that the
sequential training algorithm of support vector machine is effective and support
vector machine adaptive control can achieve a satisfactory performance.

1 Introduction

Lyapunov-like techniques have long been used in nonlinear control. But even for
completely known nonlinear systems, the construction of Lyapunov function is a
challenging task. For unknown nonlinear systems, the construction of Lyapunov
function has been solved only for special classes of systems. However, the problem
becomes intractable for most unknown nonlinear systems. During the last decade, a
vast of research effort was concentrated on problem of controlling highly uncertain
and possibly unknown nonlinear dynamical systems, using the neural networks.
Neural networks were applied to adaptive control by substituting the unknown
system. But neural network has some disadvantages such as trapping in local
minimum and worse generalization ability. Other new intelligent methods are needed
to adopt to overcome these disadvantages.

Support vector machine (SVM) [1, 2] for pattern classification and regression
estimation is an important methodology in the area of neural and nonlinear modeling.
The theory of SVM is based on the idea of structural risk minimization (SRM). SVM
maps input data into high dimensional feature space in which an optimal separating
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hyperplane is built. In many applications it provides high generalization ability and
overcomes the overfitting problem suffered by the other learning technique such as
neural network. The training of SVM is done by quadratic programming (QP)
possessing a global solution, which overcomes the problem of local minima suffered
by classical neural network. An interesting and important property of SVM'’s
solutions is that one obtains a sparse approximation, in the sense that many elements
in the QP solution vector are equal to zeros. SVM is a kernel-based approach which
allows the use of linear, polynomial and radial basis function and others that satisfy
Mercer’s condition.

In this paper, we will discuss the SVM adaptive control of affine nonlinear systems
by Lyapunov function derivative estimation. The SVM is used to estimate the
derivative of an unknown Lyapunov function. In control the source of data is time-
variant; we may adopt a sequential strategy for training SVM. Thus each item of data
is used only once and then discarded. In the classic state-space model estimation by a
Kalman filter setting, one defines a Gaussian probability density over the parameters
to be estimated. The mean and covariance matrix are propagated using recursive
update equations each time new data are received. The use of the matrix inversion
lemma allows an elegant update of the inverse covariance matrix without actually
having to invert a matrix for each sample. This is a widely studied topic, optimal in
the case of linear Gaussian models. For nonlinear models the common trick is Taylor
series expansion around the operating point, leading to the extended Kalman filter
(EKF) [3, 4].

But Taylor series expansion leading to the EKF makes gross simplification of the
probabilistic specification of the model. With the assumption of Gaussian probability
density over the parameters to be estimated, the solutions of sequential SVM are not
optimal. Particle filter [5-8] techniques provide a class of algorithms to address this
issue. It is well suitable for applications involving on-line, nonlinear, and nongaussian
signal processing. In this paper we focus on SVM, constraining ourselves to
sequential training and its application in nonlinear control [9].

This paper is organized as follows. In Section 2 we discuss representation of state
space for SVM. In Section 3 the particle filter realization of SVM is discussed. The
SVM adaptive control of nonlinear systems by Lyapunov function derivative
estimation will be discussed in Section 4. In Section 5 there is a simple example to
illustrate the effectiveness of SVM adaptive control. In Section 6 we discuss the
existing problems that should be solved in future for SVM control.

2 The Presentation of State Space for SVM

N

Suppose we have a set of training samples {x;,y,}..,, where x,€ R", y,€ R . For an

integer i , the following regression model defines the relation between x, and y,,
v, =w'px)+b, i=1N (M

where b denotes the threshold value, and w denotes the weight. In order to estimate
the y, for x,, we should solve the following optimization problem
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1 i *
min L=EWTW+CZ(§ +&) )
i=1

yi—w'e(x)-b<e+&, i=1-,N
S.t. WT(/’(X,-)+b—y,~S8+§,-, i=1---,N 3)
5,-,520, i:1,“‘,N

where C denotes balance term, and 61 s ff denote the slack variables.

By forming the Lagrange, optimization problem (2), (3) can be translated into a
problem of minimizing

min L=%WTW+CZ(§, +E) =2 +7ED -2 ey —w plx)—b+e+E)

v “
=D o (W lx)+b—y,+e+&)
with respect to w, &, & and b . Setting the derivatives of L to zeros gives [10]:
il #*
w= (o —)p(x,), i=1-N
i=1
C=o+y, i=1---,N (5)

C=a +7,, i=l-,N

N N B
2.0=2.0

=1 i=1

Where ¢, , & , 7 , 7, are the Lagrange multipliers. There are two Lagrange

multipliers for each training sample.
When a new data sample arrives, the output of SVM is given by:

Yi= (aj_aj)¢(xj)T¢(xi)+b
2 (6)

N
=2 (@ —0)K(x.x)+b, =1 N
J=1

where K (xi,x_].) denotes the kernel function which may be linear, polynomial, radial

basis function and others that satisfy Mercer’s condition [1, 2]. We will discuss the
sequential SVM paradigm for regression estimation. We re-express equation (6) in
terms of a moving window over the data and compute the output of SVM each time
new data are received:

L (7
B
Yin = Z (ak+1,k—L+j Ly )K(xk+1 s Xk L) )+ bk+l
j=0
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We re-write equation (7) in an equivalent form:

b

k+1

N
@10~ %o (8)

Vi1 = [1 K(x %) KX X ) K, %, )] /R R LA

«
| Fesrr ~ X1 |

In order to estimate b , & —« sequential, we adopt following state-space
Markovian representation:

i =0, 1, ©)

Vi =Cinb + §k+1 (10)
where C |, = [1 K (x5 X 1) K(xy X 0) KX, x, )] ,

* * * a
Bkz[bk Oy =0y ak,l_ak,l‘”ak,L_ak,L] , 1, and O,,, denote the process and

measurement noise respectively.

3 The Particle Filter Realization of SVM

We assume 77, to be non-Gaussian distributed with covariance R and J,,, to be non-

k+1
Gaussian distributed with covariance Q . For this type distribution of noise, the
parameter @ may be estimated recursively by the particle filter.

The method of particle filter [11] provides an approximative solution for the
problem of estimating recursively the posterior density function p(@,ly,_,,), for the

discrete time system on the form (9), (10). In other words it provides an
approximative solution to the optimal recursive Bayesian filter given by

PO 1y )= J‘ p(6,,,16)p6, 1y, ,,)d6, (11)
12
p(gk | yk_,_;k) = p(yk lgk )p(gk l yk*L:k—l) ( )
PO Yeepas)

For expression on p(6,,,16,) and p(y, 16,) in (11) and (12) we use the known
probability densities p, and ps . The main idea is to approximate the (12) with a

sum of delta-Dirac functions located in the samples, 6" . Using the importance
weights the posterior can be written as

i i (13)
POy, 1) = zqk( )5(‘915 ! -6,)
=
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where J(-) denotes the delta-Dirac function. A straightforward way to recursively
update the particles 6" and weights g is given by

0(1’)

k+1

~p(6,.,16"),i=1,--M, (14)

) |9(i) —(i)
=P Oy is
> P 162" (1)
=

initiated at time k =0 with
; ; 1
8" ~ p(6,), @E”=N, i=l- M (16)

The discussion above is formalized in algorithm below. All the operations in the
algorithm have to be done for all particles 6." .

Algorithm: The particle filter
(1) Sample 6, |~ p(6,);

0

(2) Calculate the weights ¢, = p(y, 16,) and normalize, i. e., g " =ML
> g

=1

)

i= 1’. I M ;
(3) Generate a new set {6 }", by resampling with replacement M times from
(67}, with probability P80 =6/} =7 :

(4) Predict (simulate) new particles, i.e., 6, =0\ +n", i=1---,M ;

(5) Increase k and iterate from step 2.

4 Sequential SVM Control of Nonlinear Systems

We consider an affine nonlinear system [12]

x=f(x)+G(x)u a7
where ue R™ is the control input, and the state xe R" is assumed completely
measurable, and f(x), G(x) are a continuous, locally Lipschitz vector fields. The
objective is to enable the output x to follow a desired trajectory x, . For the x,, we

also assume that x, is bounded. We define the tracking error as

e=x—x. . (18)

According to (17) and (18), we may obtain
é=f(x)+G(x)u—x, (19)
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Assumption 1[12]: the solution of system (19) is uniformly ultimately bounded with
respect to an arbitrarily small neighborhood of e =0.
From Assumption I, there exits an arbitrarily unbounded Lyapunov function V (e)

and a control input such that [12]

V@)=§%92(f03+Gcnu—xgso (20)
e

Sontag [13] has provided an explicit formula for stabilizing systems of the form
(17) wheneverV , f, G are known.

In most applications, f , G are unknown and the construction of V is a hard
problem, which has been solved for special classes of systems. To overcome the
highly uncertainty about (17) and provide a valid solution for our problem. The
approximation capability of SVM is adopted. Without losing generality, we substitute
the unknown term in (20) with

21

a(x,) =¥ﬂx> @b
e

br.e) =2 ) 22
de

. aV(e) . (23)

c(x,,e)= X,
de

In what follows, the SVM is used to approximate the unknown functions a(x,e),

b(x,e),c(x,,e). So the following approximation holds,

a(x,e):wa(/)f(z)+df +d, (24
b(x,e)=w, @ (2)+d, +3, (25)
c(x,e)=w"p (v)+d, +6. (26)

T . T . .
where z=[x" e], v:[er el ;0 o é'g ,0, denote the approximation error.

We have the following lemma to present an ideal control, u", such that under the
ideal control, the output x can follow the objective trajectory x, asymptotically.

Lemma 1. For the system (17) satisfying Assumption 1, if the ideal control is designed
as

u =—(a(x,e)—c(x,,e)+k(t)|e]) /b(x,e) 27

where k(t) >0, for all t, is a design parameter, then the filtered tracking error

converges to zeros.
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Let us claim for a moment that

b(x,e) |b(x,e)| >(
b(x,e)=<¢ 0<b(x,e)<{
- —{<b(x,e)<0

(28)

where ¢ denotes a small enough positive design constant.
The lemma can be proven easily by substituting (21)-(23), (27) into (20).

5 Numerical Simulation

In this section we give a simple example to illustrate the effectiveness of the proposed
SVM adaptive control of nonlinear systems by filtered training algorithm of SVM.
Consider the following scalar system [12]

¥=2x—x +x’u (29)
The problem is to control (29) to track the bounded desired trajectory x, (f) =1- e,
The initial condition is x(0)=0.2 .

The unknown functions a(x,e), b(x,e), c(x,,e) are estimated by sequential SVM.
The kernel functions are all the Gaussian functions. The SVM is trained online by
particle filter with L=40, k(r)=10, and the number of particles is chosen as
M =200 in simulation. Fig. 1 shows that the output x can track the desired
trajectory x, effectively. Fig. 2 is the tracking error curve. The dot line denotes
desired trajectory x, , while the solid line denotes the output curve x in Fig. 2, Fig. 3,

Fig. 4 are simulation results of [12]. Comparing Fig. 1, Fig 2 with Fig. 3, Fig. 4, we
may know that the convergence rate of tracking error of adaptive SVM control is
bigger than that of adaptive neuro-control.

0 d L L
0 0.5 Time 1 1.5

Fig. 1. Tracking performance of SVM adaptive control design
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Fig. 2. Tracking error of SVM adaptive control design
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Fig. 3. Closed loop system performance of adaptive neural control design
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Fig. 4. Tracking error of adaptive neural control design
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The numerical simulation result above shows good transient performance and the
tracking error is small. This demonstrates that the sequential SVM controller can
achieve a satisfactory performance.

6 Discussion and Conclusion

In this paper we discussed sequential SVM for regression estimation and sequential
SVM control of nonlinear systems via Lyapunov function derivative estimation.
Firstly we provided the representation of state-space for SVM. The sequential SVM is
realized by particle filter. The advantage of the proposed method is that the
computational complexity decreases and thus the on-line training and control become
feasible. Finally we apply the sequential SVM to estimate the Lyapunov function
derivative for nonlinear adaptive control. The simulation result demonstrates that this
method is feasible for Lyapunov function derivative estimation. Interesting questions
for future research include: (1) the method of training SVM in this paper decreases
the generalization ability, then how to train the SVM on-line without decreasing the
generalization ability should be studied; (2) in this paper we discussed sequential
SVM control of nonlinear systems via Lyapunov function derivative estimation. In
what follows, the approximation property of SVM needs to be studied.
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Improved GLR Parsing Algorithm
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Abstract. Tomita devised a method of generalized LR(GLR) parsing to parse
ambiguous grammars efficiently. A GLR parser uses linear-time LR parsing
techniques as long as possible, falling back on more expensive general
techniques when necessary. In this paper, the motivation of adopting the GLR
parsing algorithm to construct parsers for programming languages is presented.
We create a multi-level scheme to fasten the GLR parser. We introduce runtime
control mechanisms to the GLR parser to invoke semantic actions attached to
grammar rules. The algorithm has been implemented in Development Expert
Tools (DET), a compiler which is designed by Institute of Intelligent Machines,
Chinese Academy of Sciences, at Hefei. Experiments show that the speed of
our GLR parser is comparable to LALR(1) parsers when parsing deterministic
programming languages.

1 Introduction

Tomita observed that grammars for natural languages were mostly LR, with
occasional ambiguities [1]. Not surprisingly, parsers which deal with unambiguous
grammars can run much faster than parsers for ambiguous grammars. This is crucial
when one considers that the speed of input recognition is often highly visible to users.
As a result, most artificial languages have unambiguous grammars. However,
applications such as natural language understanding are rarely able to choose a
convenient grammar, so there is still a need for fast parsers for ambiguous grammars.
And with the development and diversifying of programming languages, LALR(1)
parsing algorithm begins to reveal its weakness on designing a parser for a language.
When designing and describing the grammar of a programming language, the most
important thing is to make users understand the grammar. Hence, grammars that we
could see on the reference book for programming languages are usually not LALR(1)
grammars, but ambiguous grammars. For C++ and some other domain-specific
programming languages, the experience has told us that attempting to adapt their
grammars to LALR(1) is infructuous or very difficult. The reason is that once the
grammar is redesigned, the language that described by it maybe also changed. In
order to parsing these ambiguous grammars, Tomita developed the Generalized
LR(GLR)parsing. As known, a GLR parser uses linear-time LR parsing techniques as
long as possible, falling back on more expensive general techniques when necessary.

D.S. Huang, X.-P. Zhang, G.-B. Huang (Eds.): ICIC 2005, Part II, LNCS 3645, pp. 169 — 2005.
© Springer-Verlag Berlin Heidelberg 2005
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2 GLR Parsing Algorithm

A configuration of a LR parser is a pair whose first component is the stack content,
and whose second component is the unexpended input, where the bold-faced part
represents the stack and the portion after the comma represents the input stream:

(Soxlsl)(z Sz Xm Sm ,di Ajy1 ... Ap #)

During the process of parsing, the action of the parser follows the underlying
algorithm in Figl :

BEGIN:

a; = currentInputSymbol( );

IF Action(S,,, a; ) = “Shift S” THEN the parser executes a
move entering the configuration :

( S()XI Sle Sz Xm Sm aiS, Ait] ... Ap #)

with a;,; as the new current symbol;

IF Action(S,,,a3;)= “Reduce A—f” THEN the parser executes
a reduce by entering the configuration :

( S()XI Sl X2 Sz Xm_rSm_rA S ,A; Ajy] ... Ap #)
where Goto( Sy, ,A)=S ,and r is the length of B, the
right-hand side of the production;

IF Action(S,,, a;) = Accept THEN the parse is complete;
IF Action(S,,, a;) = Error THEN report the error;
END.

Fig. 1. Algorithm that the action of the parser follows during the process of parsing

Though many grammars could be parsed by using this algorithm, LR(O)parsers are
not all that useful because in many cases, multiple items can appear in a Action-table
entry .It is possible to have shift-shift ambiguity ,reduce-reduce ambiguity, or shift-
reduce ambiguity. LR(0) parsers can be improved by incorporating look-ahead
information into the sets of states in order to split conflict states into deterministic
states. Compiler theory uses SLR(1) and LR(1) parsers to get additional power.
Unfortunately, using arbitrary look-ahead information causes the DFA to grow
exponentially in size.

How to deal with the conflicts that are stated above? Tomita created the GLR
parsing. The idea is to handle multiple entries non-deterministically, using pseudo-
parallelism (breadth-first search) and maintaining a list of stacks called a Stack List.
When a process encounters a multiple entry it splits into several processes, replicating
it stack. When a process encounters an error entry, its process is terminated and
removed from the stack list. All processes are synchronized so they shift a word at the
same time. Thus if a shift action occurs for a process before the others that are ready
to shift, it must wait.
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This cycle of a parser process starting other yields a wholly impractical algorithm.
The time spent on making copies of parser stacks could enormous, not to mention the
potentially exponential growth of the number of processes [2].To address this, two
important optimizations are made.

First, a new process need not have a copy of its parent’s attack. All sub-processes
can share a common prefix of a stack. From an implementation perspective, elements
of the stack can all contain pointers to point to the previous element of the stack.
Then, multiple stack elements can point to a common prefix.

Second, there are a finite number of automaton states the parser can be in. Several
processes may be in the same state, albeit they may have different stack contents. A
set of processes that are in the same can merge their stacks together, leaving one
resulting process. In a LR parser, its current state is the topmost state on the stack. So
to merge N stacks, one would remove the top node from each -- they must all have the
same state number s -- and create one node with states s that points to the remainder
of the N stacks.

The result of these optimizations is called a Graph-Structured Stack.Tablel
summaries the difference between a GLR parser and a LR parser.

Table 1. The difference between a Generalized LR parser and a traditional LR parser

Features GLR parser LR parser
Parse table LR(0) tabl'es allowing LALR(1) t'able free of
conflicts conflicts
Parse stack Graph-Structure Stack Liner
Semantic value No semantic value In stack node
Parsing . .
algorithm GLR algorithm LR algorithm
Typical output Parse forest Invoking actions or
parse tree
Look ahead Infinite Limited ,usually one
Disambiguation Parse? geqeratlon, Parser time
parsing time

3 Investigating Into the GLR Parsing Algorithm

We give a grammar G and input string #abaca#. Then let us discuss the GLR Parsing
process in detail. Grammar G=(N,),P,S),in which N={ A }, >={ a,b,c },S=A, the
productions of set P are:
r: S—oA#
r: A—a
r;: A—>AbA (D
ry: A—AcA
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The LR(0) parse table for grammar G is shown in Table 2, in which S; means shift
the symbol i, R; means using the production i to reduce the handle.When String
#abaca# is shifted in by the parser symbol by symbol, the actions of the parser is
shown in Table3.

For further discussion, we use the expression LAR(G)=<K,V,P,S,,Goto,Action> to
represent the LR(0) automaton of the Grammar G=(N,},P,S) [2], use the state numbers
to represent the state nodes and the symbol w=( a,,...,q;,...,a, ) represents the input
string, the S,,, ={ 57, ..., ;... , S,/ represents the top node set of the active stack .

Table 2. LR(0) Parse Table for Grammar G

State Action Goto
a b C # S A

0 S, 1
1 Ss S4 Ss
2 Iy I Iy
3 e Accept ----- -
4 S, 6
5 S, 7
6 SS Ty S4 Iy Iy
7 S5 I3 S4 I3 R3

When using GLR algorithm to parsing input strings, we summaries the properties
of the algorithm.

Nol, for a active stack top node sj € Stop and the current input symbol ai ,if the
action Reduce(p:A—a ) € Action(sj , ai ),then the algorithm will search and save all
reduction paths which start from node sj and contain k+1 state nodes. Here k is the
length of production p. For every reduction path, the algorithm executes an reduction.

No2,reductions of these active stacks are synchronized so they shift a word at the
same time. Thus if a shift action occurs for a process before the others that are ready
to shift, it must wait.

No3.for elements in the active stack top node set Stop ={ sl , ..., sj,... ,sm} ,if
i#j, then si#sj .

No4, for a active stack top node sj € Stop ,if s € Stop and there is no directed arc
between node s and s_ before the algorithm executes an action Reduce(p:A—a ) by
the reduction path (sj ,4j ,..., sj-k+1 , tj-k+1 ,s_ ), then the newly added directed arc
between them maybe a portion of some reduction path starting from node s. Here
lal=k and s=Goto(s_,A).

No5, for a active stack top node sj € Stop ,if s € Stop and there exists a directed arc
between node s and s_ before the algorithm executes an action Reduce(p:A—a ) by
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Table 3. Actions of the Parser

173

State Symbol Input Action

Stack
(H o # abaca# Shift(2)
2) 02 #a baca# | Reduce(r;);Goto(0,A)=1
3) 01 #A baca# | Shift(5)
4) 015 #ADb aca# | Shift(2)
(5) 0152 #Aba ca# | Reduce(r,);Goto(5,A)=7
(6) 0157 #AbA ca# | Branchl:Reduce(r;);Goto(0,A)=1

Branch2:Shift(4)

(7 01 #A ca# | Shift(4)
(7) 0157 #ADA ca# | Shift(4)
) 01 4 #Ac .
8) 01574 | #AbAc a# | Shift(2)
9 01 42 #Aca ] a
9) 015742 #AbAca # Reduce(r, );Goto(4,A)=6
(10) 01 46 #AcCA 4 Reduce(r, );Goto(0,A)=1
(10) 015746 #AbACA Reduce(r, );Goto(5,A)=7
(11) 01 #A 4 Shift(3)
(11) 0157 #ADA Reduce(r; );Goto(0,A)=1
(12) 01 #A 4 Shift(3)
(12) 01 #A Shift(3)
13
(13) Accept

the reduction path (sj ,4j ,..., sj-k+1 , tj-k+1 ,s_ ), we could say that the shifted sub-

string vE ® is a prefix of a ambiguous sentence form and the nonterminal A is an

ambiguous nonterminal of the Grammar. Hence, there exists two different derivation

sequences 1l and 2 from aAf to vf (Here cand [ are terminals):
S==>* aAP==>nlvp and S==>* aAP==>n2vp

4 Optimizing GLR Parsing Algorithm

In this paper, we present a 3-level scheme to optimize GLR algorithm: Optimizing the
parsing-table, optimizing the operation of the Graph-Structured Stack, and the pooling
technique.
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4.1 Optimizing the Parsing-Table

Billton and Lang discovered that LR(0) and GLR(0) could parse the natural
language[3].In their book, illustrations about the GLR algorithm are mostly based on
LR(0) parsing table. The reason is that the ambiguity of natural is global ambiguity,
and the conflicts in the LR(0) parsing table could not be resolved by adding the
number of look-ahead symbols. Theoretically, GLR parser could use all kind of LR
parsing tables. Thanks to Parr TJ’s effort, we now know that in all parsing processes
that need look-ahead symbols, 98% of them only need one look-ahead symbol to
make decision[4].So, When designing GLR parser we take advantage of LALR(1)
table, but not LR(0) table, which are widely used in natural language processing.

Through this modification, the parser will encounter less conflicts and the Graph-
Structured Stack will be liner, which decreases the cost on maintaining and operating
the Graph-Structured Stack.

4.2 Optimizing Operations on the Graph-Structured Stack

In the third section of the paper we have pointed out that the resource spent on
splitting the Graph-Structured Stack, searching and maintaining the reduction path is
enormous. The operations applied on the Graph-Structured Stack are too complex.

conflictResolving () {

/*Interactive conflict resolving*/

if (Action(state, lookahead)>1)
/*Callback user-defined routine */
begin

selected = UsrSolving(state, lookahead) ;
case selected

begin

/* select a parsing action */

Ri :DoReduce( rule 1i);

Sj :DoShift(state 1i);

Default: /*Perform standard GLR algorithm */
DoAll (state, lookahead) ;

end;

end ;

3

In order to decrease the splitting actions of the Graph-Structured Stack, we adapt the
GLR parsing algorithm into a interactive algorithm. When encountering conflicts,the
interactive algorithm callback the user-defined conflict-resolving routine, using the
conflict information as parameter. Conflict-resolving routine could depend on the
parsed grammar elements in the symbol stack and the semantic information ,such as
the symbol table and the type of the symbols, to choose an parsing action from those
that conflict with each other. If there is no Conflict-resolving function, or the
information that the Conflict-resolving function needs is out of hand, then we still use
the Standard GLR algorithm. The interactive algorithm for resolving conflicts is
presented in function conflictResolving().
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GLR parsing algorithm could parse the unambiguous input string in linear time.
But because the GLR parser has a more complex data structure than LR parser, its
constant coefficient is larger than LR parser’s. In order to minish the constant
coefficient, we class the shift actions into two categories: deterministic shift and
standard GLR shift, and class the reduction action into three categories: deterministic
reduction, simple GLR reduction and standard GLR reduction.

Before the parsing program executes a reduction action on the parse stack top, we
first have to check the Graph-Structure Stack to see if it has the underlying structural
characteristics.

Characteristic 1, the Graph-Structure Stack has only one active stack top node;

Characteristic 2, for all nodes except the last node that are on a reduction path
which starting from a active stack top node, their outdegree are all 1.

If the two conditions all exist, the parsing program executes deterministic
reduction. If only condition 2 is satisfied, the parsing program executes simple GLR
reduction. If both conditions are not satisfied, then the parsing program executes
standard GLR reduction.

If it is time for shifting and condition 1 exists, then the parsing program executes a
deterministic shift. Otherwise, the parsing program executes a standard GLR shift.

When executing deterministic shift, the program only have to add a new node on
top of the stack, and not have to search and compare the newly added states in the
active stack top nodes. When executing deterministic reduction, the program only
need to pop up k state nodes(k is the length of the right-hand side of the production)
and add a new active state node on top of the stack. There is no need to search and
compare the newly added states in the active stack top nodes, and the program does
not have to search and save the reduction paths.

4.3 Pooling Technique

We have presented in section 3 that there are no identical nodes in the active stack top
nodes of the Graph-Structural Stack. Hence, the active stack top nodes could be stored
in a Hash table, with the number of the node as the key word. The capability of the
GLR algorithm will be improved significantly with the using of Hash table.

During the process of maintaining the Graph-Structural Stack, we have to create
and destroy a large number of dynamic objects. We have known that to create and to
destroy dynamic objects cost too much resource. So we use object pooling technique
to manage these objects, aiming at improve the effectiveness of the GLR algorithm.
Object pooling allows the sharing of instantiated objects. Since different processes
don't need to reinstantiate certain objects, there is no load time. And since the objects
are returned to the pool, there is a reduction in garbage collection.

Our object pool design(In Java language) is generic enough to handle storage,
tracking, and expiration times, but instantiation, validation, and destruction of specific
object types must be handled by subclassing. Now that the basics out of the way, lets
jump into the code. This is the skeletal object:
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Public abstract class ObjectPool {

Private longexpirationTime;
private Hashtable locked, unlocked;
abstract Object create();
abstract boolean validate( Object o );
abstract void expire( Object o );
synchronized Object checkOut(){...}
synchronized void checkIn( Object o ){...}

}

Ultimately, the object pool would allow the subclass to specify the initial size of
the hashtables along with their growth rate and the expiration time, but I'm trying to
keep it simple for the purposes of this article by hard-coding these values in the
constructor.

ObjectPool ( ) {
expirationTime = 30000; // 30 seconds
locked = new Hashtable();
unlocked = new Hashtable() ;

3

The checkOut( ) method first checks to see if there are any objects in the unlocked
hashtable. If so, it cycles through them and looks for a valid one. Validation depends
on two things. First, the object pool checks to see that the object's last-usage time does
not exceed the expiration time specified by the subclass. Second, the object pool calls
the abstract validate( ) method, which does any -class-specific checking or
reinitialization that is needed to re-use the object. If the object fails validation, it is
freed and the loop continues to the next object in the hashtable. When an object is
found that passes validation, it is moved into the locked hashtable and returned to the
process that requested it. If the unlocked hashtable is empty, or none of its objects
pass validation, a new object is instantiated and returned. The function checkOut( ) is
the most complex method in the ObjectPool class, it's all downhill from here.

The checkIn( ) method simply moves the passed-in object from the locked
hashtable into the unlocked hashtable. The three remaining methods are abstract and
therefore must be implemented by the subclass.

S Capability of the Optimized GLR Algorithm

We compared the optimized GLR parser with the LALR(1) parser ,which is generated
by the Bison. Because the grammar of Java could be adapted into LALR(1) grammar
and Java possesses all typical grammar characters of programming language, we use
the Java programming language to test the two Parser. The CPU is AMD2000, RAM
is 512MKB, the operating system is Windows/XP. The Javal.4 has 280 BNF
productions and 317 LALR(1)automaton states. Bison reports 235 conflicts. The
adapted Java grammar has 350 BNF productions and 448 LALR(1) automaton states.
Bison reports 0 conflict. Though the adapted grammar resolves the conflicts, but the
dimension of the grammar and the LALR(1) automaton state number are increased.
The data acquired from the experiment is recorded in Table4, in which the unit of
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Table 4. Comparison of Optimized GLR and LALR(1)

No No.of No.of GLR(clock) | LALR(1)(clock) | GLR/LALR(1)
lines tokens
1 43 103 309347 426407 0.725
2 321 1155 4847486 1631176 2.972
3 218 1310 5698296 1668174 2.972
4 528 2376 9815220 2772309 3.540
5 1285 5410 24398177 6847486 3.563
6 2088 11288 62278403 9101114 6.843
7 9916 53495 303525993 | 58468247 5.191
8 16007 88943 461722165 85804274 5.381
9 32928 128397 969437820 165329119 5.864

time is the clock number of CUP. We could see that the two parsers’ time
complexities are approximately linear. The LALR(1) parser are 2~ times faster than
the optimized GLR. According to document [5], the standard GLR parser are 10~100
times slower than the LALR(1).

6 Summaries and Conclusions

Current researches in China about GLR algorithm focus on processing natural
languages. Document[6] takes advantage of the controlling structure of GLR parser to
computing probability, and presents how to using the probability to select the best
parsing result. Document[7] illustrates how to process the phenomena of extra
grammaticality in natural language parsing. Until now in China, there is no paper on
applying GLR algorithm on parsing programming languages.

This paper illustrated the GLR parsing algorithm in detail. We analyzed the running
mechanism of GLR parsing algorithm and also pointed out its weaknesses. In order to
improve to performance of the GLR parsing algorithm, we designed the 3-level
scheme: Optimizing the parsing table, Optimizing Operations on the Graph-
Structured Stack, and using the pooling technique. We introduced runtime control
mechanisms to the GLR parser to invoke semantic actions attached to grammar rules.
Our improved generalized LR(GLR) parsing could not only parse ambiguous
grammars efficiently, but also performs much faster than the standard GLR parser,
which has been provided by experiments.
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Abstract. Based the character of Modular Self-Reconfigurable (MSR) robots, a
homogeneous lattice robot called M-Cubes which owe to the property and
structure of agent was build, feature vector matrix of modules describe
completely the connection relation among modules. Motion mode and action of
modules were analyzed. Emergent control is the most suited system control of
MSR by comparing control way. Due to MSR robot is similar with cellular
automata, emergent control model based CA was proposed. A two layers NN
which has 7 inputs and single output simulate the nonlinear rules function, the
feature vector of module is input of CA’s rules, action of module is output of
CA’s rules. The simulation results show that emergent control based CA is
great significance to enhance robustness and scale extensibility of MSR.

1 Introduction

Self-Reconfigurable robots is a new research area branched from modular robot in
90’s, which consists of many of identical and independent module. Each module is a
self-contained module including driver, sensor, processor, communication and power,
it can connect and detach autonomously with adjacent modules, the robots owned the
capability was called modular self-reconfigurable(MSR) robots. MSR robots have a
lot of advantages: (1) versatility, it can adjust its shape to fulfill different tasks; (2)
robustness, it are modular and distributed control therefore they have a high degree of
robustness, if a module fails it can be replaced by other modules in the system. (3)
Adaptability, the robots can change shape during run-time, this means that it can
adapt to the environment to a higher degree than conventional robotic systems,
because conventional robots have a fixed morphology. (4) Scale extensibility, the
sizes of the robots can be increased or decreased during run-time by adding or
removing modules. This means that if the initial number of modules is insufficient
given the task more modules can be allocated in order to complete the tasks. Such
novel characteristics are expected to have various advantages for operations such as
space, sea, military scout, search and rescue, transportation and maintenance in

D.S. Huang, X.-P. Zhang, G.-B. Huang (Eds.): ICIC 2005, Part II, LNCS 3645, pp. 179— 2005.
© Springer-Verlag Berlin Heidelberg 2005



180 Q.-x. Wueet al.

dangerous and in unstructured environments. Recently, MSR robots have attracted
many researchers. Various types of modular systems have been proposed in abroad
[1,2,3,4,5,6,7,8,9], in these researches, the hardware design of the module and control
algorithms are the central issues.

This paper centers the research of MSR distributed locomotion based Cellular
Automata. The rest of the paper is organized as followed. Section 2 shows emergent
control and its advantages. Section 3 presents homogeneous lattice module and its
description. Section 4 presents the model and control based Cellular Automata.
Section 5 discusses the experiments on MSR robot.

2 Emergent Control

Control system for self-reconfigurable robots can be classified depending on the
relationship between the control system and the modules of the robot, centralized
systems and distributed systems[10]. If a monolithic controller in a one-to-many
relationship controls modules, the control system is classified as a centralized control
system. A distributed control system, on the other hand, is spread out over many
controllers resulting in a many to many relationship between controllers and modules.
Distributed control systems can be further sub-classified depending on the type of
information on which they depend. If a distributed control system depends on global
information, we classify the control system as a distributed system based on global
information. If the distributed controllers only depend on local information, we
classify the control system as a distributed control system based on local information.
We also refer to this class of control systems as control systems based on emergence
or emergent control system [11]. Centralized control is conventional control ways of
robots system, it is not fit for MSR because of robustness weak, scaling difficult and
adaptability unskillful etc. On the contrary, the planning process and the motion
control of distributed control are distributed in the each module and robustness of
system was enhanced. Requirement of reliable communication among modules
decrease the robustness and the sizes increased of modules cause big load of
communication of each processor for global information distributed control.
However, local communication of emergent control among neighbors modules
decrease the load of communication, scale extensibility well and support parallelism.
It enhanced the robustness of system and are better suited for operation in
unstructured environments. In essence, MSR robots are a nonlinear complex system,
solving the motion and metamorphose problems are difficult for conventional control
algorithms. From the view of complex system, emergence is total complex behavior
which happened local reciprocity action among modules, we called the control as
emergent control. Emergent is central embodiment of nonlinear system and complex
system, Cellular automata are discrete dynamic systems whose behavior is specified
in terms of local interactions [12]. CA are models whose space, time and states are
discrete, its essence character is emergent compute. The merits of CA are fitting for
describing and simulating the emergent control of MSR robots.
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3 Self-reconfigurable Robot Module

Recently, a few test beds and specimen were proposed in abroad, robots can be
divided into chain-type robots and lattice-type robots according to the function of
module, the former has good at locomotion and bad at metamorphic because of
having the fixed conjunction. The capability of the latter is on the contrary because of
without having the fixed conjunction.

motor£«encoderf£«retarder
L =1

export shaft
[} =A/ =
|

(d)

Fig. 1. (a) Cell module; (b) Connection plane; (c) Two modules connecting; (d) Inner driver
mechanism

3.1 Module Structure

In order to improve the flexible in spatial motion and correct orientation between
modules [13], we design an MSR robot called M-Cubes which is 3-dimension
homogenous lattice and havel2 freedom degree, the simple structure was composed
of central cube and connection plane illustrated as Fig.1 (a), connection between two
modules illustrated as Fig.1 (c), central cube include power, motor, control circuit and
drive mechanism etc, inner drive illustrated as Fig.1(d). Connection plane include
connection self-lock mechanism which consist of two holes and two pins,
communication interface and sensors etc. Since the robot have the characteristic of
agent, it can be designed by mutual way, cell module constitute of meta-connection
(meta-sensor), meta-communication, meta-power, meta-control, meta-motion, rules
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database and knowledge database. Meta-connection accomplish connecting and
detaching of modules, communication metal fulfill importance information
propagating of modules, meta-power provide energy to motion, meta-control deal
with the information transmitted from the sensors and other modules to produce a
series motion, meta-motion implement motion between modules, knowledge database
store the status and goal task of modules, etc

T &
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Fig. 2. Single Module feature vector

3.2 Module Description

To study DMAS (distributed multi-agent system) motion control of MSR, the model
of single module and multi modules must be described, it can be called configuration
expression. The topology structure of robot embodies the relation of orientation and
connection among modules, this expression corresponds with the structure of the
graph theory, module corresponds with the vertex of diagram, connecting line
corresponds with the edge of diagram. If module is simple as a vertex, line is added
between modules connecting, the topology structure of MSR robots can be express by
graph. To express clearly the position of each module, it must build up a stationary

coordinates Zo , each module code M ; (i=1,2...n), n is amount of modules, the

orientation of module decides on ZO , module is simplified a cube, the coordinate
M, (x, y, zJof module M, is the center of cube. Space is divided cube grid units.

modules motion in grids. The module only connects six neighbors modules, sensing
the information of six neighbors grids are empty/no empty, attach/detach, expressing

relation of six connection plane utilizing (Sl,sz,s3,s4,S5,S6) illustrated as Fig.2.

Consequently the connecting relation of n modules can be described by n*6
dimension feature vector, the feature vector is digit values. If adjacent module is
empty, the value is 0, if neighbor modules is connecting, the feature value is ID, if
having adjacent module but no connecting, the value is —ID, ID is the identifier of
module from 1 to n. Every module can obtain the connection relations of neighbors
and ID of neighbors modules by searching anticlockwise six direction from right.
Since modules have point-to-point communication, only the topology structure of
robot keep connection, all modules can be visited according to a rule and ordering, the
feature vector of each module can be obtained, a n*6 dimension matrix can be gotten
by arranging each row feature vector according the /D order of modules, the matrix
can express uniquely the topology structure of robot.
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3.3 Basic Motion

Basic motion of M-Cubes is implemented by the rotation of connection plane. It have
overturn and level movement, under the same view point, level movement is the
motion which module is running on the surface of other modules, overturn is the
motion that module rotate to the surface of other module, the kinds of motion need the
help of other modules to accomplish, it can be divided into support module, carried
module, passenger module according to the function of modules. In Fig.3, M; M, M,
are all cell module, M; want on the top surface of M,, then M, is passenger, M, is
carried, M; is support. Both the carrier and the passenger must release some of their
other connections prior to the carrying motion. M, is on the top surface of M, by the
S; face of M; rotating 90 degree. Note that each module's role is not fixed but changes
dynamically during the reconfiguration process. The same method, M; is on the top
surface of M, too. So is the principle of level motion illustrated as fig.3. But the
topology structure of robot must keep connecting during the process of motion.
Modules have the action of connecting and detaching, connecting is the action that the
pins of two neighbors connection plane plug each other the holes of the others and
self-lock mechanism maintain the pins fixed position, the two neighbors connecting
plane are coupled as a body. On the contrary, detaching is the inverse action of
connecting. The two neighbor connecting planes are decoupled in favor of single
module motion. If module motion anticlockwise, all motion of module can be divided
12 actions of rotating 90 degree, Turn_right_to_Top(), Turn_Top_to_left(),
Turn_Left_To_Bottom(),Turn_Bottom_to_Right(), Turn_Front_to_Top(),
Turn_Top_to_Back(), Turn_Back_to_Bottom(), Turn_Bottom_to_Front(),
Level_Right_to_Back(), Level_Back_to_Left(), Turn_Left_to_Front(),
Level_Front_to_Right(). If allowing rotation clockwise, the motions have 24 actions.

(b)

Fig. 3. Module Motion. (a) Module overturn; (b) Module level move.

4 MSR Robot Model Based Cellular Automata

Cellular Automata(CAs) are dynamical systems in which space and time are discrete. A
cellular automata consists of an array of cells, each of which can be in one of a finite
number of possible states, synchronization update the states of all cells in discrete time
steps, according to a local, identical interaction rule. The system evolve are implemented
by local action among cells. The basic units of CAs have cellular, cellular space,
neighbor and transition rules. The central problem of CA is how to get transition rules,
since different transition rules decide system configuration[15]. CAs are interesting
because even though they are simple, they can show very complex behaviors and
patterns. They have been used to study electro-static self-assembly processes.



184 Q.-x. Wueet al.

4.1 Cellular Automata Model of MSR Robot

The characteristics of homogenous lattice MSR robot decide that the robot is a
temporal and spatial discrete system. We represent a generic self-reconfiguring robot
as a collection of cells, each cell corresponding to one robot module. We view the
resulting structure as a particular type of cellular automata. In condition of no
considering weight, friction, velocity and inertia, MSR robot based CA is a 3-D CA
model, it can be described as followed.

Cellular space is discrete grids that module motion space is divided according to
the geometry of module, We represent the basic module of the robot as a cube. Each
module is assumed to be able to translate across the surface of other modules as well
as transition to other planes of motion. It is also assumed to be able to examine or
query its neighbors and determine the presence or absence of a neighbor on all
sides.[]

Cellular states indicate the next step action, if module motion clockwise, then the
state variables total 13, 0 means no action, from 1 to 12 means respectively 12
different action of overturn and level motion. Von Neumann type neighbor was
adopted in CA, in 3-D space, up/down, right/left, front/back six cell are neighbors,
neighbor radius is 1, utilizing S;, S,, S3 S4 S5, S indicate the relation of six neighbor
cell.

Transition rules, it can be said that the state transition of all cells from step t to step
t+1 implement a spatial process. The spatial structure is distribution and assembling
of cell module. In MSR robot, spatial process is permutation and combination of cells
in space, i.e. configuration, each result of space process is a step update of old
configuration. Change of spatial structure can influence the environment of spatial
entity, spatial action is a reflection of entity to environment in certain degree. To
MSR robot based CAs, rules of CA decide on the combination of neighbors states.

. . . t t+1 .
Local structure influence personal behaviors in space. VJ. ,VJ. mean respectively

states of cell in step t and in step t+1. S{,S;,S;,Si,S;,Sé are respectively the

relation between the j cell and neighbors in step t, then transition rules can be denoted
equation (1).

Vit = f(V!,S!,85.85.85,55,8¢) (1)

f is function, in fact, the states of cells are the actions which modules will be
performed in he next step. The module to be carried is passenger module, the module
have 12 kinds of actions, each step is a action and system is updated. If a module has
a action in last step, then the module can not motion in next step, i.e. the module can

not act continuously twice. Each S;ﬂ has four states, i.e. neighbors configurations of

6
each module have (C }1) =4096 kinds. A state was added to the center module, there

are 4096*13=53248 states. These states are mapped 13 different actions, 0 means no
action, the nonlinear transition rules function was trained by a NN which is a 2 layer
7input and single output illustrated as Fig.6. The output of NN can be denoted
equation (2).
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W, W,,...W; are weight of NN, a passenger module was decided by transition rules
function. Each module is a agent, communication of modules depend on wireless
communication module among neighbors modules. The passenger module will search
support module and carrier module to implement action. If a module has no neighbor,
then the state of the module is 0.

4.2 Motion Algorithm

Many lattice MSR robot motion like cluster flow, modules migrate from tail to head
like pedrail of TANK. Aimed to level movement of M-Cubes, motion rules of having
obstacle and having no obstacle are developed. Since the motion of M-Cubes need the
help of neighbors, transition rules based metal-module were developed, this is main
difference with other paper because of few considering realization of module.
Generally, few lattice modules can motion autonomously, the concept of meta-
module is provided by Casal and Yim [14]. If modules motion through connecting
group instead of single module motion, lattice MSR robot can motion like chain-type
robot. First concluding the motion process of MSR from the motion of meta-modules.

Fig. 4. Von Neumann Neighbors Fig. 5. Two layer NN
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Fig. 6. Process of meta-modules without obstacles

During the process illustrated Fig.6, after steps, meta-module move eastward a cell
module distance, metal-modules can migrate from a position to other position by
repeating above process. Of course, according the process, MSR robot only motion
toward specific direction, it can not swerve. In fact, the swerve rules are similar with
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Fig. 7. Process of meta-modules with obstacles

above process, but MSR only rotate 90 degree. we can analyze and obtain the
transitions rules of MSR based CA from motion process. To the environment with
obstacles, we assume that the obstacles are cubes the same as cell module, it can be
denoted utilizing the same module without ability of communication and connection,
gray module is obstacle illustrated as Fig.8. The height of obstacles is a module lower
than metal-module, the process of meta-module overturn obstacles [16,17] as
followed Fig.7.

The states of module and connecting relation of neighbors are seen as inputs of NN
and the action of module is seen as output of NN, this NN trained can get motion
transition rules function based obstacles and no obstacles, locomotion of MSR can be
implemented if the motion transition rules function become transition rules of MSR
based CA.

S Experiment Results

Aimed to the homogenous and lattice MSR robot and above locomotion control
algorithms, a simulation environment was designed utilizing Java 3D, 4*4*4 modules
migrating toward x-axis direction was simulated illustrated as followed Fig.8, in the
figure, blue and green floor denotes substrate, each blue or green grid indicate cell
module, the origin of system is the center of floor, Fig.8 (a) means initializing
configuration locate zero position in system, Fig.8 (b)(c)(d)(e)(f)(g) is respectively a
snapshot of system locomotion, Fig. 8(h) is configuration whose total system move a
module distance toward x axis direction. It accomplishes the goal of total system
structure locomotion. In the same way, only repeating continuously above locomotion
process, MSR robot will motion further distance. MSR robot only based local
information and predefined rules synchrony update local information and produce the
action of module. It can get properly motion series. control the motion of module.
Passenger module, support module and carrier module finish together the overturn or
level movement of passenger module through local communication among three
modules. Since communication and action only happened in neighbors’ modules, the
robustness and scale extensity of MSR robot system have great improvement. In
theory, it can scale infinite without adding extra resources. Since without considering
the balanced of system, it is studying further.
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Fig. 8. Motion simulation of MSR toward x axis positive direction
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Abstract. This paper points out some drawbacks and proposes some
modifications to the conventional layer-by-layer BP algorithm. In particular, we
present a new perspective to the learning rate, which is to use a heuristic rule to
define the learning rate so as to update the weights. Meanwhile, to pull the
algorithm out of saturation area and prevent it from converging to a local
minimum, a momentum term is introduced to the former algorithm. And finally
the effectiveness and efficiency of the proposed method are demonstrated by
two benchmark examples.

1 Introduction

The error back propagation algorithm (EBP) was a major breakthrough in neural network
research [1][2][3][4][5]1[6]. However, the basic algorithm is too slow for most practical
applications. So researchers have proposed several variations of error back propagation
that provide significant speedup and make the algorithm more practical [7][8]. To
accelerate the EBP algorithm, some modified error functions, which are different from
popular mean-squared errors (MSE’s), have been proposed [9].

In 1995, Ergezinger and Thomsen [10] proposed a layer-by-layer algorithm (LBL)
which was based on a linearization of the nonlinear processing elements and the
optimization of the EBP layer-by-layer. And in order to limit the introduced
linearization error, a penalty term was added to the cost function. Commonly the

*This work was supported by the National Natural Science Foundation of China
(Nos.60472111 and 60405002), and RGC Project No.CUHK 4170/04E, RGC Project No.
CUHK4205/04E and UGC Project No.AoE/E-01/99.
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proposed layer-by-layer algorithms were decomposed into two parts: a linear one and
a nonlinear one. The linear part of each layer was solved through the least-square
errors (LSE’s) or mean-squared errors (MSE’s). But the nonlinear parts were different
in a certain extent, with some of which have to assign the desired input to the hidden
targets, while some of them not, or some of which use a heuristic rule to define the
learning rate, while some of them use an optimal one to define the learning rate
[11][12].

Although these methods have showed a fast convergence through decreasing the
possibility to a premature saturation [13][14], sometimes they still result in some
inevitable problems. They may not converge to the desired accuracy or involve huge
computational complexity due to target assignments at hidden layer. Essentially, these
methods were used to define the learning rate so as to adapt the weights [15].

This paper proposes a new prospective to the conventional proposed layer-by-layer
method. This method tends to overcome the stalling problem of the layer-by-layer
algorithm with a heuristic method. And also the momentum terms are introduced to
both the output layer and the hidden layer in order to accelerate convergence when the
conjugate gradient is moving in a consistent direction.

This paper is organized as follows. The following Section gives a brief review to
the conventional layer-by-layer method. Section III introduces a new prospective to
the learning rate, and the momentum method is also integrated into the algorithm. In
Section IV, the improvement is demonstrated by two benchmark problems. Finally,
Section V concludes this whole paper.

2 Layer-by-Layer BP Algorithm

We consider a single hidden-layer perceptron for the sake of simplicity. The
activation functions for output layer and hidden layer are linear function and sigmoid
function, respectively. The training  patterns are described as

X7 = [xl(‘” ) ,xé"’ )""’xz(vp 1" (p=1,2....,P) with associated target vectors of output

layer 17 =[", 1" ,--- , 1’1" (p=1.2,....,P). So the network can be depicted as:
A N (L
h;p) — Z Wjixi(p) (X, =0).
i=0
() _ L(P) 2
K =tanh(h” /2). )
H
P — 5 w (h,=0). (3)
yWW=3y"=> v h 0
k k ; k'tj

The weights should be optimized in order to minimize the MSE at the output layer
defined as:
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2.1 Optimization of the Output Layer Weights

With a fixed W and the desired outputt(" ), optimize V for minimizing the cost
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2.2 Assign the Hidden Targets

With the updated V, we assign the hidden targets denoted by Z;p )
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M
where S =[87BP - BPT and C, ={Zv,qv,qv}HxH , and assign
=)

(‘”) =f (Z(‘”)) after truncating Z ) to stay in (-1, 1).

2.3 Optimization the Hidden Layer Weights

We use the training patterns x ) and Z ) to define a new cost function at the hidden

layer [9]:

e 150 () By 5(p) (11)
LSS Y w L GO

p=1 j=1 i=0

\S]

and optimize W for minimizing FE Md as follows:

nhld%i. (12)
aE hid P A( y R
Vi=———°= L) R (13)
! awﬁ zl
2
il = L _ P (14)
J P N ~ T ~
IO IPTEAD RPN S
p=1 =0
where "([7) aEhld /ah(p) "([7) h(ﬁ) f/ji 2[7/1'07/1"'7/N]T

)
and C =" XV XL EI Y amnen O

p=1

3 Modifications to the Conventional Algorithm

We would like to make the learning rate larger at the initial stage, since then we will
be taking large steps and would expect to converge faster. However, if we make the
learning rate too large, the algorithm will become unstable. It is impossible for us to
predict the maximum allowable learning rate for arbitrary functions, but fortunately
for quadratic functions we can set an upper limit.
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Considering the output layer cost function:

P

P 1 S ) -
RS 30 YU RN TR as)
P k

=1 j=0

It can be transformed to a quadratic function with respect to Vi

1
F(vkj):EvijAvkj+dTvkj+c. (16)

The gradient of this quadratic function isVF (v, )= Av, +d . Then A is called

Hessian matrix of this quadratic function. Using a constant learning rate ¢ , we obtain
this expression according to the steepest descent algorithm:

v, (epoch +1) = v, (epoch) — a(A*v, (epoch) +d) . (17)
Or
vkj(epoch+1) = [I—O(*A]vkj(epoch)—ad. (18)

This linear dynamic system will be stable if the eigenvalues of the matrix
[ —a* A] are less than one in magnitude. We can express the eigenvalues of this
matrix in terms of the eigenvectors of the Hessian matrix A. Suppose
{4, 4, A} and {z,,2,,":-2,} to be the eigenvalues and eigenvectors of the

Hessian matrix. Then [[—0Alz =z —0A; =z, —04z =(1-04)z,.

So the eigenvectors of [ —a* A] are the same as the eigenvectors of A.

Similarly, the eigenvalues of [/ — & * A] are (1— @A) . Naturally, we can obtain the

following expression:
|(1—0{/1i)|<1. (19)

The eigenvalues must be positive so that the quadratic function can be guaranteed

to converge to a stable minimum point. So Equ. (20) will be reduced to: 0!<£-

Since it must be true for all the eigenvalues of the Hessian matrix, we have

2 . . . . .
a<—— . So the maximum stable learning rate is inversely proportional to the matrix

curvature of the quadratic function ( o « i) [16][17].

‘max
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In fact, the optimal learning rate always changes during different applications
which makes it difficult to be set optimally. So the so-called optimal learning rate in
the algorithm aforementioned does not always perform best. As long as we can find
out the Hessian matrix, then calculate the eigenvalues so as to define the maximum
stable learning rate, the algorithm tends to converge most quickly in the direction of
the eigenvector corresponding to this largest eigenvalue.

It is well known that backpropagation with momentum updating is one of the most
popular modifications to the standard algorithm. When a momentum term is added to
the EBP algorithm, in which the weights change is a combination of the new steepest
decent step and the previous one, the weight trajectory will be much smoother and the
convergence will be faster. Intuitively, the momentum term can be also added to the
layer-by-layer BP algorithm.

Taking the output layer for example:

When the momentum term is added to the algorithm, the weights are updated
according to the description in literature [18].

v (epoch+1) =v (epoch) + (1—a)Av, (epoch) + cAv,;(epoch —1) . (20)
Similarly, the hidden layer weights are updated according to the following formula:

w;,(epoch+1) = w; (epoch) +(1—a)Aw, (epoch) + cAw ;,(epoch 1) . (21)

4 Simulation and Results

4.1 Function Approximation

In this section, a function approximation example was trained by a 1-3-1networks
with 3 nodes in the hidden layer. The input data is denoted as P= -2,-1.6,-1.2...1.2,
1.6,2, and the desired output data as T=sin (3.14*p/4), which are assigned to the input
and output layer of the network respectively [16].

4.1.1 Fixed Learning Rate
Fig. 1 and 2 show the MSE for the training patterns of the two methods for this
function approximation example.

It can be seen from Fig. 1 and 2 that our improved method can reduce the MSE
dramatically than the previous method, and the previous method tends to reach a
certain MSE and remains there for the rest iterations with little or no improvement,
while the proposed algorithm can make huge progress to reduce the MSE throughout
the entire training process. So our improved method can decrease the MSE to an
acceptable level when the training process for the previous method traps into the
saturation area.
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---- Previous Method
—— Proposed Method

Fig. 1. The MSE cures of previous and our
improved methods for a fixed learning rate
(0.11) at the output layer
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---- Previous Method
— Praposed Method

Fig. 2. The MSE cures of previous and our
improved methods for a fixed learning rate
(0.44) at the hidden layer

4.1.2 Incorporation of the Momentum Term

In this subsection, we further demonstrate the efficiency and effectiveness of another
momentum term method. This method is derived by incorporating the momentum
term, O into the weight updating formulae. Assume that the coefficient of & for the
output layer and the hidden layer were set to 0.88 and 0.70, respectively.

= Previous Method
—— A Momentum Term Added to Output Layer

---- Previous Method
—— A Momentum Term Added to Hidden Layer

Fig. 3. Learning curves of the MSE for the
previous and the output momentum term
methods for a function approximation
example

Fig. 4. Learning curves of the MSE for the
previous and the hidden momentum term
methods for a function approximation
example

Fig. 3 and 4 illustrate the improvement of the introduction of momentum term to
the original method. Although the previous method converges at the earlier stage, it
stops to a local minimum after a certain number of iteration. The proposed algorithm
can prevent the training process from falling into the flat regions, and make the MSE
decrease dramatically until the MSE converges to a noticeable small level
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4.2 XOR Problem

For an XOR problem, the network consists of two input nodes, there hidden nodes,
and one output node.

4.2.1 Fixed Learning Rate

In the case of fixed learning rate, we use XOR to conduct some computer simulations.
It can be found that the sum-square-errors of the previous algorithm cannot converge
to an acceptable level but our proposed method can do. Fig.5 depicts a comparison of
the MSEs for the standard EBP algorithm and the proposed algorithm, where the
learning rate in the standard EBP method was set to 0.02 and the one for the hidden
layer of the proposed method was set to 0.45.

— Proposed Algarithm
---- Standard EBP Algorithm
T
10° 10’ 10 1

Fig. 5. Learning curves of the MSE for the standard EBP and our proposed methods for the
XOR problem

We observe that the training process is easily trapped into saturation area for the
standard EBP algorithm, while the proposed method of a fixed learning rate can
converge over the whole learning procedure until it reaches to an acceptable level.

4.2.2 Incorporation of the Momentum Term

In addition, we also use XOR problem to verify our proposed momentum term
method. Figs. 6 and 7 demonstrate the improvement of the proposed method over the
standard EBP algorithm, where the coefficient of & for the output layer (Fig.6) and
the hidden layer (Fig.7) were set to 0.80 and 0.60, respectively.

Fig. 6 and 7 show that our proposed method can prevent the training process falling
into the flat regions, and make the MSE decrease dramatically until the MSE
converges to a noticeable small level, while the standard EBP method stops to a local
minimum after a certain number of iterations in spite of convergence at the early
stage. So the proposed algorithm with a momentum term can meet a stringent demand
in accuracy.
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— A Momentun Term Added to Output Layer — A Momenturn Term Added to Hidden Layer
--- Standard EBP Agorithm --- Standard EBP Agotithm
T I

:
10’ 10! 10 10 10’ 10’ 10t 10°

Fig. 6. Learning curves of the MSE for the Fig. 7. Learning curves of the MSE for the
momentum term and the standard EBP momentum term and the standard EBP
methods for XOR problem methods for XOR problem

5 Conclusions

This paper proposed some modifications to the conventional layer-by-layer BP
algorithm so as to accelerate the learning process and reduce the possibilities to be
trapped into the saturation area. To prove the efficiency and effectiveness of the
proposed method, we trained a MLP network with a function approximation example
and the XOR problem. In all the experiments, the proposed algorithm had
demonstrated its improvement with orders of magnitude less than the previous
algorithm in MSE. The modified method has also validated that the heuristic rule is
sometimes better than the so-called optimal learning rate. So, much more research
works about the optimal learning rate for a specific algorithm has to be done. What’s
more, when the momentum term is added into the algorithm, it can lead to the
convergence from a local minimum to a global one, and reduce the MSE significantly.
So the momentum term functions are well suitable not only to the standard BP
algorithm but also to the layer-by-layer algorithm.

References

1. Huang, D.S., Horace, H.S.Ip and Zheru Chi: A Neural Root Finder of Polynomials Based
on Root Moments. Neural Computation, Vol.16, No.8, pp.1721-1762, 2004

2. Huang D.S., Horace H.S.Ip, Law Ken, C. K. and Zheru Ch: Zeroing Polynomials Using
Modified Constrained Neural Network Approach. IEEE Trans. On Neural Networks,
vol.16, no.3, pp.721-732, 2005

3. Huang, D.S.: A Constructive Approach for Finding Arbitrary Roots of Polynomials by
Neural Networks,” IEEE Transactions on Neural Networks[1Vol.15, No.2, pp.477-491,
2004

4. Huang, D.S.: Systematic Theory of Neural Networks for Pattern Recognition. Publishing
House of Electronic Industry of China, Beijing, 1996



198

10.

11.

12.

13.

14.

15.

16.

17.

18.

X.-Q. Lietal.

Rumelhart ,D.E. and McClelland, J.L.: Parallel Distributed Processing. Cambridge, MA:
MIT Press, 1986

Huang, D.S., Horace, H.S.Ip and Zheru Chi: A Neural Root Finder of Polynomials
Based on Root Moments.Neural Computation, Vol.16, No.8, pp.1721-1762, 2004

. Huang, D.S.: The Local Minima Free Condition of Feedforward Neural Networks for

Outer-supervised Learning. IEEE Trans on Systems, Man and Cybernetics, Vol.28B, No.3,
1998,477-480

Huang, D.S.: Radial Basis Probabilistic Neural Networks: Model and Application.
International Journal of Pattern Recognition and Artificial Intelligence, 13(7), 1083-
1101,1999

Sang-Hoon Oh and Soo-Young Lee: A New Error Function at Hidden Layers for Fast
Training of Multilayer Perceptrons. IEEE Trans. Neural Networks, vol. 10, pp. 960-964,
1999

Ergezinger,S., and Thomsen,E.: An Accelerated Learning Algorithm for Multilayer
Pereceptrons: Optimization Layer by Layer. IEEE Trans. Neural Networks, vol. 6, pp. 31—
42,1995

Wang,G.-J. and Chen,C.-C.: A fast Multilayer Neural Networks Training Algorithm Based
on the Layer-by-layer Optimizing Procedures. IEEE Trans. Neural Networks, vol. 7, pp.
768-775, 1996

B.Ph.van Milligen, V.TribaldosJ.A, Jimenez, and C.Santa Cruz: Comments on: An
Accelerated Algorithm for Multilayer Perceptrons: Optimization Layer by Layer. IEEE
Trans. Neural Networks, vol. 9, pp. 339-341, 1998

van Ooyen and Nienhuis, B.: Improving the Convergence of the Backpropagation
Algorithm. Neural Networks, vol. 5, pp. 465-471, 1992

Huang, D.S.: The Bottleneck Behavior in Linear Feedforward Neural Network Classifiers
and Their Breakthrough. Journal of Computer Science and Technology, Vol.14, No.1, 34-
43,1999

Oh, S.-H.: Improving the Error Backpropagation Algorithm with a Modified Error
Function. IEEE Trans. Neural Networks, vol. 8, pp.799-803, 1997

Martin T. Hagen and Howard B. Demuth: Neural Network Design. USA, PWS publishing
company, 1996

Yann LeCun, Leon Botton, Genevieve, B.Orr and Klause-Robert Muller: Efficient
Backprop. Neural Networks, LNCS 1524,pp.9-50,1998

Fredric M.Ham and Ivica Kostanic: Principles of Neuaocomputing for Science and
Engineering, USA, McGraw-Hill Companies, Inc.2001



An Intelligent Assistant for
Public Transport Management

Martin Molina

Department of Artificial Intelligence, Universidad Politécnica de Madrid,
Campus de Montegancedo s/n 28660, Boadilla del Monte, Madrid, Spain
mmolina@fi.upm.es

Abstract. This paper describes the architecture of a computer system conceived
as an intelligent assistant for public transport management. The goal of the
system is to help operators of a control center in making strategic decisions
about how to solve problems of a fleet of buses in an urban network. The
system uses artificial intelligence techniques to simulate the decision processes.
In particular, a complex knowledge model has been designed by using
advanced knowledge engineering methods that integrates three main tasks:
diagnosis, prediction and planning. Finally, the paper describes two particular
applications developed following this architecture for the cities of Torino (Italy)
and Vitoria (Spain).

1 Introduction

The problem of management of a fleet of vehicles has been recently facilitated by the
current telecommunication and information technology. In this field, a new generation
of information systems have been proposed for a wide range of services in public
transport and fleet management [1], [2]. In particular, the recent advances of this
technology allow operators in a control center to monitor the location and state of
each particular vehicle, in order to apply on real time global transport strategies. This
is especially useful to quickly react in the presence of incidents produced by
unexpected situations such as vehicles with malfunctions, road blocked in the
transport network, etc. In this context, advanced computer systems can help operators
in improving their answer [3].

The development of this type of systems requires formulating advanced models
that capture the different facets of the strategic knowledge for public transport
management. In order to provide an integrated solution for this problem, we describe
in this paper the architecture of a computer system that follows the idea of intelligent
assistant [4]. An intelligent assistant is a concept derived from artificial intelligence
that identifies a kind of systems whose role is to assist the user in decision-making
processes. This type of systems emphasizes that the operator is the final responsible
of decisions, so the system is not designed to substitute the operator but, on the
contrary, its goal is to provide services for assistance such as: information filtering
and interpretation to identify significant data, what if analysis, justification of
conclusions, etc.

D.S. Huang, X.-P. Zhang, G.-B. Huang (Eds.): ICIC 2005, Part II, LNCS 3645, pp. 199— 2005.
© Springer-Verlag Berlin Heidelberg 2005
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According to this, the paper describes first the problem of public transport
management corresponding to a fleet of buses of a urban network, identifying the
main tasks to be provided: diagnosis, prediction and planning. Then, the paper
describes the knowledge model designed to support these tasks, showing the selected
knowledge-based methods for this purpose. Finally, the paper describes two of the
applications developed following this approach. The first one was developed for the
city of Torino (Italy) in the context of an international European Project (funded by
the European Comission within the Telematics Applications Programme). The second
application was developed in a national project in Spain for the public transport
managemen in the city of Vitoria.

Control Center

miiii Global Operator
Acquisition

System

Vehicles on the network Intelligent

Assistant

Fig. 1. Basic control scenario in public transport management

2 The Problem of Public Transport Management

A typical public transport management scenario is composed of a fleet of buses that in
real time send information about their location and state to a control center (figure 1).
The goal of the public transport operators at the control center is to give to the
passengers an adequate service in order to: (1) guarantee as much as possible the
normal service according to the initial planning, (2) respect the timetable of drivers,
(3) guarantee the security of the service, and (3) avoid discomfort of passengers and
drivers.

The information available every minute in the control center about every vehicle
includes: location, previous and next vehicles, actual headway/delay measure and its
trend, etc. Other information are alarms (overloaded vehicle, broken vehicle, vehicle
in traffic-jam, lack or relief driver, etc.), in-line drivers, current timetables, depots
state, etc. In a typical decision scenario of this type of control centers, operators
perform three basic tasks: diagnosis, prediction and planning.

The diagnosis task is oriented to identify the presence of abnormal situations based
on the received information in real time about the location and state of the vehicles.
An abnormal situation in this context is a situation where the planned service is
altered due to a set of possible causes. These situations have different degrees of
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severity that go from a slight delay of a single vehicle to a severe disruption of the
service due to a blockade of the line or a malfunction of one vehicle. In general,
abnormal situations include different types of problems for each line such as
deviations of vehicles from their scheduled services (slight or severe), service
disruption, unreachable relief point, slight or severe malfunction of a vehicle,
blockade of the line, etc.

The goal of the prediction task is to estimate the future impact of the detected
problems. For this purpose, operators can estimate the number of passengers affected
and the average delay assumed for the next period of time. This is performed using
knowledge about the historical demand of the lines and knowledge about the behavior
of the vehicles (e.g., average travel times between stops).

Finally, the goal of the planning task is to find appropriate actions according to the
detected problems that should be taken in order to improve the transport service.
These actions in general need to be performed in a particular order and they can cover
more than one bus line. In particular, some of the types of basic actions are: (1)
skipping, a bus does not take passengers during several stops, (2) detour, a bus takes a
path that goes out of the line in order to avoid an obstacle (for example, traffic
incident, constructions, etc.), (3) limitation, a vehicle takes the opposite direction of
the line, without covering the complete path, (4) reinforcement, a reserve vehicle (a
bus that is not performing a service in a particular line) is sent to cover an unattended
area in the line with the objective of restoring the timetable of delayed vehicles, (5)
shift, the drivers of two vehicles are exchanged to restore the right order in the duty,
and (6) rotation, the schedule of buses is shifted one step to recover delays.

3  The Knowledge Model of the Intelligent Assistant

In order to provide an appropriate level of support for public transport management,
the intelligent assistant system should simulate the natural thinking process followed
by operators using their strategic criteria at the same levels of abstraction. For this
purpose, we applied advanced knowledge engineering techniques following a model-
based approach. This modeling approach considers the existence of a conceptual
level, at which the knowledge is first described without considering implementation
issues. Some of the recent methodologies for knowledge system development follow
this model-based approach (e.g., CommonKADS [5]). These methodologies basically
organize the whole knowledge using the following concepts: (1) a rask that identifies
a goal to be achieved (for instance, diagnosis or prediction), (2) a method indicates
how a task is achieved, by describing the different reasoning steps (subtasks) by
which its inputs are transformed into outputs, and (3) a type of knowledge base that
identifies explicitly the type of domain knowledge that supports a task.

According to this, figure 2 shows a global view of the knowledge model that we
designed for the public transport problem. This figure shows a hierarchy of tasks
(circles) and methods (rectangles) with types of knowledge bases at the bottom
(cylinders). The figure shows that the global task, public transport management, is
divided into the three main subtasks (diagnosis, prediction and planning) that
correspond to the three tasks described in the previous section. The figure also shows
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how each subtasks is decomposed in simpler subtasks and how they are supported by
different types of domain knowledge.

Thus, the goal of the first of the three main tasks, diagnosis, is to interpret the
current situation in order to detect the presence of problems. This type of reasoning
includes a qualitative interpretation of the raw information received in the control
center together with a classification of the situation according to a prefixed set of
types of problems. For this purpose it is useful to use an adaptation of the heuristic
classification method [6], with a data-driven control regime that considers two
simpler subtasks: abstract and match. The abstract subtask is a primary task whose
goal is to produce qualitative values from numerical data about the state of the
system. For example, this task interprets the delay (in minutes) of each vehicle
producing one of three qualitative values (slight, medium or severe). The goal of the
match subtask is to determine the type of problem that is present at each line, using a
set of classes of problems. Two types of knowledge bases support the diagnosis task:
one that includes abstraction knowledge and another one with problem types.

public transport management

diagnose-
predict-plan

heuristic model based hierarchical
classification prediction planning
sl @@@D@ ldgggf Y extend plan
heuristic domain
classification specific
algorithm

specific
parameter.

abstraction
knowledge

On the other hand, the goal of the prediction task is to estimate the future impact of
the problem. This prediction, estimates the total number of passengers affected by the
delay together with the average delay for those passengers. This is calculated for the
next T minutes (for instance, 7=15 minutes). In particular, for example, this method
may compute the values for the impact 7 and total number of affected persons P:

Fig. 2. Knowledge model for public transport management
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1=§,Pi'€i- (1

p= ipi - @
i=1

where p; is the estimated number of persons waiting at the stop i, and ¢; is the increase
of waiting time due to the delay of the bus. The sum is done for the n stops affected in
the T minutes. The value 7 gives a quantitative measure to compare the severity of
different problems. Thus, it provides a global criterion to solve conflicts when
different problems in different lines need the same resource to improve the service
(e.g., a reserve vehicle). The value E = I/P expresses the average increase of waiting
time.

The prediction task is divided into three subtasks: estimate future demand, simulate
behavior and evaluate impact. The first subtask estimates the future demand by using
a local knowledge base with historical demand. This includes the expected number of
passengers at each stop each interval of time. The second subtask simulates the
movement of delayed buses for the next 7 minutes by using a model of the bus-line
(stops, distances, travel-times, etc.) and determines the affected stops. Finally, the
third subtask estimates global metrics (e.g. I and E) and uses domain knowledge to
interpret the severity of the situations.

PLAN: <solve-problem-line-1, solve-problem-line-5, solve-problem-line-10>
| ] 1 | J

refined by “:Fffﬁ'l‘ulm refined by specialist refined by specialist
of the line-1 of the line-5 of the line-10

/ v N

SUB-PLAN: <vehicle-A33-performs-limitation, reinforce-line-5>
| J

refined by specialist
in reserve vehicles

K

SUB-PLAN: <vehicle-Al5-reinforces-L5-from-S4, informs-vehicle-A33>

Fig. 3. Example of development of a plan by the intervention of different specialists that, by
turn, refine parts of an abstract plan

The third task, planning, recommends a set of control actions that may solve the
detected problems. In this type of reasoning, different classes of specialized heuristic
knowledge are typically used to dynamically construct the plan. For example,
knowledge about alternative paths of bus lines, criteria about reserve vehicle
management, specific criteria to exchange drivers, etc. In order to simulate this type
of reasoning it is possible to use a method for hierarchical planning that integrates the
idea of skeletal planning [7] and the concept of specialists [8]. The method is based
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on a search in a hierarchy of goals (specialists) that are knowledgeable about partial
abstract plans. Each specialist is responsible of producing a partial plan to solve part
of the detected problem.

Thus, the knowledge model for this case is represented by a method that divides
the planning task into two main subtasks: identify goal and extend plan. The plan is
dynamically composed during the reasoning developing a search in such a way that
the first subtask identifies the next goal to reach, analyzing the current plan and using
a hierarchy of goals (the hierarchy of specialists). Then, the second subtask extends
the current plan with partial sub-plans. This process is repeated step by step until the
complete final plan is produced. The second subtask is performed by two alternative
methods (depending on the level of the hierarchy of goals): (1) one method that
selects a plan using heuristic classification knowledge, and (2) another method that
constructs the plan by using a domain-specific algorithm with certain parameters (in
the bus transport application, there are several instances of this method, for example,
the method for reserve vehicles selection).

Figure 3 shows an example about how a plan is developed by the intervention of
several specialists. In the example, first, a global plan is produced with three abstract
actions that respectively are associated to line-1, line-5 and line-10. The corresponding

Type of KB Representation | Examples
Abstraction Rules IF X is-a vehicle, delay of X = D, D > 10
knowledge THEN level-of-delay of X = severe
Problem types Rules IF X is-a vehicle, full-vehicle-alarm of X = on,
or current-stop of X = S
frames THEN new problem P, type of P = overflow,
affected-vehicle of P = X, location of P = S
Historical Table Stop Time-Interval Type-of-day Hist-Demand
demand | 0000000 | mmmmmmmmm e
Ss1, 6:30-9:30, weekday, 20,
S2, 6:30-10:00, weekday, 15,
Network model | Objects Object L3 is a Line. Attributes:
Stops: (S1,S87,S515,518,521,545,5856,578), ....,
Impact Rules IF X is-a line, affected-passengers of X > 50,
categories average-delay of X > 5
THEN impact-level of X = severe
Hierarchy of Table Specialist Goals Pre-cond. Post-cond.
goals | | mmmm e
Reinforcement, Gl, G2, ... Al, ... A2,
Limitation, HI1, H2, ... A3, ... A4,
Skeletal plans Rules IF X is-a problem, type of X single-severe-delay,
library affected-vehicle of X =V

THEN new plan P, type of P reinforced-limitation,

affected-vehicle of P = V
Plan Frames PLAN reinforced-limitation.
composition ACTION TYPE concrete: vehicle X performs limitation

ACTION TYPE abstract: vehicle X is reinforced

Domain specific | Table Parameter Value

parameters [ | mm e e
max-number-of-stops-to-regulate, 5,
min-percentage-of-absorption, 80%,

Fig. 4. Symbolic representation of knowledge bases for the model of public transport
management
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specialist refines each abstract action. For example, the second action is refined by the
specialist of the line-5 and produces a sub-plan with two actions. In addition to that, the
second action of this sub-plan needs to be refined by another specialist.

In summary, according to the previous description, the model includes a total of 9
types of knowledge bases. Figure 4 shows the symbolic representation followed by each
type of knowledge base. Thus, for instance, the knowledge base that supports the
abstract task can be represented with if-then rules with a forward-chaining inference
method. This representation is very flexible and intuitive to formulate a wide range of
expressions for qualitative interpretation. The knowledge base for problem types can be
represented either with rules or frames. Here, the antecedent of a rule can express the set
of conditions for a certain type of problem and the consequent determines the
characteristics of the deduced problem. Frames can be also used here, where each frame
represents a type of problem with a set of slots that expresses a set of single conditions.

The knowledge base for historical demand can be represented with a table that
relates each stop of a line with its historical demand according to the type of day and
the time interval. For the knowledge base of the network model, an object-oriented
representation can be used with concepts such as stop, line, vehicle, etc. and attributes
with values that characterize the concepts and establish relations between concepts.
The knowledge base for impact categories can be also represented using if-then rules
to interpret the quantitative values about the expected delays.

Concerning the knowledge related to the planning task, the knowledge base about
the hierarchy of goals can be represented with a table that relates each type of goal
with the corresponding specialist and the conditions to be considered. The knowledge
base for skeletal plans library includes the existing types of plans. Here, rules can
relate conditions of the problem with the corresponding type of plan. The knowledge
base for plan composition expresses the set of actions in which a plan is decomposed.
For this purpose, frames can be used in such a way that each frame identifies a plan
and the set of slots identifies the structure of the plan with abstract or concrete
actions. Finally, when a specialist is supported by a set of parameters, the knowledge
base with domain specific parameters include the corresponding values.

It is important to note that these 9 types of bases can produce a higher number of
specific knowledge bases in a particular model because some of the bases are
specified with different contents for each bus line. Thus, in a concrete model for
several bus lines, some knowledge bases can be shared for the management of all the
lines but other knowledge bases need to be specified for each particular line. Thus, for
instance, a particular model with N bus lines could include: 1 abstraction knowledge
base, 1 knowledge base for problem types, N knowledge bases for historical demand,
N knowledge bases for network model, 1 knowledge base for impact categories, 1 for
hierarchy of goals, 1 for skeletal plan library, 1 for plan composition, M for domain
specific parameters (where M is the number of specialists that use domain specific
algorithms to dynamically construct a partial plan).

4 Applications

The model described in this paper was applied for the development of two different
applications. The first application was developed within an international project in
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Europe, called Fluids [9], funded by the European Commission within the Telematics
Application Programme. One of the main goals of this project was to provide
advanced methods for user-system interaction in the context of real-time decision
support. The design methods developed in the project were demonstrated in different
applications for transport. In particular, a realization was developed for the case of
public transport management for the city of Torino (Italy). The analysis of this
problem produced a first version of the general approach presented in this paper.

i = FLUIDS: Tutin Public Transport Demonstrator - Version 1.1

File Query Cptions

Input Histary: |Perform a limitation pracedure for vehicle na. 1397.

et o Transfer passengers and exchange drivers with vehicle no.
i may appert? 1484 at 19:00 at C.UNIONE SOVIETICA FRONTE

What can b done i resena vahicles VN'CHEL'NO

|are not avaiablz?

Transter passangers

1397

1484
1900

Fig. 5. User interface of the Fluids application for public transport management

Line €3

Figure 5 shows an example of the user interface developed for the Fluids project (it
was tested on-line in the control center in 1998). The user interface combines a
dialogue based on a prefixed set of questions for decision support together with a
presentation created dynamically that integrates text and an animation to clarify with
illustrations how to carry out specific control actions for vehicle management.

From the point of view of implementation, the development of this type of systems
is a complex task because it requires to integrate different types of problem solvers
with different types of knowledge bases. The final architecture must be both efficient
for real time operation and flexible to accept changes according to the identification
of new strategic knowledge. Thus, in order to help in the final implementation of the
system, for the case of the Fluids application, we used a software environment called
KSM [11] that has been already used for the development of other applications in the
field of transport [12]. This environment is an advanced knowledge engineering tool
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that provides a model-based approach and a set of software components to facilitate
the development.

The Fluids application was followed by another application for the city of Vitoria
(Spain) which included some improvements compared to the initial version. It was
conceived in a general way, according to the model described in this paper, to be
reused for different public transport networks. This realization was developed and
integrated on real-time in 2001 with the rest of the information system for the
management of the bus lines of the control center of the city of Vitoria (Spain). The
model includes the management criteria for a total of 15 bus lines. Figure 6 shows the
global user interface of this application.
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548} Lineal8 Rotacion de Horarios con Refuerzo (22/5/02 13.2313]
%) Rotasion de Horarios oon Rehuerzo
) Estrategia propuesta: Fiotacion de Horarios con Refuerzo
% Ejecular estialegia
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-4} Linea L3 Recorids demasiado tehasada no nacesia refuerzn [22/5/0213.21.32)
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-4} Lineal8 Rotacion de Horarios con Refuerzn (22/5/02 13.21.15)
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Fig. 6. User interface of the application for public transport management for the city of Vitoria

The implementation of this system was performed following a particular advanced
software architecture that integrates the set of inference procedures and knowledge
bases using a common working memory together with an explicit control mechanism.
The user can access to the knowledge model using a particular user interface
developed for this purpose in order to provide the required flexibility for knowledge
model maintenance.

5 Conclusions

In summary, the model described in this paper can be an adequate solution to
construct an intelligent assistant for public transport management. The model is a
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global solution that integrates different types of methods and problem-solvers to
support three basic tasks: diagnosis, prediction and planning. The model-based
approach followed in knowledge engineering provided the appropriate description
level to formulate the complete model, according to the current state of the art of
knowledge engineering. The model presented in the paper has been validated with the
development of two real-world applications for the cities of Torino (Italy) and Vitoria
(Spain).
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Abstract. This paper proposes a general formalism for evaluating hybrid
Bayesian networks. The formalism approximates a hybrid Bayesian network
into the form, called fuzzy partial least-squares Bayesian network (FPBN). The
form replaces each continuous variable whose descendants include discrete
variables by a partner discrete variable and adding a directed link from that
partner discrete variable to the continuous one. The partner discrete variable is
acquired by the discretization of the original continuous variable with a fuzzifi-
cation algorithm based on the structure adaptive-tuning neural network model.
In addition, the dependence between the partner discrete variable and the origi-
nal continuous variable is approximated by fuzzy sets, and the dependence be-
tween a continuous variable and its continuous and discrete parents is approxi-
mated by a conditional Gaussian regression (CGR) distribution in which partial
least-squares (PLS) is proposed as an alternative method for computing the vec-
tor of regression parameter. The experimental results are included to demon-
strate the performances of the new approach.

1 Introduction

Bayesian networks (BNs) are powerful graph-based framework, combined with a
rigorous probabilistic foundation, can be used to model and reason in discrete, con-
tinuous and hybrid domains [1]. In discrete domains discrete Bayesian networks pro-
vide a general formalism for representing a joint probability distribution of discrete
random variables. Exact general-purpose inference algorithms exist and are well de-
veloped, such as the junction tree inference algorithm [2]; In continuous domains
continuous Bayesian networks are usually represented by Gaussian mixture distribu-
tions where sums of weighted Gaussian densities are used to approximate the likeli-
hood functions [3].

The treatment of hybrid Bayesian networks (HBNs) with both discrete and con-
tinuous variables today is mainly influenced by the literatures [4], [5], [6], which use
so called cg-potentials. The drawback of this approach is that the only three Gaussian
parameters (mean, covariance matrix and a regression vector) are used to characterize
the continuous densities, and these Gaussian parameters are estimated by a maximum
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likelihood (ML) calculation with lower accuracy and the full training data matrix.
Another problem is that these methods can’t handle discrete nodes as children of
continuous parents. A further extension is to approximate an arbitrary conditional
probability distribution by using sigmod-functions [7]. This approach is picked up in
[8] to include it into Laurizen’s mechanism. However, their accuracy is restricted to
the only three Gaussian parameters of the densities again.

This paper takes a step further from the fuzzification and proposes a general for-
malism of fuzzy partial least-squares Bayesian network (FPBN) for evaluating hybrid
Bayesian networks. The form only replaces each continuous variable whose descen-
dants include discrete variables by a partner discrete variable and adding a directed
link from that partner discrete variable to the continuous one. A fuzzy partition is used
to cover the domain of the continuous variable with overlapping fuzzy sets and each
discrete state of the partner discrete variable corresponds to a fuzzy set of the original
continuous variable.

The dependence between the partner discrete variable and the original continuous
variable is approximated by a fuzzy set instead of using a conditional Gaussian (CG)
model, but the dependence between a continuous variable and its continuous and
discrete parents is approximated by a conditional Gaussian regression (CGR) distribu-
tion in which partial least-squares (PLS) is proposed as an alternative method for
computing the vector of regression parameter.

The remainder of this paper is structured as follows. The next section gives a gen-
eral formalism of FPBN as approximate representation of hybrid Bayesian networks.
Section 3 presents a fuzzification method to approximate the dependence between the
partner discrete variable and the original continuous variable. The PLS method for
calculating the vector of regression parameter is shown in Section 4. Section 5 gives
an example of a hybrid Bayesian network and it’s evaluation using the new approach.

2 Fuzzy Partial Least-Squares Bayesian Networks as
Approximate Representation of Hybrid Bayesian Networks

Definition 1: Hybrid Bayesian Networks
A general hybrid Bayesian network (HBN) is a directed acyclic graph representing
the joint probability distribution of a given set of variables V

HBN =(V,P)=X,Y’,P). (1)

Where X C V denotes a set of discrete variables, Y> C 'V a set of continuous vari-
ables, and

P ={P(VIT'y ,y*y),VEV}. ()

We use upper-case letters such as V for a variable name, and corresponding lower-
case letters such as v for a value of a variable. All the continuous variables are de-
noted by capping with a > such as Y’. I''y andy'y denote the set of discrete and con-
tinuous parents respectively for a variable V. Configurations of I'*y and y*y are de-

noted by ¥ ;; and l//;,r respectively.
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The form of the FPBN for a given HBN is defined as follows:

Definition 2: Fuzzy Partial Least-squares Bayesian Network

Given a hybrid Bayesian network (HBN), the corresponding form of FPBN is ob-
tained by applying the fuzzification transformation as defined by (4) only to those
continuous variables Z’ C Y’ whose descendants in HBN include discrete variables

[10], which is defined by
FPBN=X,Z,72Z’ W ,L,P). 3)

Where Z is the set of discrete variable defined by discretizing the subset of continu-
ous variables Z’ CY’?, and W’ = Y’ \ Z’ whose descendants don’t include discrete
variables. X and Z are discrete variables and they don’t have continuous parents, and
Z’ and W’ are still continuous variables; but each Z’[1Z’ has only one discrete parent
Z and is leaf node, and each W’ EW’ still keeps its original discrete parents I''yw » and
continuous parentsy*w- and may have continuous descendants. L contains the set of
directed links of the original HBN and the set of directed links obtained by the follow-
ing fuzzification transformation of HBN:

7> €727, replace Z’ in HBN by Z and create a new directed link Z—7Z’ . 4)

P is the set of conditional probability distributions. P(XIT"x)and P(ZII"*;) can be as-
sumed to be multinomial which is general for discrete variables. P(Z’1Z) for 2’ €77
can be approximated by the method of fuzzy sets that will be described in the section

3. The conditional distribution P(W’II" ;, ,w;, ) is approximated by a conditional

Gaussian regression (CGR) model.

( W'_ur - Brl//)z (5)

+ + 1
P(W’|7W,l//W,)=2—exp{- }.

o 20,

r

Where ¥ and ¥ on the right side of this equation abbreviate ¥ ;r[, and ¥ ;rv respec-
tively and B, is a vector of regression parameters for the given discrete configuration

¥ - The B, will be calculated by using the PLS method described in the section 4.

3 Hybrid Likelihood Function Based on Fuzzy Set

The use of continuous variables in Bayesian networks requires a discretization of their
domains. In fact it would be infeasible to work with an infinite number of states. A
smoother way of discretization proposed in [13] is to use a fuzzy partition, which is to
cover the domain of the variable with overlapping fuzzy sets whose memberships sum
to 1 for each value of the variable.

A value 7’ of the continuous variable Z’ can be written as a fuzzy set:
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k
2 = X(vlF) . ©)
i=1

k
Where 7’ takes value F; with membership v; (z v, = 1) and F, is one of the k fuzzy
i=1
sets which are acquired by using a fuzzy partition on the domain of the continuous
variable Z’. The k fuzzy sets can be considered as k discrete states for Z’. The map-
ping between the continuous variable Z’ and the fuzzy set F; can be approximated by

the membership function UF[, (Z’) which can be written as follows:

Ue 1 ( (Z'—MFZ-)2 )
P=7")= €X

i z) \/27z0'Fl. P 20F;

The marginal probability of Z’ is also represented as follows:
: 2 ®)

P(F; (z'-up;)
P=z )= XU @=2)*p(R) =3 L1 o= Fil )
F A F\/Z”aFi 20F;

The accuracy of this approximation relative to the original HBN can be made suffi-
ciently high if a sufficient number of discrete states for each Z is used. Meanwhile,
the more number of discrete states contribute to the high computational complexity.
That is, it is very necessary to finish a high qualitative fuzzy partition for accuracy
and complexity. A fuzzification algorithm, which is based on the structure adaptive-
tuning neural network model, is proposed in this paper to define the optimal number
of discrete states for each continuous variable. In the model, the number of nodes of
hidden layer and output layer are tuned automatically with the change of the input of
the network. The change of the number of nodes of every layer is finished by nodes’
combination and breakup. The whole fuzzification algorithm is described as follows:

Stepl: First, initialize a small-scale neural network, next, measure a continuous
variable x’ and it’s parent variables for m times to get m original data-pairs, then
make the sampling on x’ for n times by equal step length using the interpolation to get
the samples vectors X, finally, initialize s=0 which denotes the success times.

Step2: Let (X, Y) be the training sample-pairs, and then learn the neural network by
using some learning algorithm with (X, Y) to get the value of weights between nodes
in the network. The Y is the output vector that is gotten when the neural network is
initialized.

Step3: Let all observed values of the x’ in the original data-pairs be the input vec-
tors of the neural network in turn, and compute the every node’s samples distribution
coefficients R; and the correlation coefficients Cj; between nodes.

Step4: Judge if the neural network reaches the demands of the structural stability
(0.3<Ri<0.7, C; < 0.8). If the demands are satisfied, turn to step6, or turn to step 5.

Step5: Decrease s. If the corresponding nodes’ deletion or breakup needs to be exe-
cuted, turn to step3 and continue to learn.
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Step6: Increase s. If s overruns a specified value, end up, or turn to step2 and con-
tinue to learn.

4 PLS Method

In Bayesian networks it is necessary to compute relationships between continuous
nodes. The standard Bayesian network methodology represents this dependency with
a multivariate linear regression (MLR) model whose parameters are estimated by a
maximum likelihood (ML) calculation.

Referring to Eq. (5), the continuous variable W’ ’s value w’ is dependent on three
parameters: the values of the node’s parents, an offset term, and a vector of regression
parameters. It is then possible to describe W’ ’s distribution by the following relation-
ship:

W ~N(a+ B, X",%). )

where «is the mean or offset, B . the regression vector, X the vector of continuous

variable parents of W> and X the covariance model for the distribution. Based on the
assumption above, the continuous variable W’ can be modeled as linear combination
of the responses X by using the MLR which yields the following equation:

W =a+ B X"+¢,6~0,2). (10)

Eq. (10) is called multivariate linear regression equation of W’ regarding X. As once
this regression vector B, has been calculated for W’, these values are then used to

calculate the covariance X . In addition, modeling the offset parameter @ separately
from the regression vector Bi is not necessary for MLR. Hence we only need to esti-

mate the vector of regression parameter B, of Eq. (5) with the standard method for

estimating the parameters of a Bayesian network, maximum likelihood (ML), which
yields the following solution:

B =(IX1"[X])"'[X]"w’. €8))

where [X] is a matrix containing the expected values of the continuous variable par-
ents of W’ and w’ is the property vector of W’.

ML is optimal in a least-squares sense. Unfortunately, a problem arises when in-
verting [X]" [X] in the above equation. The matrix inversion step tends to fail in large
networks, in systems with small amounts of training data, and with data that is not
well defined by a Gaussian distribution [9]. So high co-linearity exists among the
response variables, [X]" [X] is not of full rank and its inversion is ill-defined. For this
reason it is necessary to find a few descriptive variables that are linearly independent
of one another in order to make inversion possible.

Partial least-squares regression is proposed as one way in this paper to overcome
the collinearity problem in multivariate calibration. In PLS, the samples in X are
mapped to a new axis space in which there are some principal components or latent
variables. Each principal component or latent variable is a linear combination of the
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original measurement variables. These principal components or latent variables which
maximize the covariance between X and W’ with each successive principal compo-
nent describing less variance, are used to estimate B, through an MLR step [11],
[12]. Usually, only a few principal components are required to capture the majority of
the variance in the data. Also, as the number of latent variables or principal compo-
nents used in the regression spans the full rank in X, they are linearly independent of
one another. Thus, by regressing the property vector w’ against the newly constructed
principal components U, a least-squares solution can be obtained:

B, =(UI'UD[T]"w’. (12)
Where The PLS solution will approach that of MLR in Eq. (11).

5 Experiments

To evaluate the proposed approach we give an example network for which some evi-
dence is entered. Depending on that evidence the probability distribution over a node
is calculated using the approach of Lauritzen [4] and the presented new approach.
These results are compared with the true density.

We construct a hybrid Bayesian network as an example shown in figure 1(a). The
parameters for this example network are set as following: The two root nodes X1 and
Z’ have the prior probability distributions P (X1=1) = 0.3, P (X1=2) =0.7 and Z” ~ N
(0,1) respectively.

In figure 1 (b), Z is the fictitious discrete variable (a set of fuzzy sets F) defined by
a fuzzification over Z’. Z has two discrete states. The discrete variable X2 has also
two discrete states. Hence the conditional probability of X2 given Z is model as fol-
lowing:

P (X2=21Z=f))=0.4 P (X2=41Z=f)=0.6. (13)

X@ X
Lo I

(a) (b)

Fig. 1. An example of a hybrid Bayesian network for the evaluation of the new approach. The
continuous variables are shown in rounded boxes, the discrete variables are shown in square
boxes. The figure 1 (b) is the form of FPBN for a given HBN of (a).
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and
P (X2=217=f,) =0.3 P (X2=417=f,) =0.7 . (14)

W1’ is a continuous variable and has a single probability density for each state of its
discrete parent X1. For the sake of simplicity the distribution over W1’ is approxi-
mated by a conditional Gaussian model with the Gaussian parameters for every state
of X1:

b Wiewl” X1l = ] (wl'=2)2 ) ) (15)
(Wl'=wl’ 1 X1=1) = mexm 5 b (=200 .
and
2
1 1'+3
P(Wl’:wl’le=2)=meXP{ (v 5 ) b (uwr=-3.041=) . (16)

It is possible to assume that the relationship between X2 and W2’ is multivariate
linear, but different for every state of X2:

If X2=2,W2 =5+Wl'+¢ , ¢ ~N(0,1). a7
and
If X2=4, W2 =3+Wl+e , ¢ ~N(0,1). (18)
That yields the following probability distribution over W2’:
P(W2'=w2’ IWIl’=wl’, X2=2) = N(w2’, 5+wl’, 1) . (19)
and
P(W2'=w2’ IWDl’'=wl’, X2=4 ) = N(w2’, -3+wl’, 1) . (20)

For using the PLS method this probability distribution is approximated by conditional
Gaussian regression (CGR):

SUB |
P (W2=w2IWl=wl’, X2=2) = X 1 N340 DNW2, 4020 1)
=30 @1)
and

0 q
P(W2'=w2’ IWl'=wl’ , X2=4)~ X ﬁ)-N(wl',2+0.2i,1)N(w2',—6+0.2i,1). @)

=50

To validate the performances of the proposed approach, we compare the results of
the proposed approach with the exact probability density and the approach by
Lauritzen. The evidence {X1=1, Z=2} is entered into the network and the probability
distribution over W2’ is calculated. The result of this experiment is shown in Fig. 2.
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- Exact —
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Fig. 2. Given the evidence {X1=1, Z=2}, we compare the probability distribution over W2’
yielded by the new approach with the Lauritzen’s method

6 Conclusion

Hybrid Bayesian network are the most general form of Bayesian network demanded
by practical application. This paper presents a FPBN, a new formalism for evaluating
hybrid Bayesian networks using fuzzy sets and partial least-squares. It appears that it
is possible to use PLS to estimate only the vector of regression parameters of a con-
tinuous node without disturbing others. The FPBN allows arbitrary combination of
continuous and discrete variables while making no restrictions on their ancestry. It has
been demonstrated to improve the approximation accuracy and network stability.

The distance to an exact solution is only governed by the quality of the approxi-
mated likelihood functions. Hence it is possible to make a tradeoff between accuracy
and complexity in computation by adjusting the number of fuzzy sets and improving
the quality of the parameters estimation method, which are both used to approximate
the likelihood functions.

The presented new approach has being used in the context of intention recognition
in the battlefield situation assessment domain. Because of its advantage of the flexi-
bility in modeling and the accuracy in the evaluation, a wide field of application is
imaginable.

The future important step forwards would be to develop the effective methods for
approximating the likelihood functions by a unified notation of the corresponding
continuous and discrete likelihood functions, and improve the performance of the
present parameter estimation method in the presence of large numbers of continuous
variables and missing data.
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Abstract. Multi-agent systems (MAS) are studied from the point of
view of software architecture. As the existing architecture description
languages (ADLs) are difficult to describe the semantics of MAS, a novel
architecture description language for MAS (7-net ADL) rooted in BDI
model is proposed, which adopts w-calculus and Object-Oriented Petri
nets presented in this paper as a formal basis. m-net ADL stresses the
description of dynamic MAS architecture, and it is brought directly into
the design phase and served as the high-level design for MAS implemen-
tation. m-net ADL can visually and intuitively depict a formal framework
from the agent level and society level, and analyze, simulate and vali-
date MAS and interactions among agents. Finally, to illustrate the fa-
vorable representation and analysis capability of m-net ADL, an example
of multi-agent systems in electronic commerce is provided.

1 Introduction

Multi-agent systems (MAS) have been recognized as a main aspect of the dis-
tributed artificial intelligence and predicted to be the future mainstream comput-
ing paradigm. MAS have been regarded as a new notion and the most promising
technology to develop complex software systems, and many effects and attentions
have been paid to MAS in complicated, large-scale and distributed industrial and
commercial applications [1], [2].

MAS are adaptive and flexible systems where agents may be added or deleted
at run-time, and the agent behaviors and interactions among agents may vary
dynamically [3], so MAS architecture can evolve during the execution. Hence
there exist many difficulties in analyzing the structure and behaviors of MAS.
Therefore there is a pressing need for a formal specification to support the design
and implementation of MAS, and ensure the developed systems to be robust,
reliable, verifiable, and efficient [5]. The formal specification must cope with dy-
namism and evolution of MAS. Over the past decade, much work has focused
on developing practical applications of MAS; however little work has tended to
investigate the formal modeling techniques of MAS. So far, there have existed
several typical formal specifications for MAS, e.g. dAMARS [6], METATEM [7],
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DESIRE [4], SLABS [8], Gaia [9], MaSE [10], Agent-based G-net [5] and AUML
[11]. Despite the important contribution of these formalisms to a solid underly-
ing foundation for MAS, most formal specifications are not oriented for software
engineering in terms of providing a modeling notation that directly supports
software development and how an implementation can be derived, and less ex-
pressive with regard to mental state of agents. It has been recognized that the
lack of rigor is one of the major factors that hamper the wide-scale adoption of
multi-agent technology [4].

In this paper, to support the development of correct and robust dynamic
MAS, a novel architecture description language (ADL) [12] based on m-calculus
[16] and Object-Oriented Petri nets (m-net ADL) is proposed. Our proposed
formalism studies MAS from the point of view of software engineering. The
mainstream software engineering tools, techniques and formal languages (such
as software architecture, architecture description language) are adopted to go
systematically from system requirements to MAS implementation. The reason
m-net ADL adopts m-calculus and Object-Oriented Petri nets (OPN) as its formal
basis is that OPN is graphical and mathematical modeling tool which is sim-
plicity and strong expressive power in depicting dynamic system behaviors, and
m-calculus is a process algebra specially suited for the description and analysis of
concurrent systems with dynamic or evolving topology. m-net ADL supports for-
mal analysis of MAS architecture in a variety of well-established techniques, such
as simulation, reachability analysis, model checking and interactive proving. As
the Belief-Desire-Intention (BDI) model is well suited for describing an agent’s
mental state, m-net ADL roots in the BDI formalism. m-net ADL is oriented for
software engineering and places emphasis on practical software design methods
instead of reasoning theories. The ultimate goal of m-net ADL is to provide a
tool that generates executable implementation skeletons from a formal model
and enables software engineers to develop reliable and trustworthy MAS.

2 mw-Calculus and Object-Oriented Petri Nets (OPN)

2.1 Object-Oriented Petri Nets

Petri nets are a graphical and mathematical modeling tool applicable to many
systems that exhibit concurrency and synchronization [I3]. Object-Oriented Petri
nets combining Petri nets with Object-Oriented methods can tersely and inde-
pendently represent all kinds of resources in a complex system, increase the
flexibility of the model. In the OPN model, a system is composed of mutually
objects and their interconnection relations; the formal definition is given as fol-
lows.

Definition 1. A system is a 2-tuple, S=(0, MPR), where O is a finite set of
OPN models of physical object in the system, O = {O1,042,...,0;}; MPR is a
finite set of message passing relations among physical objects (i.e. OPN models).



220 Z. Yu et al.

The OPN model of a phisical object i, O;, is defined as follows.

Definition 2. O; is a 9-tuple, O; = (P,IP,OP,T,F,11A,OIA, E,C), where
P is a finite set of physical object places in the system, P = {p1,p2,...,D;};
IP (Input Place) and OP (Output Place) are sets of input and output message
places in OPN, IP = {ip1,ipa,...,ipi}, OP = {op1,0pa,...,0pm}; T is a finite
set of physical object transitions in the system, T = {t1,ta,...,tp}; F C (P X
TYUT x PYYUIP x T)J(T x IP)Y(OP x T)|J(T x OP) is the input and
output relationships between transitions and places; IIA (Input Interface Arc) is
a set of the input interface arc from outside to OPN, ITA = {iiaq,iiag, ..., ilay,}
[T4)]; OIA (Output Interface Arc) is a set of output interface arc from OPN to
outside, OI A = {oiay,0ias,...,0ia.} [I{; E : F — (ID,CDS) is expression
functions in the arcs, ID is the identification of the arc and CDS is a complicated
data structure; C(P) is a set of color associated with the places P, C(P) =
{ep1,cpa, ..., cpj}; C(IP) and C(OP) are sets of color associated with the input
and output message places.

In a system, the interaction among the distinct objects (i.e. OPN) is specified
by MPR, which can be defined as follows.

Definition 3. MPR is defined as MPR=(ILP, C), where ILP is the Intelligent
Linking Place denoted by ellipse. The information obtained from the external is
saved in the ILP. Each OPN dispatches the information by ILP. C(ILP) is a set
of color associated with the ILP.

In the OPN model, some concepts of CPN are employed and some behavioral
semantics does not violate the semantics of CPN formalism. ITA and OIA are
interface arcs in OPN that are the interfaces of an object interacting with the
external environment or other objects.

2.2 m-Net

m-calculus [16] addresses the description of system with a dynamic or evolv-
ing topology, and permits their analysis for bisimilarity and other interesting
properties.

OPN are suitable for describing the large-scale, complicated and distributed
MAS. However the structure of OPN is static, it is hardly possible to model
dynamic MAS architecture. m-calculus is suitable for describing dynamic MAS
architecture where agents can be dynamically created and removed, and inter-
actions between agents are also dynamically established and modified, leading
to an evolving communication topology. Therefore, the advantages of m-calculus
and OPN are combined to propose m-net, in which OPN are used to describe
the static and dynamic semantics, analyze the deadlock and reachability of a
system, and simulate the system; and m-calculus addresses the description of
systems with a dynamic or evolving topology. m-calculus and OPN can comple-
ment each other very well.
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3 Novel Architecture Description Language for
Multi-agent Systems (w-Net ADL)

In order to accurately describe MAS architecture, m-net is adopted as a formal
basis of ADL. m-net ADL adopts computing agents and connecting agents as the
computation and interaction elements in MAS. m-net ADL studies MAS from
the agent level and society level: The agent level to the structure of each agent,
and the society level to a formal framework for MAS and interactions among
agents.

m-net ADL is a 3-tuple, m-net ADL=(Computing agents, Connecting agents,
Configurations). The items in the definition are described in detail as follows.

3.1 Modeling Computing Agents

Computing agents are a finite set of the computing agent in MAS. Computing
agents are responsible for interacting with users and environment to provide
specific applications.

A computing agent is based upon the Belief-Desire-Intention (BDI) model,
which is used to describe its mental states. A computing agent is a 3-tuple,
Computing Agent = (ID, AS, EL), where ID is the identifier of a computing
agent; AS (Agent Structure) is the OPN model which defines the interfaces and
internal implementation of a computing agent. EL addresses the evolvement
of computing agent which is described by m-calculus. AS based on the BDI
model is composed of the Knowledge-base module, Goal module, Plan module,
and Interface module. The modules are described as follows: in practical terms,
the Knowledge-base module corresponds to the agent’s Beliefs, and it may be
represented as simple variables and data structures or, complex systems such as
knowledge bases [I5]. The Goal module corresponds to the agent’s Desires, and
it may be associated with a value of a variable, a record structure, or a symbolic
expression in some logic so that desires can be prioritized [15]. The Plan module
corresponds to the agent’s Intentions, which is a list of plans and describes the
actions achieving the Goal values of an agent [15]. The interface module allows
a computing agent to interact with other agents and the environment, and is
used to send and receive messages between agents. A computing agent OPN
model is shown in Fig. [l where Private Utilities represent private method and
utilities, such as register and destroy information; the Knowledge-base, Goal and
Plan are denoted by ellipses. As Fig.[Ilonly represents a template of a computing
agent, interfaces and internal implementation are added according to the specific
system requirements, and the BDI model can be refined further.

For simplicity and clarity of the diagrams, only names of places, transitions
and arcs of all agents models are presented in this paper, and inscriptions, colors,
guards and marking are left unspecified.

Agents communicate with other ones by message passing, which follows
speech act theory and uses complex protocols to negotiate [5], e.g., the FIPA
agent communication language(ACL) and KQML. Communication is the basis
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Fig.1. The OPN model of a computing agent

for interaction and organization without which agents would be unable to coop-
erate, coordinate, or sense changes in their environment. The agents proposed
in this paper speak and understand FIPA ACL.

3.2 Modeling Connecting Agents

Connecting agents are a finite set of the connecting agent which is communi-
cation facilitator dealing with the interaction information among agents and
defining the rules that govern those interactions.

A connecting agent is defined as Connecting Agent= (MPR, KBP, T, F,
Role, EC), where MPR (Message Passing Relations) is the tuple in a system
model; KBP represents Knowledge Base Place which is defined to apperceive the
external environment, acquire requisite knowledge, and describe services which
computing agents provide via interfaces. The roles of a connecting agent identify
the logical participants in the interaction represented by the connecting agent,
and specify the expected behavior of each participant in the interaction. Role
is defined as Role = {CIDs,...,CID,}, where CID; is the identifier of an
interface in a computing agent. The services provided by the role are stored in the
KBP. There are two types of roles, static and dynamic role respectively. Dynamic
role will change with the computing agent deleted or added. EC addresses the
evolvement of connecting agent which is described by m-calculus.

In MAS, computing agents first enroll their information (such as name, ad-
dress, interface and capability) in connecting agents, and the enroll process [17]
is

EnrollService = (vid)enroll(id) - id - s

The corresponding enroll process in the connecting agent is
EnrollService = (vz)enroll(z) - T - s

In m-net ADL, computing agents and connecting agents describe agent struc-
ture from the agent level, as well as the behaviors and interfaces of the individual
agent.
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3.3 Modeling Configurations

MAS configurations are connected graphs of computing agents and connecting
agents that describe architectural structure. Explicit architectural configurations
facilitate communication among a system’s many stakeholders, who are likely to
have various levels of technical expertise and familiarity with the problem at
hand [12].

The multi-agent systems architecture can not only describe individual agent,
but also depict the whole system and interaction among agents. The multi-agent
systems architectural configuration based on m-net ADL is shown in Fig. 2l and
the MAS are studied from the society level, where MAS are conceived as a mul-
titude of interacting agents. In the society level, the key point is the overall
behaviors of the MAS, rather than the mere behaviors of individuals. For sim-
plicity and clarity of the diagrams, this model is predigested. The computing
agents are represented by ITA, OIA, IP, OP and abstract transitions denoted
by shaded rectangles. The abstract transitions can be refined. This architecture
consists of four computing agents and one connecting agent.

Computing agent 1 Computing agent 2

]
]
)
O " |
| [
| 1
@ AT @ .

OIAl 1 OIA2
omputing agent 3 Computing agent 4

e / —~11A4
@ I |_1IA3 @
OIA3 ~o1A4 ] I
@ 7y
I \

Q

Fig. 2. MAS architectural configurations

The computing agent connects with the connecting agent by the interface;
therefore an arborescent topology is formed. The static semantics of the multi-
agent systems architecture is described in Fig. 2] and the dynamic semantics of
the multi-agent systems architecture is controlled by the firing rule. The firing
of the transition makes the Token dispatch, which expresses the message passing
and well depicts interactions among agents. The purpose of modeling multi-
agent systems in m-net ADL is to make full use of the well-established analysis
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methods proposed for Petri nets. These methods are commonly used to detect
the deadlock, and boundedness properties of systems models. m-net ADL can
systematically analyze, verify and validate the properties of the implemented
system.

m-net ADL is a visual ADL, which can make users effectively understand and
analyze MAS before MAS are implemented, and narrow the gap between agent
formalism and practical systems.

4 An Example of Multi-agent Systems in Electronic
Commerce

In this section, a multi-agent system in an electronic commerce is considered.
The buyer agents and seller agents negotiate price, and finally the buyer agents
determine whether to buy or not. The MAS architecture based on w-net ADL is
set up, and then the model is analyzed by mathematical methods of Petri nets
to ensure a correct design.

4.1 MAS Modelling in Electronic Commerce

The architecture of the price negotiation MAS in electronic marketplace based on
m-net ADL is shown in Fig. [3] which represents a pair wise negotiation process.
At the beginning of negotiation, the MAS is composed of two functional agents
(one buyer agent and one seller agents) bargaining for goods. For simplicity,
the buyer agent and seller agent only remain knowledge-base place, which is
regarded as abstract place and can be refined according to the specification.
Some constraints are omitted in this figure.

The buyer agent model consists of three states: Inactive, Waiting and Think-
ing. The buyer agent begins the negotiation, which has an extra state (Waiting)
and timing machinery not present in seller agent. In this model, the buyer and
seller agent are initially waiting in the Inactive place. Each agent must register
its basic information to the connecting agent. The connecting agent can accept
or reject the registration based on the enrolled agent’s reputation or function.
The buyer agent starts the negotiation process by sending a call for proposals
to the seller agent, and its state changes from Inactive to Waiting. The seller re-
ceives the message from ILP through the ITA (IRecMes), and then deals with the
message and sends the responses (Accept Proposal or Refuse Proposal). If the
seller agent accepts the proposal, the buyer agent’s state changes from Waiting
to Inactive and the negotiation is finished; if the seller agent refuses the proposal,
the buyer agent’s state changes from Waiting to Thinking, then it sends a new
proposal.

During the execution of the system, its architecture may be dynamically
changed, e.g. other buyer agents may want to join the system; there are some
faults in the seller agent, so the backup seller agent is added and used; and an
additional seller agent is needed to improve the computation speed. The dynamic
architecture is represented by m-net ADL as follows.
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Fig. 3. MAS model in electronic commerce

The creation process of agents is shown as follows.
Agent; = 17_NEW _[ Agent_Agent

When another seller agent is added to improve the service quality, in order
to balance the load of two seller agents, the architecture is needed to reconfigure
and the reconfigurable process is shown as follows.

buyer.request(r) <> if(seller[1].n < seller[2].n)
then seller[1].serve(r)

else seller[2].serve(r)

From the modelling process of the dynamic electronic commerce system, 7-
net ADL effectively describes the dynamic architecture.

4.2 Analysis of MAS Model in Electronic Commerce

A significant advantage provided by m-net ADL based on Petri nets is that the
verification and validation of the model can be accomplished before implemen-
tation, and help ensure a correct design (such as liveness, deadlock freeness,
boundness and concurrency) with respect to the original specification to enable
software engineers to develop reliable and trustworthy MAS. In this section, the
deadlock of the MAS model is analyzed. It is important that how to handle
deadlock situations for development of electronic commerce systems and oper-
ating systems, where the communication plays a key role. Due to limited space,
other properties will be discussed in our future working paper.

The theory of invariants [13] is employed as the deadlock detection method
to analyze the simplified MAS model.
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Theorem 1. Let N is a Petri net model, an n-vector I is a P-invariant (place
invariant) of N if and only if IT - [N] = 0T. ||I|| = {p € P|I(p) # 0} is called
the support of an invariant. If all P-invariants are marked in the initial marking
and there are no empty siphons, the N is live[13].

By analyzing, there are four P-invariants in the MAS model, and their sup-
ports are ||I1|| = {P12}, ||I2|| = {P1, P2, P3, P5, P6, P7, P8, P9, P11}, || 13| =
{P10, P11}, and ||14]| = {P1, P3, P4} respectively. All P-invariants are marked
in the initial marking; moreover there are no empty siphons, so the model is live.

Deadlock analysis can help eliminate human errors in the design process,
and verify some key behaviors for the MAS model to perform as expected, and
increase confidence in the MAS design process.

5 Conclusions

Multi-agent systems are regarded as the most promising technology to develop
complex software systems. In this paper, from the software architecture point of
view, a novel architecture description language for MAS (m-net ADL) rooted in
m-net is proposed to support the modelling and analysis of multi-agent systems.
m-net ADL based on Belief-Desire-Intention (BDI) agent model stresses practical
software design methods instead of reasoning theories, and analyze the static and
dynamic semantics, and depict the overall and individual characteristics of MAS.
m-net ADL can be applied to investigate MAS from the agent level and society
level. Finally, an example of an agent society in electronic marketplace is used
to illustrate modelling capability of m-net ADL; and moreover, how to detect
the deadlock in the MAS model by the theory of invariants is discussed. 7-
net ADL, as a visual ADL, can promote the intercourse and understand among
clients, architecture designers and developers, and provide an effective modelling
method for MAS modelling and verifying.

Acknowledgements

This work is supported by the Opening Foundation of the Key Laboratory of
Opto-Electronic Technology and Intelligent Control (Lanzhou Jiaotong Univer-
sity), Ministry of Education, China. Grant NO. K04110.

References

1. Wooldridge, M.J., Jennings, N.R.: Agent Theories, Architectures, and Languages: a
Survey. Lecture Notes in Artificial Intelligence. Springer-Verlag. Berlin Heidelberg
New York. 890 (1995) 1-32

2. Wooldridge, M.J., Jennings, N.R.: Intelligent Agents: Theory and Practice. Knowl-
edge Engineering Review. 10 (1995) 115-152

3. Jiao, W., Zhou, M., Wang, Q.: Formal Framework for Adaptive Multi-Agent Sys-
tems. In Proceedings of the IEEE/WIC International Conference on Intelligent
Agent Technology. Beijing (2003) 442-446



m-Net ADL: An Architecture Description Language for Multi-agent Systems 227

4.

10.

11.

12.

13.

14.

15.

16.

17.

Brazier, F.M.T., Dunin-Keplicz, B.M., Jennings, N.R., Treur, J.: Desire: Modelling
Multi-Agent Systems in a Compositional Formal Framework. International Journal
of Cooperative Information Systems. 1 (1997) 67-94

. Xu, H., Shatz, S.M.: A Framework for Model-Based Design of Agent-Oriented

Software. IEEE Transactions on Software Engineering. 29 (2003) 15-30

. Luck, M., d’Inverno, M.: A Formal Framework for Agency and Autonomy. In Pro-

ceedings of the First International Conference on Multi-Agent Systems. San Fran-
cisco. (1995) 254-260

. Fisher, M., Wooldridge, M.: On the Formal Specification and Verification of

Multi-Agent Systems. International Journal of Cooperative Information Systems.
1 (1997) 37-65

. Zhu, H.: Slabs: A Formal Specification Language for Agent-Based Systems. In-

ternational Journal Software Engineering and Knowledge Engineering. 11 (2001)
529-558

. Wooldridge, M., Jennings, N. R., Kinny, D.: The Gaia Methodology for Agent-

Oriented Analysis and Design. International Journal of Autonomous Agents and
Multi-Agent Systems. 3 (2000) 285-312

DeLoach, S.A.: Multiagent Systems Engineering. In Proceedings of Agent Oriented
Information Systems. Stockholm. (2000) 45-57

Odell, J., Parunak, H.V.D., Bauer, B.: Representing Agent Interaction Protocols
in UML. In Proceedings of the First International Workshop on Agent Oriented
Software Engineering. Limerick. (2001) 121-140

Medvidovic, N., Taylor, R.N.: A Classification and Comparison Framework for
Software Architecture Description Languages. IEEE Transactions on Software En-
gineering. 26 (2000) 70-93

Murata, T.: Petri Nets: Properties, Analysis, and Application. Proceedings of the
IEEE. 77 (1989) 541-580

Saldhana, J.A., Shatz, S.M.: Formalization of Object Behavior and Interactions
from UML Models. International Journal of Software Engineering and Knowledge
Engineering. 11 (2001) 643-673

Kavi, K.M., Aborizka, M., Kung, D.: A Framework for Designing, Modeling and
Analyzing Aagent Based Software Systems. In Proceedings of the Fifth Interna-
tional Conference on Algorithms and Architectures for Parallel Processing. Beijing
(2002) 196-200

Sangiorgi, D., Walker, D.: The Pi-Calculus: a Theory of Mobile Processes. Cam-
bridge University Press (2001)

Jiao, W., Shi, Z.: A Dynamic Architecture for Multi-Agent Systems. In Proceedings
of Technology of Object-Oriented Languages and Systems. Nanjing (1999) 253-260



Automatic Construction of Bayesian Networks
for Conversational Agent

Sungsoo Lim and Sung-Bae Cho

Dept. of Computer Science, Yonsei University,
Shinchon-dong, Seodaemun-ku,
Seoul 120-749, Korea
{lss, sbcho}@cs.yonsei.ac.kr

Abstract. As the information in the internet proliferates, the methods for effec-
tively providing the information have been exploited, especially in conversa-
tional agents. Bayesian network is applied to infer the intention of user’s query.
Since the construction of Bayesian network requires large efforts and much
time, an automatic method for it might be useful for applying conversational
agents to several applications. In order to improve the scalability of the agent,
in this paper, we propose a method of automatically generating Bayesian net-
works from scripts composing knowledge base of the conversational agent. It
constructs the structure of hierarchically composing nodes and learns the condi-
tional probability distribution table using Noisy-OR gate. The experimental re-
sults with subjects confirm the usefulness of the proposed method.

Keywords: Conversational agent, Script, Bayesian network, Hierarchical struc-
ture, Noisy-OR gate.

1 Introduction

Conversational agent is a system that exchanges information between user and agent
using natural language dialogue [1,2]. The goal of conversational agent is to provide
the most proper script from the conversation database.

Recently, the interest in discovering knowledge represented in Bayesian networks
[3,4,5,6] is increasing because Bayesian networks can handle incomplete data sets and
facilitate the combination of domain knowledge and data. And there are also several
cases in which Bayesian network is applied to conversational agent.

Although conventional conversational agents use pattern matching techniques to
reply to the input query [7,8], Bayesian network is applied to analyze user’s queries
more precisely and to model dialogues. It shows good performance in inferring the
intention of a user [9,10]. However, Bayesian network is not easy to design so even
experts need much time for the construction of it. Moreover, the network is dependent
on the domain of application. When the domain changes, we should modify or
reconstruct the network. These difficulties debase the scalability of conversational
agents [10]. In this paper, we propose an automatic Bayesian network constructing
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method from scripts in order to increase the scalability of conversational agent. It
might be useful for novices to design the conversational agent, since it is only duty to
provide scripts.

This paper is organized as follows: We begin Section 2 with the introduction of
traditional conversational agent and the agent which uses Bayesian network in order
to infer the intention of user’s queries. In section 3, we propose how to construct the
structure and the parameters of Bayesian network in the conversational agent with an
automation mechanism. In section 4, we present the experimental results of the
proposed method. Finally, section 5 describes the summary and future works.

2 Conversational Agent

2.1 Traditional Conversational Agent

As an alternative for the usual interfaces of web sites, conversational agents are
recently being developed because of the capability of conversations with users by
natural language [11]. Eliza, one of the first conversational agents, was born at
Massachusetts Institute of Technology in 1966. Eliza was contrived for the research
on natural language processing. It uses a simple pattern matching technique [8]. For
example, if user inputs a sentence including the word ‘name’, Eliza answers ‘My
name is Eliza.” which matches the word ‘name.” However, it can reply only short
conversations because Eliza neither models user nor keeps the state of conversation.

ALICE (Artificial Linguistic Internet Computer Entity, http://www.alicebot.org) is
written in a language called AIML (Artificial Intelligence Markup Language) that is
based on XML. By using sequential pattern matching, it enhances the efficiency of
analyzing sentences. However, it has shortcomings of not being able to respond to
users reflecting their intentions because of simple sequential pattern matching based
on keywords. Tackling this problem requires much time and effort to construct the
response database.

There are a few products on sale. Nicole made by Native Minds is working as a
virtual agent in cyber space (www.nativeminds.com). This agent provides website
information through conversation with users. And it also shows many human facial
expressions that react to user’s conversation. Nicole is not the only one; others
available include SmartBot of Artificial Life Company (www.artificial-life.com),
Verbot of Virtual Personalities Company (www.vperson.com) and so on.

2.2 Conversational Agent Using Bayesian Network

Since the pattern matching has limitations to manage the uncertainties such as elliptic
words, useless words and duplicated information, it needs to model dialogues [12].
Bayesian network is one of the modeling tools, and applied well to conversational
agents [8, 13].

Bayesian probabilistic inference is a famous model for inference and representation
of the environment lacking in information. Nodes of Bayesian network represent
random variables, while an arc represents the dependency between variables. For the
inference of the network, the structure and the probability distribution need to be
specified in advance. Usually the structure and the probability distribution are
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calculated by experts or collected data from the domain. In conversational agents,
when a query appears and the agent observes some evidence, Bayesian inference
algorithm computes the probabilities of nodes based on the conditional probability
table and independence assumption. Representing and storing dialogue information
on the network enhances the functionality of the conversational agent.

Preprocessing

Topic selecting
(Bayesian network)

—

Knowledge
\base (script)

Answer selecting
(pattern matching)

Answer

Fig. 1. Structure of the conversational agent using Bayesian network

We design the conversational agent as shown in Fig. 1. The Bayesian network is
used to infer the topic of a user’s query and model the context of dialogue. This leads
to a definition of the scope of the dialogue. Since Bayesian networks are based on
graph theory, they are effective in inference and representation. In this paper, the
Bayesian network is hierarchically constructed with three levels based on function:
keyword, topic and sub-topic [14]. First level is for the keywords used in the domain,
and the individuals and attributes of the domain from topics. Sub-topic represents the
individual that has determined its attributes. This hierarchical modeling helps to hold
a conversation to understand a detailed user’s intention. Fig. 2 presents how Bayesian
network works in conversational agents.

l Query = user’s query ‘

t

Set the probability of

‘ Before Query = Query |

‘ Before Query = user's query ‘

_| Query =

Set the probability of

Query + Before |
Query

Y

keyword node as 1, whose
keyword is include in Query
and not-included one’s as 0

keywora node as 1, whose
keyword is include in Query
and not-included one's as 0

Execute Bayesian Inference
algorithm

Execute Bayesian inference
algorithm

& probability of {he No!
highest probability topic

ode > threshold

probability of il

¥
‘ Topic = the highest |
probability topic

‘ Topic = NULL ‘

No

highest probability topic
ode > threshold

End

Fig. 2. Inference procedure of Bayesian network in conversational agent
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Usually people do not give just one query to express their intention, and they produce
a query based on previous conversation [15,16]. Therefore, if the topic selector cannot
infer the topic of query, it infers the topic referring to the previous query.

After selecting the topic, the agent compares script by matching patterns with the
keywords in scripts and the keywords in user’s queries and chooses the answer whose
topic is same as the topic selected. The script is basic knowledge of the conversational
agent for answering user’s queries. When there are many scripts, performance
declines because of the redundancy of information. In this paper, we divide the scripts
into several groups based on their topics. This reduces the number of scripts to be
compared. A script is stored as an XML form, and Fig. 3 shows the definition of a
script.

[script] := “<SCRIPT>" [topic] [keyword]+ [answer]+ “</SCRIPT>”
[topic] := “<TOPIC>” [word]+ “</TOPIC>"

[keyword]:= “<KEYWORD>" [word]+ “</KEYWORD>"

[answer] := “<ANSWER>" [word]+ “</ANSWER>"

Fig. 3. Script BNF

In script, [topic] that is the topic of user’s queries represents top topic in Bayesian
network, [keyword] that is the keywords in user’s queries represents the pattern of
user’s question, and [answer] means reply which the agent gives to user.

3 Automatic Construction of Bayesian Network

Although the Bayesian network is useful, as we discussed above, it takes much time
and efforts to construct a Bayesian network. Therefore, we propose a method of
constructing Bayesian network automatically.

A Bayesian network is represented by BN = < N, A, @ >, where < N, A > is a
directed acyclic graph (DAG): each node n< N represents a domain variable, and
each arc a& A between nodes represents a probabilistic dependency between the
associated nodes. Associated with each node n;& N is a conditional probability
distribution (CPT), collectively represented by @ = {6;}, which quantifies how much a
node depends on its parents.

The construction of Bayesian network consists of two parts: one is generating the
network structure depending on domains and the other is parameter learning (CPT).
Because the conversational agent depends on domains, we cannot obtain general log
data, so that we use scripts for the data of constructing Bayesian network. The
structure is generated by the rules made from analyzed scripts, and the parameters are
obtained by using Noisy-OR gate which is a good method for small data sets.

3.1 Structure Generation

The causality of Bayesian network used in conversational agent is relatively clear, and
we approach the structure generation based on grammars defined on the scripts. We
propose a method of automatically generating the structure of Bayesian network from



232 S. Lim and S.-B. Cho

the script. Moreover, it constructs the network composed as the hierarchical node
structure to model the detailed intention of users.

<SCRIFT> (/i® ‘S—Topic nade
<TCPIC> Agent Name </TCPICY ey _f
<KEYWORD?> you called </KEYWORD> S = K Sub tapic nod
<EEYWCRD> you name </EETWORD> Na,mem @ P_ e
{ANSWER» My name is Tuly {/ANSWEER> ___.,< x\\ :\_K
</SCRIPT> m \fiec/'l _/ ayword node

Fig. 4. Generation of Bayesian networks based on the script

A topic node is obtained from the <TOPIC> of a script, which is an objective
variable of the inference. Keyword nodes are generated from the <KEYWORD> of
the script while a <KEYWORD> constructs one sub topic node. And a mid topic node
is made by bifurcating sub topic nodes. Fig. 4 shows that an example script can be
interpreted to generate the network.

The calculation of parents’ probabilities requires exponential computation as the
number of children. Therefore, the bifurcation of nodes might be useful to avoid much
computation. Fig. 5 shows a simple process of the bifurcation. The maximum number
of the children of a parent is limited as three in this paper, so that it divides nodes into
two sub trees when a parent node has four children.

Fig. 5. Bifurcation of node (a) Initial state, (b) Sub topic addition, (c) Nodes bifurcation

When it does not divide nodes, 2% calculations are necessary to obtain the
probability of a parent, which has k sub topic nodes. On the other hand, when it
divides nodes, only (k—1)/(n—1)x2" calculation is needed as shown in Fig. 6. By the
bifurcation, the computation is reduced from 02" to O(k).
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ASSUMPTION :All nodes have at least n —1 children except keyword nodes
DEFINITION :

n : the number of maximum children

h : the height of Bayesian network from root to parent of sub topic

[ : the number of nodes which need to calculate the probability

k : the number of sub nodes
CALCULATION of T :

If height =1, then [ =1

If height =2, then [=1+n

If height =3, then [=1+n+n’

p Ix{n" -1} k-1

If height = h, thenl= l+n+n°+---+n" = Con"=k)

n-1 n—1
The total computation 7 :
T =1x2" =k—_i><2" =0(k)

Fig. 6. Calculation of the total computation 7

3.2 Parameter Learning

In many cases there are not plenty of samples to generate CPT. In conversation agent,
when the domain of agent changed, we must regather the conversations for learning
data, but it takes much time and effort. So, we adopt a leaky Noisy-OR gate [17] to
learn parameters of Bayesian network, which is a popular parameter learning
technique. The leaky Noisy-OR gate defines x; as the cause (children), and y as the
result (parent). p,, called leaky probability, is the probability of y when no evidence is
present, and p; is the probability of y when only x; is used as an evidence.

Do =Pr(yl;cl,;Cz,---,;cn)
Py =Pr(y | xi, X2, Xy, Xn)

The probability of the result about the subset X, composed of the x; is given in the
following formula by the leaky Noisy-OR gate:

Pr(y 1 X ) =1-(1—py) [ =2
ixeX, 1= p,
We only set the probability of p;. Here we assign the value of 0.001 to the leaky
probability pg, and the probability of fopic nodes and mid topic nodes are calculated as
follows. Where n is the number of child nodes and o indicates the weight.
1-a

pi=a+

ey
n

The probability of a sub topic node, where child node is keyword node, can be
obtained by the following formula, while m is the number of the parents of x;.
l1-o

pi=o+t

2

mn
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Because a node closer to the topic nodes should be more effective, o is rather
higher for nodes closer to fopic nodes. In this paper, we set o as 0.5 for sub topic
nodes, and we increase it by a linear function. Since children affect the same amount
of effects to parents, we use divide-operation. So in formula (1), we divide by n, and
in formula (2), we divide by mn, it is because the keyword node can has more than
one parent.

4 Experiments

4.1 Illustration

In this paper, a query is divided into two types: one is a sufficient information query
and the other is a use-previous-information query. That is because in common
conversation an ellipsis frequently happens, and speaker usually uses background
knowledge. The proposed conversational agent can deal with these types of queries.

The sufficient information query is the query that contains all the information to
estimate user’s intention. In this case, the agent gives a proper answer obtained by the
inference of the system. And the use-previous-information query is the query that has
ellipsis (or use major terms). In this case, the agent needs additional information about
query. Here the agent uses previous query for additional information.

Fig. 7 shows examples of conversation that the conversational agent can process.
The upper is the case of the sufficient information query and the lower is the case of
the use-previous-information query.

User: What is your name?
keyword (your, name)
topic selector (Agent name)
answer selector (My name is Yuly)
Yuly: My name is Yuly.
User: It is pretty.
keyword (pretty)
topic selector (Agent name)
answer selector (Thank you very much)
Yuly: Thank you very much.

Fig. 7. Conversation Example of the two types

For the dialogue of sufficient information, the preprocessor extracts the words
“your” and “name” and the words as the inputs of topic selector. The topic selector
selects “Agent name” as its topic, and then the answer selector selects “My name is
Yuly” as a response.

For the dialogue of use-previous information, on the other hand, the preprocessor
extracts a word “pretty,” so the topic selector cannot select a topic whose probability
is above threshold. Hence the topic selector uses additional information from the
previous query “What is your name?”. It reprocesses with keywords “pretty,” “your”
and “name” so it selects “Agent name” as its topic.
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4.2 Experiment Result

We adopt the measure as shown in Fig. 8 to demonstrate the proposed method. Since
Bayesian network decides which topic a query is categorized into, the result of the
inference is a set of the probabilities of topic nodes. It can be sure of the
classification, if only the targeting topic node (7,) has the highest probability among
them. The more difference occurs against others (7)), the more correctly a query is
classified. We use the classification performance as a primitive evaluation measure.

DEFINITION:
N : the number of topics
T, : the probability of the topic node corresponding to user's query
T, : the probability of the & th topic node

Fitniss measure:

v = Jif max(T)=T,, (TO—ZDkJXIOO(%)

k=1

otherwise, 0
. a—(T,-T,)
ifT,-T, <a, —2L %2
D, = ok ax N
otherwise, 0

Fig. 8. Evaluation measure

The experiments have been performed by 10 graduate students majoring in
computer science and 5 conversational agent experts. They generated Bayesian
network based on eleven topics. The way to construct Bayesian network and use the
GENIE tool [18], which is one of the popular tools for designing Bayesian network,
has been explained to each subject. Fig. 9 shows the result of the experiments
representing comparisons between the proposed method and the manual design.

— )

(@) ' ®)

Fig. 9. Comparative results with the manual design. (a) Bayesian Network Fitness (g = 0.1)
(b) Generating Time.
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As the result shows, the students’ group constructed Bayesian network that has
74.4% fitness in average and it took 97.1 minutes to design the network, and the
experts’ group constructed Bayesian network that has 92.8% fitness in average and it
took 127.6 minutes. On the other hand, the proposed method constructs the result that
had 90% fitness within a few seconds. The experts’ group spent more time than
students’ group. It’s because the experts made Bayesian Network more carefully and
they analyzed the script with more detail.

5 Concluding Remarks

It is necessary to design the network first in building the conversational agent using
Bayesian network. However, it is difficult for the beginners, and even experts need
much time and cost for the analysis and design of the target application. In this paper,
we have proposed an automatic construction method for conversational agents using
Bayesian network. A usability test showed that the proposed method is efficient in
time and accuracy.

For the more accurate inference, not only automatic construction but also learning
mechanism is necessary for conversational agents using Bayesian network. It also
requires convenient interface to design Bayesian network for novices in the
construction of conversational agents.
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Abstract. In this paper we reveal that the environmental noise will not
only suppress a potential population explosion in the stochastic Lotka-
Volterra competitive systems with variable delay, but also make the solu-
tions to be stochastically ultimately bounded. To reveal these interesting
facts, we stochastically perturb the Lotka-Volterra competitive systems
with variable delay #(t) = diag(z1(t),...,zn(t))[b+ Az(t—5(¢))] into the
It6 form dz(t) = diag(z1(¢), ..., zn(t))[b+ Az(t — §(¢))]dt + oz (t)dw(t),
and show that although the solution to the original delay systems may
explode to infinity in a finite time, with probability one that of the asso-
ciated stochastic delay systems do not. We also show that the stochastic
systems will be stochastically ultimately bounded without any additional
conditions on the matrix A.

1 Introduction

Deterministic subclasses of the Lotka-Volterra competitive systems are well-
known and have been extensively investigated in the literature concerning eco-
logical population modelling. One particularly interesting subclass describes the
facultative mutualism of two species, where each one enhances the growth of the
other, represented through the deterministic systems

i’l(t) = l’l(t)(bl — a111’1(t) + algxg(t)),
Z2(t) = x2(t)(ba — agaxa(t) + az121(t)), (1)

for a12 and a1 positive constants. The associated dynamics have been developed
by many authors [1-9]. Now in order to avoid having a solution that explodes
at a finite time, aj2a97 is required to be smaller than aq1ase. To illustrate what
happens when the latter condition does not hold, suppose that a;;1 = a2 = «
and a1z = ag; = 3 (i.e., we have a symmetric system) and o? < 32. Moreover,
let us assume that by = b = b > 1 and that both species have the same initial
value x1(0) = 22(0) = ¢ > 0. Then the resulting symmetry reduces system (1)
to the single deterministic system

#(t) = z()[b + (- + B)z(t)]

D.S. Huang, X.-P. Zhang, G.-B. Huang (Eds.): ICIC 2005, Part II, LNCS 3645, pp. 238-247] 2005.
© Springer-Verlag Berlin Heidelberg 2005
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whose solution is given by

b

x(t) = — .
—(—a+ ) + %e—bt

xT

Now the assumption that a? < (32 causes z(t) to explode at the finite time

t = ${In[b+ (—a+ B)zo] —In[(—a+ B)zo]}. So are the delay Lotka-Volterra com-
petitive systems [5]. Nevertheless, this can be avoided, even when the condition
a12a21 < ajjazs does not hold, by introducing (stochastic ) environmental noise.

Throughout this paper, unless otherwise specified, we let (£2, F, {F;}+>0, P)
be a complete probability space with a filtration {F;};>0 satisfying the usual
conditions (i.e., it is increasing and right continuous while Fyy contains all P-null
sets). Moreover, let w(t) be a one-dimensional Brownian motion defined on the
filtered space and R? = {z € R" : x; > 0 for all 1 < i < n}. Finally, denote
the trace norm of a matrix A by |A| = \/trace(AT A) (where AT denotes the
transpose of a vector or matrix A ) and its operator norm by || Al = sup{|Az| :
|| = 1}. Let 7 > 0 and C([—7,0]; R") denote the family of all continuous
functions from [—7,0] to R .

For the generalization of the question, we consider a time-varying Lotka-
Volterra competitive systems with n interaction components, which corresponds
to the case of facultative mutualism, namely

@i (t) = @5(t)(b; + Zaijxj(t —6t), 1<i<n.

This system can be rewritten in the matrix form
x(t) = diag(z1(2), ..., 2.(t)) (b + Az(t — 6(t))), t>0, (2)

where z(t) = (x1(t), ..., 2n(t))T,b = (bi)1xn and A = (aij)nxn, 6 : Ry — [0,7]
and ¢'(t) < 0. Stochastically perturbing each parameter

aij = ij + 0ij(t)
results in the new stochastic form
da(t) = diag(z1(t), ..., 2o (8))((b + Az(t — 6(¢)))dt + ox(t)dw(t)), ¢>0,(3)

Here 0 = (04;)nxn, and we impose the condition

(H) (o7} 750, 0550k 20, i,j,k: 1,...,77,.

For a stochastic system to have a unique global solution (i.e., no explosion in
a finite time ) for any given initial value {z(t) : —7 <t < 0} € C([—7,0]; R}) the
coefficients of system (3) are generally required to satisfy both the linear growth
condition and the local Lipschitz condition [10]. However, the coefficients of the
system (3)do not satisfy the linear growth condition, though they are locally
Lipschitz continuous, so the solution of the system (3) may explode at a finite
time. Under the simple hypothesis (H), in this paper we show that this solution
is positive and global.
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In a population dynamical system, the non-explosion property is often not
good enough but the property of ultimate boundedness is more desired. The
conditions for the ultimate boundedness are much more complicated than the
conditions for the nonexplosion [3-5,7,9] and lots of research are still going on.
Naturally, when we study the stochastic Lotka-Volterra competitive system (3)
with variable delays we would like to find out under what conditions the solutions
will be stochastically ultimately bounded. In the first instance, one may feel that
we will need some additional conditions on the matrices A and o . However, in
this paper we shall show that the simple hypothesis (H) on the noise is enough
to guarantee the stochastically ultimate boundedness of the solutions of the
stochastic Lotka-Volterra competitive system (3) with variable delay .

2 Positive and Global Solutions

Theorem 2.1. Under hypothesis (H), for any system parameters b € R™ and
A € R™", and any given initial data {z(t) : —7 < t < 0} € C([-7,0]; R}),
there is a unique solution z(t) to the system (3) on ¢ > —7 and the solution will
remain in R’} with probability 1, namely z(t) € R" for all £ > —7 almost surely.

Proof. Since the coefficients of the system are locally Lipschitz continuous, for
any given initial data {x(t) : —7 <t < 0} € C([—7,0]; R}) there is a unique
maximal local solution z(t) on ¢ € [—7, 7.), where 7, is the explosion time [10].
To show this solution is global, we need to show that 7. = oo a.s. Let kg > 0 be
sufficiently large for

1
— i < .
o < _min g ()] < _max ()] < ko

For each integer k > kg, define the stopping time
T, = inf{t € [0,7) : z;(t) ¢ (1/k, k) for some i=1,...,n}

where throughout this paper we set inf ) = co (as ussual (} denotes the empty
set). Clearly, 73 is increasing as k — 00. Set 7o, = limg_ oo Tk, Whence 7o, < 7¢
a.s. If we can show that 7. = 0o a.s., then 7. = o0 a.s. and z(t) € R’} a.s. for all
t > 0. In other words, to complete the proof all we need to show is that 7o, = co
a.s.. To show this statement, let us define a C*-function V : R} — R, by

n

Vie) =) (af —0lg(x)),

=1

where 0 < 0 < 1.
The nonnegativity of this function can be seen from

uw —0lgu>0 on wu>0.
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Let kK > kg and T > 0 be arbitrary. For 0 < ¢ < 7, AT, we can apply the It
formula to ftt_é(t) |z(s)|?ds + V (x(t)) to obtain that

af | [P Vo)
< [a®)? — a(t — 5(0))ldt + é{euﬁ-l(t) a7 ()t
x[(b; + ]z: a;ijxi(t —o(t)))dt + ]z: o5 (t)dw(t)]
+0.5(0(0 — 1)2?=2(t) + 0> Zawm‘] )2dt}
— {Ja(®[? — [(t - o \2+Ze

+Za”xj +0529+9971 Za”;cj )%}t

i=1
+§;Zle 1oz, (t)dw(t). (4)
Compute
i (=% (t) — 1)(b; + z: aijz;(t —6(t)))
gzn:ﬁbi(xi —1 +Zzn:025n92 2 (29(t) — 1)

+nlaf (= 6(t))]

= Zﬁbi(xf(t) -1+ zn:zn:o.%nGza?j(x?(t) —1)2

+Ha(t = 8(t))”

and
(S a0 < 3530 30 = ol
i=1 j=1

Moreover, by hypothesis (H),

Yo w (O oiait)? = Y ohat ().

i=1 j=1 i=1
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Substituting these into (4) yields
t
d / os)Pds + V a(t))
t—5(t)

))dt + Z Z O(x oz, (t)dw(t), (5)

=1 j=1

where

n
F(z) = (14 0.56|0%)|z> + > 6bi(a) — 1) +0.25n6°
i=1
n n n

x> Y ag(al —1)2 = 0560(1—0))  ofait’ (6)

i=1 j=1 i=1

It is straightforward to see that F'(x) is bounded, say by K, in R. We therefore
obtain that

d[/tta(t)| z(s)|2ds + V (z( <Kdt+ZZ€ Do (t)dw(t).

=1 j=1

Integrating both sides from 0 to 7, AT, and then taking expectations, yields
T NT 0
E{ |z(s)|*ds + V(x(me AT))} < / |z(s)|*ds + V (2(0)) + KE(re AT).
T ANT —8(T AT) —T
Consequently,
0
EV(a(ry AT)) < / j2(s)[2ds + V(2(0)) + KT. (7)
Note that for every w € {7, < T}, there is some ¢ such that z;(7,w) equals
either k or 1/k, and hence V(x(7,w)) is no less than either
k% — 01g(k)
or
k=0 —0lg(k™) = k7% 4+ 01g(k).

Consequently,
V(x(me,w)) = (K = 01g(k)) A (k=7 + 01g(k)).

It then follows from (7) that

[ 1a(@)Pds + V(@) + KT 2 Ellrer) @)V (ol )]

-7

> P{m, < TH(K® — 01g(k)) A (k=% + 01g(k))],
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where 1¢,, <7y is the indicator function of {7, < T'}. Letting k& — oo gives
limy— oo P{7r < T} = 0 and hence P{7,, < T} = 0. Since T > 0 is arbitrary, we
must have P{7o < o0} =0, so P{7o = o0} =1 as required.

Remark 1. Tt is well known that the system (1) and (2) may explode to infinity
at a finite time for some system parameters b € R™ and A € R"*". However, the
explosion will no longer happen as long as there is a noise. In other words, this
result reveals the important property that the environmental noise suppresses
the explosion for the time-varying delay system.

3 Stochastically Ultimate Boundedness

Now let us give the definition of stochastically ultimate boundedness.

Definition 3.1. System (3) is said to be stochastically ultimately bounded if for
any € € (0, 1), there is a positive constant v = y(¢) such that for any initial data
{z(t) : =7 <t < 0} € C([-7,0]; RY}), the solution z(t) of system (3) has the
property that

limsup P{[z(t)] <7} =21 —e. (8)
T—oo

Theorem 3.2. Under hypothesis (H), system (3) is stochastically ultimately
bounded.

To prove Theorem 3.2, we present a useful lemma from which the stochasti-
cally ultimate boundedness will follow directly.

Lemma 3.3. Let hypothesis (H) hold and § € (0,1). Then there is a positive
constant K = K (0), which is independent of the initial data {z(t) : —7 < ¢ <
0} € C([-7,0]; R%), such that the solution x(t) of system (3) has the property
that

limsup E|z(t)|’ < K. (9)

t—o0

Proof. Define
V(z) = Zx? for z e RY.
i=1

By the It6 formula, we have
dV(x(t)) = LV (x(t), x(t — 6(¢)))dt + (Z 0] (t) Z%’%‘ (t))dw(t), (10)

where LV : R X R} — R is defined by

LV(z,y) =Y 02 (bi + Y aijy;) — w > al(>oiwy)’
i=1 j=1

i=1 j=1
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Compute
LV (z,y) < Z 0b;xd + Z Z 9%%1‘?9 + gyjz) - olal Tt
i=1 i=1 j=1 i=1
n n
—Zbe + HQZZaQ 20— ot + |yl
i=1 j=1 i=1
=F($) = V(z) = €|z + |y, (11)
where
. n n n
F(z) =€|z|? +Z 0b; + 1)z + 49222afjx?9
i=1 i=1 j=1
(1 — 9 .
Z 2+9 (12)
Note that F'(x) is bounded in R}, namely
K, := sup F(z) < 0.
TERT
We therefore have
LV (z,y) < K1 = V(2) =€ |z[> + [y, (13)

Substituting this into (10) gives

a
AV (a(0) < (= V() = €Tl + fele = 5(0) )l
(3 00400) Dy (1))

Once again by the It6 formula we have

dle'V(@(t)] = e"(V (z(t))dt + dV(x(t)))
(K1 - 6T|x( )P+ |t = 8(1)*)dt

et(z 02 (t) Z oijr;(t))dw(t

(&
6

We hence derive that
¢
e BV (z(t)) <V (z(0)) + Ki(e! — 1) — E/ et x(s)2ds
0
t
+E/ e®lz(s — 6(s))|*ds
0

< V((0) + Ky (e — 1) E/O e+ |2(s)|2ds
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t
+FE eS|z (s)|?ds
—T
0
= V(x(0)) + K1(e" — 1) +/ lz(s)|?ds

-7

This implies immediately that

limsup EV (z(t)) < K.

t—o0

On the other hand, we have

|z|? < n max x?
1<i<n

SO

2] < nf/? max z? <nb2v ().
<i<n

We therefore finally have

limsup E|z(t)|? < n? K.

t—o0
and the assertion (9) follows by setting K = n?/?K.

The proof of Theorem 3.2.
Proof. By Lemma 3.3, there is K > 0 such that

limsup E(/|z(t)|) < K.

t—o0o

Now, for any € > 0, let v > K?2 /2. Then by Chebyshev’s inequality,

EVIEGIY

Plle(t)] > v} < ¥

Hence

K
limsup P{|z(t)| > v} < — <e.
{lz®)] >~} 7

t—oo
This implies

limsup P{|z(t)| <~} >1—e.
t—oo

as required.
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4 Moment Average in Time

The result in the previous section shows that the solutions of system (3) will
be stochastically ultimately bounded. That is, the solutions will be ultimately
bounded with large probability. The following result shows that the average in
time of the second moment of the solutions will be bounded.

Theorem 4.1. Under hypothesis (H), there is a positive constant K, which is
independent of the initial data {z(t) : —7 <t < 0} € C([-7,0]; R} ), such that
the solution x(t) of system (3) has the property that

1 T
lim sup —/ Elz(t)|?dt < K. (14)
T—o0 T 0

Proof. We use the same notations as in the proof of Theorem 3.2. Write (12) as
F(z) = Fi(z) = 2|z + V(2) + e7|z|” (15)

with

Fi(z) = 2|z> + Zebix? + 192 Z afjxfa ——5 olait
i=1 i=1 j=1 i=1

Clearly, Fi is bounded in R"', namely K = maxgepn Fi (z) < co. So
F(z) < K = 2|z + V(z) + e |z|% (16)
By (10), (11) and (16), we have
AV (x(t)) < (K = 2a(®)* + |o(t — 5(t))[*)dt

+(320a() Y oy () du(®) (a7)

By (17) and ¢'(t) <0, we have

t

d[  Je(s)Pds + V)]
t—46(t)
< (K~ [a()P)dt + (3 00 () Y oy () du(t) (18)

Using this estimation, integrating both sides of (18) from 0 to any T, and
then taking expectations, we obtain that

0< /O |l2(s)]2ds + V(2(0)) + KT — E/T |lz(¢)|?dt,
0

-7
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namely,

E/OT o (t)|2dt < /O l(s)[2ds + V(2(0)) + KT

—T

Dividing both sides by 7" and then letting T'— oo we get

1 (T
lim sup —/ Blz(t)|?dt < K.
T—oo T 0

as required.

5

Conclusion

In this paper we investigate that the environmental noise play a key role in sup-
pressing a potential population explosion on the stochastic delay-varying Lotka-
Volterra competitive systems with variable delay . And we show that although
the solution to the original delay systems may explode to infinity in a finite
time, with probability one that of the associated stochastic time-varying delay
systems do not.
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Abstract. This paper proposes a new neural network approach specifically
designed for solving two dimensional binary image recognition problems. The
proposed neural network is an extension of the Hausdorff ARTMAP introduced
by Thammano and Rungruang [1]. The objectives of this research are to
improve the accuracy and correct the drawbacks of the original network. The
performance of this proposed model has been compared with that of the original
Hausdorff ARTMAP. The experimental results on two benchmark databases,
the ORL and Yale face databases, show that the proposed network surpasses the
original Hausdorff ARTMAP in both performance and processing time.

1 Introduction

Person identification has received increasing attention in recent years. In general,
there are three ways to identify an individual: the person knows something (e.g., a
PIN, a password); the person possesses something (e.g., an ID card, a passport); or by
measuring something about the person’s body [2]. The later encompasses the
biometric identification. Among all of the biometric identification methods, face
recognition is the most natural, non-intrusive, and user-friendly biometric measure
because it requires no disturbance to the person being identified. While more intrusive
biometric recognition systems (e.g., palm, fingerprint) are presently more accurate,
face recognition still has a critical role in certain domains since the person being
identified may be at a distance from the sensor, the person does not have to be
compliant, and recognition can be performed continuously.

A variety of techniques have been applied to deal with the face recognition
problems. The reader should pay attention to Chellappa et al. [3] and the references
therein for a more complete survey of previous research works on face recognition. In
the early years, many researchers used the structure parameters of faces as the
features in the facial image recognition. Kelly [4] used various kinds of facial
features, including width of the head and distances between eyes, top of head to eyes,
between eyes and nose and the distance from eyes to mouth. During the past decade,
researchers have paid much attention to the statistical approaches -- such as
eigenfaces [5], KL transform [6], and SVD [7] -- and the neural network approaches
[8, 9]. Neural network is very suitable for face recognition systems. It has the ability
to automatically learn the rules from the given collection of representative examples,

D.S. Huang, X.-P. Zhang, G.-B. Huang (Eds.): ICIC 2005, Part II, LNCS 3645, pp. 248 -{256,|2005.
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instead of following a set of human-designed rules [10]. Moreover, it is well-known
that the neural network is more robust to noise than other methods. Thammano and
Rungruang [1] proposed the Hausdorff ARTMAP neural network, which employs the
concept of the Hausdorff distance to measure the likeness or similarity between the
incoming input pattern and the reference patterns of each subject. The results show
that the Hausdorff ARTMAP is very effective in dealing with the face recognition
problems. It outperforms many different techniques studied in the past. The research
described in this paper concerns a modification of the Hausdorff ARTMAP neural
network in order to further improve the accuracy and correct its drawbacks. The ORL
and Yale face databases are used in this study to evaluate the performance of the
proposed neural network.

Following this introduction, section 2 briefly describes the concept of the
Hausdorff distance. The original Hausdorff ARTMAP is introduced in section 3.
Section 4 presents the proposed model. In section 5, the experimental results are
demonstrated and discussed.

2 Hausdorff Distance

The Hausdorff distance, when used as a measure of similarity between two two-
dimensional binary patterns, has shown to agree closely with human performance
[11]. The Hausdorff distance measures the extent to which each point of an input
pattern lies near some point of a reference pattern. Given two finite sets A = {a,, a,,
..., a,} and B = {by, by, ..., by}, the Hausdorff distance between sets A and B is
defined as:

H(A,B)=max {h(A,B),h(B,A)}. (1)

where the function h(A, B) is called the directed Hausdorff distance from set A to set
B, which can be computed as follows:

h(A,B):Tgx{ﬂiE(||a—b||)}. )

where lla - bll is the Euclidean distance between point a and point b. The Hausdorff
distance exhibits many desirable properties for pattern recognition. However, some
modifications of the directed Hausdorff distance are made in this study in order to
increase the noise immunity of the measurement.

2.h(a,B)

h(A,B):aeAT . &)

where |Al is the number of points in set A. h(a, B) is the pointwise Hausdorff distance
for point a. The pointwise Hausdorff distance is computed as follows:

h(a,B)zllliQ("a—b"). @
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3 Hausdorff ARTMAP

The architecture of the Hausdorff ARTMAP is a three-layer neural network as shown
in Figure 1. The first layer is the input layer, which consists of XxY nodes. Each node
represents a pixel in the input pattern. The second layer is the cluster layer. The nodes
in this second layer are constructed during the training phase. The third layer is the
output layer. Each node in the output layer represents a class that the Hausdorff
ARTMAP has to learn to recognize. During the supervised learning, the binary input
pattern I™ is presented to the model, together with its respective target output vector.
The input pattern is denoted by

I, ={1,0} :x=12,..,Xy=12..Y. (5)

where m is the m™ input pattern. X and Y are the dimensions of the input pattern.

Target Output Vector

Output layer (k)

Cluster layer (j)

N\
@ @ ceece @ Input layer (i)
*_ % vl

YI Input pattern (I")

X

Fig. 1. Architecture of the Hausdorff ARTMAP

Each node in the cluster layer is fully connected to the nodes in the input layer via
the connections w'. The weight w', which has the same dimension as the input pattern,
represents the reference pattern of the j™ node in the cluster layer. Once the input
pattern is transmitted to the cluster layer, the choice function of each j™ node in the
cluster layer is evaluated as follows:
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Tj(Im)ZH(Im,Wj) . (6)

where H(I", w') is the Hausdorff distance between the input pattern I" and the
reference pattern of the j" node (w'). ~ The system then makes a cluster choice by
selecting the winning node J with minimum choice function value, among all the
nodes j in the cluster layer. The cluster choice is indexed by J, where

T,A")=min{T,I")} :j=1,2,...,N. 7

where N is the number of nodes in the cluster layer. In case of a tie, the node with the
smallest index is chosen. Next, the vigilance criterion is evaluated to check whether
the degree of mismatch between the input pattern and the reference pattern of the
chosen cluster is within an acceptable level.

T,dM <p. ®)

where p is the vigilance parameter, which has the value between 0 and the length of
the diagonal line. Resonance will occur if the chosen cluster meets the above
criterion. However, if the condition in (8) is not satisfied, a new cluster node J is
recruited to code the input pattern. The weight of this new node is initialized to be
equal to the input pattern and this new node will automatically satisfy (8).

wl=I". 9)

Next, the system associates the winning node J in the cluster layer with the target
output vector. If the winning node J does not belong to the correct class defined by the
target output vector, a new cluster node J is recruited and its weight is initialized
using equation (9). Then the connection between a new cluster node and the target
output is created. However, if the winning node represents the class to which I™
belongs, the weight vector w' is then updated according to

S S
bi,y = Z ZIT+u,y+v . (10)
S v=-§

u=-—

jnew Wi,ot,j, if bi,y >0
“* o, otherwise (11)
where S is a positive integer value; it tells the model how many pixels surrounding the
current x, y position should be considered during the weight adjustment.

During testing, each test pattern is applied in turn and its class is predicted. The
class whose cluster node returns the minimum output value is the result of the
prediction.

Results of the experiment conducted by Thammano and Rungruang [1] show that
the Hausdorff ARTMAP is very effective in dealing with the face recognition
problems. It outperforms many different techniques studied in the past. However, the
Hausdorff ARTMAP suffers from the following problems. First, the performance of
the Hausdorff ARTMAP depends directly on the order in which the training images
are examined. Second, the time used for recognizing the subject is long due to its
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large reference pattern size. The above drawbacks motivate the development of the
proposed model presented in the next section.

4 Modified Hausdorff ARTMAP

The architecture of the modified Hausdorff ARTMAP is exactly the same as the
Hausdorff ARTMAP. The modifications are done to the training algorithm. The
details of the training algorithm are presented as follows:

1. The closest similarity between the input pattern m and other input patterns within
the same output class K is located.

C

Im = Vn,nﬂ‘?wm{‘?l‘?[l{(ln’wm)]} ' (12)
where 1" represents the input pattern n which belongs to the same class as the
input pattern m. w™ is the small area on the input pattern m; it is used to represent
the whole I"™ image. ¢ is the number of locations on the input pattern n, which w™
is compared to.

Next, d, is compared to the similarity threshold (Psimitar): Psimilar 1S @
predetermined value between O and the length of the diagonal line. If d,, is less
than or equal to Pgmi.r, the process will continue to the next step. However, if d,,
exceeds Pgimilars W' size will be increased by predefined pixels and this step will
be repeated.

2. After w" is identified, its similarities with other input patterns outside the output
class K are determined. The minimum of the above similarities is compared to
the dissimilarity threshold (pgissimitar) based on equation 14.

c
do, = mi in[HP,w™)]|.
Om VSEEK{??[( W )]} (13)
dOm > pdissimilar . (14)

where IP represents the input pattern p which does not belong to the same class as
the input pattern m. Pgissimilar 1 @ predetermined value between O and the length of
the diagonal line. However, it must be greater than or equal to Pgimil- If the
condition in (14) is satisfied, the process will continue to the next step. If not, w™
size will be increased by predefined pixels and then go back to step 1.

3. This third step determines the capability of w" in representing the input patterns
within the same output class.

N, ifd,, <Pyni
Rim = {o, otherwise (15)

d,. =rgfi111[H(I“,wm)]- (16)
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wherem=1,2,3,...,eandn=1, 2,3, ..., e. e is the number of input patterns in
class K. “Rp,, = 1”7 means that w™ is capable of representing the input pattern n.
On the contrary, “R,,, = 0” means that w" is incapable of representing the input
pattern n.

4. In this step, the nodes in the cluster layer are created and a select group of w™ is
used to be their reference weights. w" which is capable of representing the
maximum number of input patterns in the class is the first to be chosen. The next
most capable w" are subsequently picked until all input patterns in the class are
represented. In case of a tie, the averages of the similarities between each w™ in
question and the rest of the input patterns in the same class are calculated; the one
with the smallest average is selected.

5 Experimental Results

To test the performance of the modified Hausdorff ARTMAP for face recognition, the
experiments have been conducted on 2 databases: the ORL face database [12][13] and
the Yale face database [14][15]. The results of the experiments are then compared to
those of the original Hausdorff ARTMAP. In order to be comparable, the
preprocessing step of this study replicates that of Thammano and Rungruang’s study.
First, the gray-level edge image E(x, y) is obtained by applying morphological
operations [16] on the original face image f(x, y). Then, the gray-level edge image is
converted to a binary edge image using the adaptive threshold method.

E(x,y)

" oy an

The values of the function n(x, y) are then sorted in descending order, and the
threshold is set so that 30% of the points with the largest magnitudes in n(x, y) are
selected.

For the ORL database, there are 10 different images of each of 40 distinct subjects;
therefore, the total of 400 different face images are used in this experiment. The
images of each subject were taken at different times with different lighting, facial
expressions (open/closed eyes, smiling/non-smiling), and facial details (glasses/no-
glasses) as shown in Figure 2(a). Four images of each subject are randomly chosen for
training and the remaining six images are used for testing. Previously, Lin et al. [17]
carried out a comparison study of many different techniques — the principal
component analysis (PCA), the conventional Hausdorff distance (HD), the doubly
modified Hausdorff distance (M2HD), the spatially weighted Hausdorff distance
(SWHD), the spatially weighted doubly Hausdorff distance (SW2HD), the spatially
eigen-weighted Hausdorff distance (SEWHD), and the spatially eigen-weighted
doubly Hausdorff distance (SEW2HD) — on this ORL face database. The reported
recognition rates varied from 46 — 91%. The best recognition rate (91%) was achieved
from the SEW2HD. Table 1 shows the recognition results of both the Hausdorff
ARTMAP and the modified Hausdorff ARTMAP on the ORL database. The best

performance of the Hausdorff ARTMAP is obtained when the vigilance parameter (p)



254 A. Thammano and S. Ruensuk




Human Face Recognition Using Modified Hausdorff ARTMAP 255

(b)

Fig. 2. Examples of the original face images and the binary edge images of the ORL (a) and
Yale (b) face databases

is set at 0.8 and S is 2. However, the performance of the model might be lower if the
sequence of the training images is changed. For the modified Hausdorff ARTMAP,
the best recognition rate of 95.83% is achieved when Pgjmijar a0d Pyissimitar are 0.35 and
0.9 respectively.

The Yale database (Figure 2(b)) contains 165 different face images of 15 distinct
subjects. There are 11 images per subject, one per different facial expression or
configuration: center-light, w/glasses, happy, left-light, w/no glasses, normal, right-
light, sad, sleepy, surprised, and wink. In this experiment, randomly picked 90 images
(6 images per subject) are included in the training set. The remaining 75 images (5
images per subject) are included in the testing set. The recognition results of the
Hausdorff ARTMAP vary from 89.33 — 96.00% depending on the order in which the
training images are examined. On the other hand, the recognition results of the
modified Hausdorff ARTMAP are always 96.00%, whatever the order of the training
images is.

Table 1. Experimental results on ORL database

Number of Size of % Correct
Cluster Nodes Reference
Patterns
Hausdorff ARTMAP 152-153 100x100 94.58-95.42
Modified Hausdorff ARTMAP 159 85%85, 59%x59 95.83
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Table 2. Experimental results on Yale database
Number of Size of % Correct
Cluster Nodes Reference
Patterns

Hausdorff ARTMAP 83-88 100x100 89.33-96

Modified Hausdorff ARTMAP 63 93%93, 61x61 96
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Abstract. For solving the dynamic condition problem of vendor selection, the
analytic hierarchy process method is modified to a dynamic approach in the pe-
riod of analytic cycle. The balanced scorecard is used to define the 4 major
frameworks of supplier selection including customers, financial, internal busi-
ness processes, and innovation and learning. The 16 attributes are extended
from major frameworks. The main character of proposed method is the scores
of attributes and alternatives from the estimation of commander’s trade-off can
be changed in time axis under the changeable and conjecturable business envi-
ronments. In case study, the advantage and limit of the model are illustrated.

1 Introduction

The vendor selection problems are proposed in many literatures [1],[2],[3],[4]. In one
of the famous literatures, Dickson (1966) issued 23 criteria for measuring the most
suitable supplier [1]. In some recently papers, the analytic structures of vendor selec-
tion including methodologies, criteria and weights are studied [4]-[11]. But few litera-
tures propose how decision maker measure the analytic structure in different time
sections. In the trend of global supply chain management, enterprises try to select a
suitable vendor and cooperate over a long period of time. The attributes and weights
may change in time axis under the changeable business environments. Traditional
multiple attributes decision making methods are hard to solve the long-term perform-
ance measurement problems. Thus, this paper proposed a dynamic decision approach
for long-term vendor selection problem. Section 2 describes the proposed model in-
cluding notations, problem statement, the advantages of integrating analytic hierarchy
process (AHP) and balanced scorecard (BSC), hypotheses, proposed dynamic
method, and attributes. A case study is used to illustrate the calculating steps and the
advantage and limit of the model in section 3. Finally, conclusion and future work are
in section 4.

2 Proposed Model

Before describing the model, the following notations are defined:
A

; possible alternatives (non-dominated solutions) which decision makers have

to choose, j=1, 2, ..., m

D.S. Huang, X.-P. Zhang, G.-B. Huang (Eds.): ICIC 2005, Part II, LNCS 3645, pp. 257— 2005.
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Xiji the estimative scores of ith and jth pare-wise comparison of kth time, k=1, 2,
.. p

k analytic time sections

n number of criteria

m number of possible alternatives

p number of analytic time sections.

2.1 Problem Statement

This paper proposes an approach to solve two problems as the following:

1. why we integrate AHP and BSC?
2. how we build the dynamic model for integrating AHP and BSC?

2.2 Why We Integrate AHP and BSC

AHP method is developed by Prof. Saaty and based on three important components
1.) the hierarchy articulation of the elements of the decision problem, 2) the identifi-
cation of the priority, 3) checking the logic consistency of the priority [12].

The procedure is articulated in different steps. The first step consists of the defini-
tion of the problem and of the identification of the criteria in a hierarchy of some
levels as goal, criteria, sub-criteria, indicators, indices, and alternatives. After defining
the hierarchy articulation of the elements, the second step consists of assessing the
value of the weights related to each criterion through the pair-wise comparison be-
tween the elements. The scale for the assignment of priority values can be shown by
Figure 1 [12]. By this method, different criteria, sub-criteria, indicators, indices, and
alternatives in the same level can be weighted with a homogeneous measurement
scale. Finally, this method is able to check the consistency of the matrix through the
calculation of the eigenvalue. The limitation of consistency of the pair-wise compari-
son matrix tolerates inaccuracy from decision maker (DM).

1 2 3 4 5 6 7 8 9

1=Equal, 3=Moderate, 5=Strong, 7=Very Strong
9=Extreme, and 2, 4, 6, 8 are the intermediate values
between the two adjacent judgments.

Fig. 1. The scale of AHP [12]

Actually, the characters of AHP are simplicity, ease of use, flexibility and its abil-
ity to handle complex and ill-structured problems. Three features of the AHP differen-
tiate it from other decision making approaches [13],[14]:

1. its ability to handle both tangible and intangible attributes;

2.  its ability to structure the problems, in a hierarchical manner, to gain insights
into the decision-making process;

3. its ability to monitor the consistency with which a decision maker makes a
judgment.
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Fig. 2. The hierarchy base on AHP and BSC

Many researchers have concluded that AHP is a useful, practical and systematic
method for vendor rating and has been applied successfully [15]-[20].

But one of the AHP’s limits is DM should structure the complete hierarchy which
reflect all frameworks of goal. In some cases, DM uses the incomplete hierarchy, and
make unfitting conclusion. For completely estimating the performance of enterprises,
balanced scorecard (BSC) is useful and suggested by Kaplan and Norton [21]. The
BSC promotes the balanced pursuit of objectives in four key areas: customers, finan-
cial, internal business processes (IBP), and innovation and learning (IL). The bal-
anced scorecard provides summary-level data emphasizing the most critical to the
company in each of the four areas [22], [23].

Clinton, Webber, and Hassell (2002) proposed a hierarchy include: customers (reve-
nue, market share, and quality function deployment score), financial (cash value-added,
residual income, and cash flow), Return on investment (number of good units produced,
minimizing variable costs per unit, and number of on-time deliveries), and IL (market
share, number of new products, and revenue from products and services) [24]. In this
hierarchy, the attribute “market share” is included in both customers and IL.

Besides, Searcy (2004) also suggests integrating the AHP and BSC for estimating
the performance of enterprises and uses quality, safety, financial, customer, operating,
and employee to structure the analytic frameworks [25].

Thus, we issue the hierarchy based on 4 major frameworks of BSC. The diagram
can be shown as Figure 2.

2.3 Proposed Dynamic Method
Before illustrate the proposed methodology, we assume:
1. Adjacent X and Xijk+1) ar€ linear and continuous,

2. p=3,
3. DM can evaluate the value of attributes in analytic period.
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Fig. 3. The diagram of proposed dynamic approach

Table 1. The relations of 4 major frameworks and attributes in vendor selection problem
hierarchy

Major frameworks  Attributes

Customers Number of customers’ complaint (NCC)
Response speed to customers (RSC)
Market share (MS)
Products average price (PAP)
Financial Cash value-added (CVA)

Residual income (RI)
Return on investment (ROI)
Revenue
IBP Number of good units produced (NGUP)
Minimizing variable costs per unit (MVCPU)
Number of on-time deliveries (NOTD)
Electronic business capability (EBC)
IL Number of new products (NNP)
Revenue from maintenance (RM)
Number of patent (NP)
Employees’ training hours (ETH)

As the Figure 3, we use AHP for each k=1 to p and integrate the analytic period
(k=1 to p) to a synthetic index.
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2.4 Attributes

For describing the 4 major frameworks as the figure 2 in vendor selection problem,
the attributes can be shown as the Table 1.

3 Case Study

We use company A for illustrating the proposed model as the following 6 steps:

Step 1: For k=1 to p, estimating the scores of attributes’ pare-wise comparison in
hierarchy. For vendor selection problem, the project of company A has 16 members,
12 are the managers or the key man in relational departments and others are the exter-
nal consultants. The setting parameters are p=3, n=16, and m=3. The project uses
Delphi method to unify the commands of the members. The results of expert judg-
ments can be shown as Table 2.

Table 2. The attributes’ pare-wise comparison matrix at k=1, 2, 3

X;ix (Goal) Customers  Financial IBP IL
Customers (1,1,1) (5,5,5) (5,5.,5) (3,2,1)
Financial - (1,1,1) (1/2,1,1) (2,1,1/4)
IBP - - (1,1,1) 2,1, 1/4)
IL - - - (1,1,1)
X (Customers) NCC RSC MS PAP
NCC (1,1,1) (1,2,3) (1/2,1/2,1/3)  (1/7, 1/7, 1/3)
RSC - (1,1,1) (1,1, 1/3) (1/6,1/7, 1/3)
MS - - (1,1,1) (1/5,1/5,1)
PAP - - - (1,1,1)
x; (Financial) CVA RI ROI Revenue
CVA (1,1,1) (2,2,2) (1,1/3,2) (1,1/2,2)
RI - (1,1,1) (173, 1/3,1/3) (1,1,1)
ROI - - (1,1,1) (2,1,1)
Revenue - - - (1,1,1)
X (IBP) NGUP MVCPU NOTD EBC
NGUP (1,1,1) (2,1,2) 2,2,2) (1/3, 1/3,1/3)
MVCPU - (1,1,1) (1,1,1) (1/5,1/4,1/4)
NOTD - - (1,1,1) (1/4,1/5,1/5)
EBC - - - (1,1,1)
X (IL) NNP RM NP ETH
NNP (1,1,1) (2,2,2) 3,3,3) 2,2,2)
RM - (1,1,1) (2,2,2) (1,1,1)
NP - - (1,1,1) (1,1,1)
ETH - - - (1,1,1)
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Step 2: For k=1 to p, estimating the scores of alternatives’ pare-wise comparison
in hierarchy. In case study, 3 companies are made pare-wise comparison based on
expert judgments. The scores can be shown as Table3.

Table 3. The scores of alternatives’ pare-wise comparison matrix at k=1, 2, 3

A Ay As
NCC (0.443,0.443,0.200)  (0.169,0.169,0.400)  (0.388,0.388,0.400)
RSC (0.413,0.413,0.333)  (0.327,0.327,0.333)  (0.260,0.260,0.333)
MS (0.540,0.540,0.540)  (0.297,0.297,0.297)  (0.163,0.163,0.163)
PAP (0.250,0.163,0.210)  (0.250,0.297,0.240)  (0.500,0.540,0.550)
CVA (0.327,0.327,0.327)  (0.260,0.260,0.260)  (0.413,0.413,0.413)
RI (0.550,0.550,0.550)  (0.210,0.210,0.255)  (0.240,0.240,0.255)
ROI (0.413,0.311,0.250)  (0.327,0.493,0.500)  (0.260,0.196,0.250)
Revenue (0.400,0.297,0.290)  (0.400,0.540,0.540)  (0.200,0.163,0.163)
NGUP (0.443,0.443,0.443)  (0.169,0.169,0.169)  (0.388,0.388,0.388)
MVCPU (0.413,0.413,0.413) (0.327,0.327,0.327)  (0.260,0.260,0.260)
NOTD (0.388,0.388,0.388)  (0.443,0.443,0.443)  (0.169,0.169,0.169)
EBC (0.443,0.443,0.493)  (0.387,0.387,0.311)  (0.169,0.169,0.196)
NNP (0.413,0.210,0.250)  (0.327,0.550,0.500)  (0.260,0.240,0.250)
RM (0.327,0.327,0.327)  (0.413,0.413,0.413)  (0.260,0.260,0.260)
NP (0.387,0.387,0.387)  (0.443,0.443,0.443)  (0.169,0.169,0.169)
ETH (0.142,0.142,0.142)  (0.429,0.429,0.429)  (0.429,0.429,0.429)

Step 3: For k=1 to p, analyzing consistency. For determining consistency, the pro-
ject team use Saaty’s consistency ratio (CR). If the CR is less than 0.10, the pair-wise
comparisons are supposed consistent within acceptable random variations. The calcu-
lating formula is as the following [12]:

R_g_ /?'max_m
RI RI-(m-1)"

which

2QQ
I

j'max
m

consistency ratio,
consistency index,
random index,
principal eigenvalue,
the number of possible alternatives.

The consistency of Table 2 can be shown by Table 4, and each CR < 0.1.

Table 4. The analytic hierarchy consistency

CR Goal Customers  Financial IBP IL

k=1 0.09 0.02 0.03 0.01 0.02
k=2 0.04 0.06 0.09 0.02 0.02
k=3 0.00 0.06 0.06 0.01 0.02

ey
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Step 4: For k=1 to p, calculating average score. The individual synthetic scores
(ISS) at k=1, 2, 3 can be calculated by product of alternatives and attributes scores.
The calculating formula of comprehensive performance index (CPI) can be shown as
the following:

3 IsS,

CP] =*=L , )
P
which
CPI = comprehensive performance index,
ISS, = individual synthetic scores at k,
p = number of analytic time sections.

If the adjacent synthetic scores are linear and continuous, the total comprehensive
performance index can be got by averaging individual synthetic scores at k=1, 2, 3,
and the result can be shown in Table 5.

Table 5. The synthetic scores and the total comprehensive performance indices

A A, Aj Sum
1SS, 0.359 0.296 0.345 1
1SS, 0.305 0.346 0.349 1
ISS; 0.319 0.369 0.312 1
> 1SS, 0.983 1.011 1.006 3
k=1
CPI 0.328 0.337 0.335 1

Step 5 : Ranking. From Table 5, A, is better choice than A; and A; in the analytic
period.

In case study, A, is the most suitable vendor at k=1 for company A. But A, is the
best choice in the long-term period. Traditional AHP makes the decision at the same
time section. If DM may change the scores of attributes and alternatives in the long-
term period, the proposed method is better than traditional AHP. The case study
shows an example for the main contribution of proposed method.

4 Conclusion and Future Work

This paper proposes a dynamic approach based on AHP and BSC for vendor selection
problems. The analytic hierarchy is structure by the 4 major frameworks including
customers, financial, internal business processes, and innovation and learning. The
main contribution is extend AHP for the changeable scores of pare-wise comparison
in long-term decision making problem. Decision maker can estimate the changeable
scores in analytic period. The hypotheses are 1.) adjacent scores are linear and con-
tinuous, 2.) p[13, 3.) decision maker can evaluate the value of attributes in analytic
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period. The proposed method is useful in global supply chain management because of
the swift changed business environment. In future work, we will try to extend pro-
posed method in fuzzy environment.
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Abstract. In this paper, we demonstrate an example of using artificial intelli-
gent in solving problems with complex and uncertain features in communica-
tion networks. The concept of Fuzzy Expert System is used in the design of an
Active Queue Management (AQM) algorithm. Expert System and Fuzzy Logic
are commonly used methods in solving various kinds of uncertain problems.
Network congestion control is a problem with large scale and complexity,
where no accurate and reliable model has been proposed so far. We believe
Fuzzy Expert System methods have the potential to be applied to congestion
control and solve those problems with uncertainties. This research demonstrates
the possibility of using Fuzzy Expert System in the network congestion control.
In this paper, a fuzzy-expert-system-based structure is proposed for network
congestion control and a novel AQM algorithm is introduced. Simulation ex-
periments are designed to show that the fuzzy-expert-system-based AQM algo-
rithm exhibits a better performance than conventional approaches.

1 Introduction

Heterogeneous protocols and complex topologies of communication networks bring
huge difficulties to build any accurate abstract model within practical acceptable
complexity. Thus it is not easy to design congestion control solutions using conven-
tional approaches like “tidy” mathematical reasoning. Although there has been re-
cently some contributions in the literature that use control theory to design congestion
control solutions in communication networks, those solutions either rely too much on
the “critical network environment” that applies unrealistic assumptions or are too
complex to be widely deployed in practice. It is believed that conventional system
analysis approaches based on mathematical model description and reasoning are inef-
ficient in dealing with those complex system control problems with the following
features: 1) systems with large uncertainty or interference; 2) highly non-linear sys-
tems; 3) complex task control like control of autonomous machines. We believe that
the Internet are highly nonlinear systems with large uncertainty, and the conventional
control approaches relying on accurate mathematical models are not the best solution.

D.S. Huang, X.-P. Zhang, G.-B. Huang (Eds.): ICIC 2005, Part II, LNCS 3645, pp. 266 2005.
© Springer-Verlag Berlin Heidelberg 2005
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Therefore, in the paper, we apply intelligent control in the design process of a net-
work congestion controller in order to gain better performance. We concentrate our
research in proposing a structure for an Expert Congestion Control structure and ap-
ply this structure in queue management. It is shown through simulation experiments
that the network performance receives a significant enhancement after applying the
Fuzzy Expert Congestion Control structure.

This paper is organized as follows. In section 2, work related to our research is
presented. In section 3, a structure for Expert Congestion Controller System is pro-
posed. Following, Section 4 constructs a novel AQM algorithm based on the struc-
ture. Simulation experiments are designed in Section 5 to prove that the new algo-
rithm does introduce a significant performance improvement. Finally, some conclu-
sions and acknowledgements are given in Section 7 and Section 8.

2 Related Work

Extensive research has been done on Random Early Detection (RED) since it was
introduced by Floyd and Jacobson [3]. There are many arguments on whether RED
can improve end-to-end performance. The Internet Engineering Task Force (IETF)
recommended its deployment [8], while some researchers showed evidence of oppos-
ing its use [4, 13]. Many research papers using mathematical modelling [11, 20, 21]
and simulation experiments [19] to evaluate the performance of RED are found in the
literature. Other papers treat essentially design guidelines of AQM algorithms [15,
16]. Several RED variations are found in the literature: FRED [17], SRED [12],
BRED [18], and ARED [1] are among those that received most attention. FRED,
SRED and BRED use per flow queuing algorithms. REM [15, 16, 19] is a new pro-
posed AQM algorithm that received increase attention by the research community.
REM uses a (mathematical) duality model to simulate the network congestion control
process. REM has two drawbacks that make it hardly fit in current network environ-
ments: 1) REM needs to revise the source algorithm when deployed; and 2) REM
cannot work along current AQM algorithms such as RED. Model abstraction for
communication networks has attracted great interest among the research community
[14]. Classic control theory is also used for network modelling [4], [11]. The network
congestion control process is converted into a close loop system. This model works
well in single switch node system, but not in large-scale networks as there are more
model parameters affecting end-to-end performance.

To the best of our knowledge, this research is the first attempt to combine to-
gether Expert intelligent control and network congestion management. Moreover, the
terms “Intelligent Congestion Controller” and “Expert Congestion Controller” are
used here for the first time. Although works on the application of intelligent control to
communication networks is found in e.g. [5, 6], they are more alike pure adaptive
algorithms which do not prove the use of knowledge structure supporting machine
intelligence. Current Al research in the communication networks mostly focuses on
human interaction and the application layer. Although not quite active, there is some
research on applying Al in the field of Transmission subnet management. Reference
[2] presents an Intelligent Agent Architecture and a Distributed Artificial Intelligent
based approach for Network Management (NM) where a NM system based on intelli-
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gent agents, claimed to be more elastic than conventional centralized approaches, is
proposed. Applying fuzzy logic in the congestion control process is also an area that
researchers are looking at. References [10, 23] apply fuzzy logic in the Available Bit
rate (ABR) congestion control in ATM networks. Reference [22] uses fuzzy logic for
the design of an AQM algorithm and proposes Fuzzy RED.

3 Expert Congestion Control System Design

In this section, expert controllers that are originally developed in the field of automa-
tion control are extended to be suitable for running in communication network envi-
ronments in order to control congestion. The structure and data flow of Expert Con-
gestion Control system is introduced as follows.

How to organize the information and knowledge for the Expert Congestion Con-
trol System highly depends on its efficiency. A structure is proposed to meet the fea-
tures of communication network congestion controller. The hierarchical structure
model that follows the principle of Increasing Precision with Decreasing Intelligence
(IPD]J) is depicted in Figure 1.

The observation level can be viewed as independent from the congestion control-
ler and acts as the system identifier in the control system. It traces dynamics of those
observable variables of the control objects and passes system dynamic information in
the form of a state cognitive vector to the organization level. It also passes system
state information to Execution level as to generate control signals. Organization and
Coordination levels which contain high level intelligence are intend to perform such
operations as planning and high-level decision making. The Organization level is
based on the Expert System forming the fundamental of machine intelligence. Based
on the knowledge that it contents, the expert system makes decisions of the system
patterns’ probable of the network system thus achieves the control target set by the
upper level which can be a human or other intelligent machine. It transmits the deci-
sion result in the form of a State Pattern Vector to the lower level as to indicate the
state of the network system that is currently tracing. The Coordination level is an
intermediate structure serving as an interface between the Organization and Execution
level. Its intelligence relates to its ability to how to advise the low layer a control
pattern in its best possible way under certain state patterns given by the upper level. A
vector, called the Control Pattern Vector, is defined as the message passing mecha-
nism from the Coordination level to the Execution level. The Control Pattern Vector
can be viewed as the result of qualitative analysis. The Organization and Coordination
levels obtain information from the network and make qualitative decisions to advise
which control mode (or pattern) is most efficient. Moreover, the Coordination level is
also responsible to supervise the Observer and direct distributed controls in network
system. The Execution level belongs to quantitative analysis where it needs to gener-
ate precision control signals. The control elements generate control signals for the
network system when activated by the Control Pattern Vector. Control elements can
be built up by either the control pattern or control mode and serve as basic control
units in the Expert Congestion Control system for congestion control. Details of con-
gestion elements when they are set up in real situations are given in the following
section.
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Fig. 1. Hierarchical Structure of Expert Congestion Controller

Altogether, three types of transcendental knowledge are included respectively in
the Organization level, Coordination level, and Execution level in Expert Congestion
Controller. The knowledge contained in the Organization level offers the ability to
realize the system state. The Coordination level includes the knowledge that directs
the control missions to correct units. The knowledge in the Execution level decides
the most suitable control signal. Roughly, the expert congestion control system is
understood as follows: a) the Organization level decides what the system is; b) the
Coordination level decides where to control; ¢) the Execution level decides how to
control the system. Therefore, the expert congestion controller works in the way more
like what a human does.

4 An Example of Fuzzy-Expert-System-Based AQM Algorithm

In the following, a simple AQM algorithm based on FIFO that runs on TCP/IP net-
works is proposed. First, the Internet dynamic is studied. Then, the generation process
of the new AQM algorithm, Fuzzy Marking (FM), is introduced.

4.1 Queue Dynamic in the Internet

TCP is the most widely used congestion control mechanism in the Internet. For the
TCP/IP Protocol Suite, there exists an Explicit Congestion Notification (ECN) [8]
mechanism that allows the switch-nodes to notify TCP sources of the congestion
states, and thus control the packet sending probability of TCP sources by the probabil-
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istically marking of the ECN bit in the Type of Service (ToS) field of the IP header.
The TCP sources slow down the transmission rate when an ECN marked acknowl-
edgement packet is received. For TCP sources, the sending rate can be measured by
the following formula [7]:

MSS |
Rit\[p M

where MSS is the segment size being used by the connection, Rtt is the Round Trip
Time, and p is the marking probability that the TCP source receives. Marking prob-
ability normally stands for the combination rate of ECN-bit marking probability and
packet loss ratio. If the packet loss is negligible, then p equals to the ECN marking
probability. It is worth pointing out that as long as only the control problem is being
considered, it is reasonable to assume that no packet loss occurs in the network sys-
tem. The packet loss problem is dealt with by other mechanisms. Suppose N TCP
connections with the same Rtt access the switch-node k, and the egress bandwidth of
the switch-node is BW. The queuing at the switch-node is considered as the M/M/1
queuing system, while following the Queuing Theory, the queue length of the switch-
node k is

Rate=0.93*

1 " BW—N-rate
Using Equation (1) and (2),
dqueue, <0 3

dp

4.2 The Fuzzy Expert Congestion Control Structure in Practise

It is common knowledge with regard to packets queuing in networks that a high queue
occupancy brings more queuing delay and a low number of packets in queues harms
efficiency. Queue length at gateway is important to network performance. An ideal
queue length can in one hand maintains good link efficiency, and on the other hand
keeps a reasonable queuing at switch-nodes. Based on this analysis, the queue length
at switch node is selected as the System Observation Vector and a low pass filter and
a mechanism of deciding ideal queue length are executed in the Observation level.
Then, the System Cognitive Vector is set as the offset between average queue length
and the ideal queue length. Fuzzy logic is used in the Organization level where five
tag patterns (or in terms of lingistical value), w;, w,, w;, w,, and ws, are defined. w;
stands for severely less-queued, w, stands for slightly less-queued, w; stands for ideal
queued, wy stands for slightly over-queued, and ws stand for severely over-queued.
The membership function M is plotted in Figure 2. In this controller, there is only a
single controllable element, so the Coordination level does nothing but directly passes
the state pattern vector as the control pattern vector and sends it to the output queue of
the gateway.
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Fig. 2. Membership Function for Fuzzy Expert System

Then, the definition of the Execution level is discussed. Variable d represents
for the offset between existing queue length and ideal queue length. From equation
3,

dqueue, __B.,dp

dt 2 dt
where B is a positive coefficient. In the switch-nodes, the discrete additive mechanism
is used in tuning marking probability. Four step length hy;, hys, hps, hpy are defined as
“negative large”, “negative small”, “positive small”, and “positive large” real num-
bers, respectively. Therefore, a policy set with capacity of 5 is defined as follows:

PP =pOthys, pD=pDthys, p™P=p®, p**D=p®thpg, pV=p®shp, ]

The control output process is defined as Centre-average defuzzification. Therefore,
the controller output can be given as

P(Hl) :pu) +hNL 'Mw, +h1vs 'sz +hPS 'Mm +hPL M

Wws

Thereby, we accomplish the design process of the congestion controller as depicted in
Figure 1.

S Simulation Analysis

Simulation experiments are designed in this section to prove that significant perform-
ance improvement is possible even under conventional mechanisms when an fuzzy
expert congestion control system is used. Following, FM, RED, and REM are com-
pared through simulation experiments with TCP Reno in terms of queue length at
routers. We also compare the end-to-end performance of passing through an FM ca-
pable gateway against RED and REM capable switch-nodes. This is to prove that the
performance in terms of queue length at switch-nodes can indeed be improved by
using fuzzy expert system in queue managements. In this experiment, we trace the
queue length at congested gateway for TCP connections accessing it. The bottleneck
gateway is set to different congestion states to prove that FM can be successful in
improving end-to-end performance by keeping a stable queue length.

5.1 Simulator Settings

The simulation study is based on the network simulator ns-2 [9]. Simulation is per-
formed on the network where an interactive communication shares a bottleneck link



272 J. Wu and K. Djemame

with cross traffics (Figure 3). The bottleneck link is set to 15Mb with 10ms propaga-
tion delay. Other links are all set to 20Mb bandwidth with 10ms propagation delay. In
this experiment, cross traffic is simulated using an N sources configuration consisting
of N identical TCP sources and sinks. All sources and sinks are connected to a router
with N TCP connections passing through the bottleneck link. All cross traffic sources
are supplied by FTP applications. The TCP default packet size is 1KB. The buffer
capacity at the router is 100 packets. Packets are served in First In First Out (FIFO)
order and are marked with the ECN bit using the probability of the AQM algorithm
(RED, REM or AOM).

s, Ens, FibL 1iams, 20 %i.ﬁl;p/
S, EShily PR
: ; E» <" Sindos

Bewrroes ™,
Bottierseok Resster

| SR

T

Fig. 3. Network Topology

Two simulation scenarios are used in this experiment, namely simulation 1 and
Simulation 2.

Simulation 1

Our first experiment studies the impact of various propagation delays under a number
of TCP connections. In this experiment, RED parameters are set as follows: max,;,=60,
ming=20, max,=0.1 and w=0.002. REM gateway is set with default setting. For FM,
we set Ny, Ns, Pg, and Py as —10, -5, 5, and 10 respectively, and the ideal queue length
as 10. The update_interval is set to 10ms. The performance metric used in these ex-
periments is Queue Length at gateway. The simulation duration is set to 110 seconds.
In order to avoid the impact of the Slow Start phase, the simulation measurements
start at time /=10 seconds. All the TCP sources start transmitting at the same time. We
set the configuration vector A=[TCPConn, Delay] as follows:

TCPconn [10, 50, 75, 100, 125, 150, 175, 200, 250, 275, 300, 325, 350, 375,

400, 425, 450, 475, 500]: Number of TCP connections

Delay [0 10 50 100 150 200 250]: Bottleneck propagation delay (in ms)
Experiment 1 traces the queue length at the switch-node as the performance matrix.

Simulation 2

RED, REM and FM parameters are set as in simulation 1. The propagation delay of
the bottleneck line is set to 10ms. The simulation duration is 70 seconds. To show that
FM queue length is more static than RED and REM. We vary the data traffic as fol-
lows: the simulation starts at time t=0 and the number of TCP connections is set to 1;
from time O to 50 seconds, the number of TCP connections is increased by one every
second. From time 50 to 70 seconds, the number of TCP connections is kept constant
(in this case 50).
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5.2 Simulation Results and Discussions

The simulation results are shown in Figure 4. It can be observed that AOM success-
fully controls the queue occupancy at gateway.

REM
Fig. 4. Experiment 1 - Performance Comparison RED/REM/FM

In Figure 5, X-axis stands for Time and Y-axis stands for Queue length. Under
RED, the queue length at the router increases when the number of active TCP connec-
tions increase, and under REM, the capability is weak in controlling the increasing
traffics. While under FM, the queue length at the router is not increase under the same
traffic conditions. This shows that when fuzzy controller is applied, the router can be
more static despite varying traffic load. When more users are accessing the FM capa-
ble network, its response time does not receive a significantly increase.

It can be easily observed from Figures 4, 5 that FM provides a lower queuing delay
than other AQM algorithms. FM gateway also keeps a more stable queue than RED
and REM despite the varying of traffic load. As a conclusion, the FM algorithm that
applies expert control and fuzzy logic principles shows a better performance than
other widely researched AQM algorithms.
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Fig. 5. Queue Occupancy Comparison between RED, REM & AOM

6 Conclusion

In this paper, the concept of fuzzy expert system is used in the field of communication
network congestion control. We bring the concept of expert system and fuzzy logic to
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tackle the problem of network modelling difficulty. A hierarchical structure of expert
congestion controller hence a novel AQM algorithm is proposed. Simulation experi-
ments in NS-2 have shown that the novel AQM algorithm proposed in this paper
provides a significant performance improvement against other well-known AQM
algorithms. It exhibits the potential of applying the artificial intelligent in solving
congestion control and Quality of Service problems by providing a more flexible
approach to construct congestion control protocols in order to meet different require-
ments. Nevertheless, how to program the expert congestion control system and how to
maintain it still remain an open issue. Future works will focus on the extension of the
expert system and fuzzy logic theorems in order to provide better performance.
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Abstract. The mathematical model of underground water flow is introduced as
basis to identify the permeability coefficients of rock foundation by observing
the water heads of the underground water flow. The artificial neural network is
applied to estimate the permeability coefficients. The weights of neural
network are trained by using BFGS optimization algorithm and the Levenberg-
Marquardt approximation which have a fast convergent ability. The parameter
identification results illustrate that the proposed neural network has not only
higher computing efficiency but also better identification accuracy. According
to identified permeability coefficients of the rock foundation, the seepage field
of gravity dam and its rock foundation is computed by using finite element
method. The numerically computational results with finite element method
show that the forecasted water heads at observing points according to identified
parameters can precisely agree with the observed water heads.

1 Introduction

A common use of groundwater flow models is to predict the response of an aquifer.
While the mathematical and computational aspects of such response predictions are
reasonably well developed, the question of how to choose appropriate parameter
values for a specific aquifer has not been completely resolved [1]. Traditionally, the
determination of aquifer parameters is based on trial-and-error and graphical
matching techniques under the assumptions that the aquifer is homogenous and
isotropic and a closed-form solution for the governing equation exists [2]. The inverse
problem of aquifer parameter identification is often ill-posed. The ill-posedness is
generally characterized by the nonuniqueness and instability of the identified
parameters. The instability of the inverse solution stems the fact that small errors in
heads will cause serious errors in the identified parameters. Classical identification
procedures are based on the optimization algorithm. Their drawbacks lie in lacking
robustness and global convergence property. With the development of artificial
intelligence, Artificial neural network has been widely applied in the inverse problem
domain [3,4,5]. Artificial neural networks have gradually been established as a
powerful tool in pattern recognition, signal processing, control and complex mapping
problems, because of their excellent learning capacity and their high tolerance to
partially inaccurate data [6,7]. Oh(2004) proposed the parameter estimation of fuzzy
controller and its application to inverted pendulum. The design procedure dwells on

D.S. Huang, X.-P. Zhang, G.-B. Huang (Eds.): ICIC 2005, Part II, LNCS 3645, pp. 276 2005.
© Springer-Verlag Berlin Heidelberg 2005
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the use of evolutionary computing and estimation algorithm [8]. Pacella(2004)
presented the adaptive resonance theory and the fuzzy network to investigate
manufacturing quality control, and analyzed the performances of adaptive resonance
theory under the assumption that predictable unnatural patterns are not available [9].
The back propagation network has been successfully in pattern recognition, but the
slowness in training still poses some inconveniences for practical applications.
Indeed, the convergence of the BP algorithm requires a huge number of iterations, as
well as an adequate number of training examples. The proposed approach is based on
the BFGS optimization algorithm and the Levenberg-Marquardt approximation that
can be capable of fast, stable and cumulative learning. The study is aimed to apply the
neural network based on some optimization technologies to parameter estimation of
aquifer and to supply model parameter for the seepage field calculation.

2 Calculation of Groundwater Flow Models

Consider a three dimensional steady seepage field, its governing equation can be
written as the follows [10]:

k,0’h/0x* +k ,0°h/dy’k, +0°h/dz° +q=0 (1)

Where k, and k, are permeability coefficient in x and y direction, respectively,
h is the water head, g is the source-sink item. The first kind boundary condition is
expressed as the following:

h(x,y,2) I, = hy(x, y,2) 2)

Where hy(x,y,z) is the already known head. The second kind boundary condition is
written as the following:

O, (x,y,2) 1. = /’cxa—hl)C +k, a—hlv +k, a—hlz (3)
2 ox Yoy 0z ©

Where Qy(x,y,z) is the drainage already known, [, [, and [, are the direction cosines
of the exterior normal of the boundary in x ,y and z direction , respectively. The
following finite element equation can be derived by the principle of the variational
method:

[G1{h}={F} )

Where [G] is the matrix of the water transmissibility coefficient, which is already
known, and {F} is the free item. When the boundary condition and the predicted
permeability coefficient are determined, the infinite element equation is adopted to
compute the distribution of the water head and the drainage in the whole seepage
field, which provides modal data to the analysis of the inversion problem of the
permeability coefficient.
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3 Artificial Neural Networks for the Parameter Identification

An artificial neural network model is a system with inputs and outputs based on
biological nerves. The system can be composed of many computational elements that
operate in parallel and are arranged in patterns similar to biological neural nets. A
neural network is typically characterized by its computational elements, its network
topology and the learning algorithm used. Among the several different types of ANN,
the feed-forward, multilayered, supervised neural network with the error back-
propagation algorithm, the BPN, is by far the most frequently applied neural network
learning model, due to its simplicity.

e
L

Input layer Hidden layer Output layer

Fig. 1. Topography structure of artificial neural network

The architecture of BP networks, depicted in Figure 1, includes an input layer, one
or more hidden layers, and an output layer. The nodes in each layer are connected to
each node in the adjacent layer. Notably, Hecht-Nielsen proved that one hidden layer
of neurons suffices to model any solution surface of practical interest. Hence, a
network with only one hidden layer is considered in this study. Before an ANN can be
used, it must be trained from an existing training set of pairs of input-output elements.
The training of a supervised neural network using a BP learning algorithm normally
involves three stages. The first stage is the data feed forward. The computed output of
the i-th node in output layer is defined as follows [6]:

N,

N;
i = f(z(luijf(zvjk'xk +9j)+/1i)) i=12,..N, &)
=l =1

Where g is the connective weight between nodes in the hidden layer and those
in the output layer; vy is the connective weight between nodes in the input layer and
those in the hidden layer; 6; or A; is bias term that represents the threshold of the
transfer function f, and x; is the input of the kth node in the input layer. Term N;, N,
and N, are the number of nodes in input, hidden and output layers, respectively. The
transfer function fis selected as Sigmoid function
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FO =1/1+exp(-)] ©

The second stage is error Bp through the network. During training, a system error
function is used to monitor the performance of the network. This function is often
defined as follows

Ew =Y () —of) ™

Where yl.p and Ol.p denote the practical and desired value of output node i for

training pattern p, P is the number of sample. Training methods based on BP offer a
means of solving this nonlinear optimization problem based on adjusting the network
parameters by a constant amount in the direction of steepest descent, with some
variations depending on the flavor of BP being used. The BFGS algorithm is a quasi-
Newton optimization technique, in which curvature information is used to prove a
more accurate descent direction, without actually calculating the second derivatives.
A sequence can be computed according to the formula [7]

w(k +1) = w(k)+a(k)d (k) (®)

Where w(k) is the vector of network parameters(net weights and element biases)
for iteration k, d(k) is the search direction used for iteration k, and o(k) is the step
length for iteration k. The search direction will be determined by the following
formulas[8]

d(k)=—H(k)g(k)+ f(k)d(k—1) ©)

Where H(k) is the current approximation to the inverse of the Hessian matrix, and
g(k) is the current gradient vector. The approximation to H(k), g(k)and S (k) in detail
is presented in the references [6,10].

Other algorithm used to train network makes use of the Levenberg-Marquardt
approximation. This algorithm is more powerful than the common used gradient
descent methods, because the Levenberg-Marquardt approximation makes training
more accurate and faster near minima on the error surface. The adjusted weight vector
Aw is calculated using a Jacobian matrix J, a transposed Jacobian matrix J”, a
constant |, a unity matrix I and an error vector e. The method is as follows [11]

Aw="T+ul)J"e (10)

The Levenberg-Marquardt algorithm approximates the normal gradient descent
method, while if it is small, the expression transforms into the Gauss-Newton method.
After each successful step the constant 4 is decreased, forcing the adjusted weight
matrix to transform as quickly as possible to the Gauss-Newton solution. When after a
step the errors increase the constant y is increased subsequently.
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4 Application of ANN to Identification of Permeability
Coefficients of Dam Foundation

Baishan Hydropower Station, as shown as Fig.2, is located in the Second
Songhuajiang River in Jilin province, China. It consists of a 149.5-meter-high
concrete heavy-pressure dam, a weir with four 12x13 meter tunnels on top of the 404-
meter-high spillway dam, three 6 X 7 meter tunnels for discharging water are 350
meters high, an underground powerhouse with an installed generating capacity of
900,000 KW and another powerhouse on the surface with an installed generating
capacity of 600,000 KW. The dam is 423.5 meters high and the reservoir has a
storage capacity of 6.812 billion cubic meters. Its highest normal storage water level
is 413 meters. The capacity for water control storage is 3.54 billion cubic meters
while the flood control storage capacity is 950 million cubic meters. Cross-section of
Baishan dam at block 18 is shown in Figure 3. Figure 4 shows the disposition of
observation holes for dam uplift pressure at block 18.

Fig. 2. Baishan Hydropower Station

In order to identify the permeability coefficients of rock foundation, the three-
dimensional finite element model for seepage calculation is carried out. The seepage
fields of the dam and its rock foundation at different load cases are computed.
According to the prior information of pumping water test in field, the domains of
identification parameters are determined. The training sample pairs are got basing on
finite element analysis. The rock foundation is divided into 3 sub-regions, rock base
before concrete certain, concrete certain and rock base after concrete certain. The
number of input neurons is determined as 4 according to the number of observing
points. And the number of hidden neurons is equal to 8. The number of output
neurons is equal to 3, which is equal to the number of sub-regions for back-analysis.
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After training ANN with BFGS optimization algorithm, based on measured data of
water heads in the observation holes, shown in tablel, the permeability coefficients of
rock foundation are obtained. Table 2 is identification results of permeability
coefficients. Table3 is the comparison between measured and forecasted water heads.
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Fig. 3. Cross-section of Baishan dam at block 18

The water heads of the seepage fields must be normalized to a rang of [-1,1] using
the equation below in order to identify the parameters of the aquifer. Otherwise,
measuring data of water heads have same quantity level, and eventually some of them
are almost same because the differences among measuring data are so small that they
can be easily distinguished.

2 2(’xn_’xnrnin)
§ =——n Tamin’

(11)

"ok, —x

nmax nmin )

Where X, is the normalized network input, X,mi and Xpma.c are respectively

minimum and maximum of water heads of the n-th observing point of water heads in
all training pairs. As described previously, each unit is a computational element that
forms a weighted sum of inputs and passes the result through a sigmoid function is
[0,1], outputs of training patterns must be normalized into a unit range of [0,1] before
given to the network as teaching signals.

4 ( m mmin)
§ =2
(ymmax _ymmjn)

12)
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Where j\im is the normalized network input, yymin and ymma.x are respectively

minimum and maximum of network output of the m-th neuron in output layer in all
training pairs. It is difficult to train the network without such normalization. The
normalized output values must then be re-normalized again to obtain the parameters
of aquifer. The re- normalization is shown as follows

A

y
k= + Y rmin (13)
(ymmax - ymmin)

Where £ is the identified model parameter.

™

Observing holes

4
A
Y

Fig. 4. Disposition of observation holes for dam uplift pressure at block 18

Table 1. Measured data of water heads in the observation holes

Measurin ~ Upstream  Downstream  water water water water
g date water water head iy head h, head h; head hy
elevation  elevation
| 19980910  413.00 290.80 291.82  283.59 284.74  281.72 |

Table 2. Identification results of permeability coefficients

Rock foundation(I) Concrete certain Rock foundation(II)
k; /10°m-s™ k, /10°m-s™ k; /10°m-s™
44.05 6.16 52.80

To investigate the influences of the training algorithms on the convergence speed,
the three iterative algorithms, including the classical back propagation, BFGS
optimization method and the Levenberg-Marquardt approximation, are implemented
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to train neural networks. The training error versus number of epochs by using
different iterative algorithms is shown in Fig. 5.

. 25 —— LM algorithm

S 2

5 45 —8— BFGS algorithm
.g 1 —a&— BP algorithm
05 —

0 i t t |
0 100 200 300 400 500

Epochs

Fig. 5. Comparison among different iterative algorithms

The performance of a trained network can be measured to some extent by the
errors on the training, validation and test sets, but it is often useful to investigate the
network response in more detail. One option is to perform a regression analysis
between the network response and the corresponding targets. The routine post-
processing is designed to perform this analysis.

A=mT +b

Where A is the network output; and T is the corresponding targets to post-
processing. It returns three parameters. The first two, m and b, correspond to the slope
and the y-intercept of the best linear regression relating targets to network outputs. If
we had a perfect fit (outputs exactly equal to targets), the slope would be 1, and the
vertical intercept would be 0. From figure 6, we can see that the numbers are very
close. The third variable returned by post-processing is the correlation coefficient (R-
value) between the outputs and targets. It is a measure of how well the variation in the
output is explained by the targets. If this number is equal to 1, then there is perfect
correlation between targets and outputs. In our example, the number is very close to 1,
which indicates a good fit. The figure 6 illustrates the graphical output provided by
post-processing. The network outputs are plotted versus the targets as dots. The best

(14)

Table 3. Comparison between measured and forecasted water heads

Measurin | No.l measured | No.2 measured | No.3 measured | No.4 measured
g date point point point point

19971015 | 291.82/291.78 | 283.54/283.49 | 284.23/283.19 | 281.72/281.13
19980108 | 291.31/291.29 | 283.59/283.44 | 282.19/283.15 | 281.82/282.14
19980901 | 291.82/291.78 | 283.59/283.49 | 284.74/283.19 | 281.72/282.12
19981012 | 291.82/291.78 | 283.49/283.49 | 284.74/283.19 | 281.72/282.12

Note: measured water heads/computed water heads
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Fig. 6. Training characteristics of neural network

linear fit is indicated by a dashed line. The perfect fit (output equal to targets) is
indicated by the solid line. From figure 6, it is difficult to distinguish the best linear fit
line from the perfect fit line, because the fit is so good.

5 Conclusion

Based on the finite element model of groundwater flow and the measured water heads
of uplift pressure at dam tunnel, artificial neural network is applied to estimate the
permeability coefficients of rock foundations of concrete dam. The BFGS optimization
method and the Levenberg-Marquardt approximation are used to train and adjust the
weights of neural network. It was found that these algorithms can improve the rate of
convergence of neural network. According to the identified permeability coefficients of
rock foundations of concrete dam and finite element analysis, the forecasted water
heads can precisely agree with the observed water heads.
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Abstract. An intelligent predictive control with locally linear neurofuzzy
identifier and numerically optimization procedure has been proposed for
temperature control of electrically heated micro heat exchanger. To this end,
first the dynamics of the micro heat exchanger is identified using Locally
Linear Model Tree (LOLIMOT) algorithm. Then, the predictive control strategy
based on the LOLIMOT model of the plant is applied to provide set point
tracking of the output of the plant. Some computer simulation is provided to
show the effectiveness of the proposed controller. Simulation results show
better performance for the proposed controller in comparison with PID
controller.

1 Introduction

Most of the existing predictive control algorithms use an explicit process model to
predict the future behavior of a plant and because of this, the term model predictive
control (MPC) is often utilized [1,2] for this control strategy. An important
characteristic, which contributes to the success of the MPC technology, is that the
MPC algorithms consider plant behavior over a future horizon in time. Thus, the
effects of both feedforward and feedback disturbances can be anticipated and
eliminated, fact, which permits the controller to drive the process output more closely
to the reference trajectory.

Although industrial processes usually contain complex nonlinearities, most of the
MPC algorithms are based on a linear model of the process. Linear models such as
step response and impulse response models derived from the convolution integral are
preferred, because they can be identified in a straightforward manner from process
test data. In addition, the goal for most of the applications is to maintain the system at
a desired steady state, rather than moving rapidly between different operating points,
so a precisely identified linear model is sufficiently accurate in the neighborhood of a
single operating point. As linear models are reliable from this point of view, they will
provide most of the benefits with MPC technology. Even so, if the process is highly
nonlinear and subject to large frequent disturbances, a nonlinear model will be
necessary to describe the behavior of the process [3-5].

Recently, neural networks have become an attractive tool in the construction of
models for complex nonlinear systems [6-8]. Most of the nonlinear predictive control
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algorithms imply the minimization of a cost function, by using computational
methods for obtaining the optimal command to be applied to the process. The
implementation of the nonlinear predictive control algorithms becomes very difficult
for real-time control because the minimization algorithm must converge at least to a
sub-optimal solution and the operations involved must be completed in a very short
time (corresponding to the sampling period). In this paper, we will apply a predictive
controller to output temperature tracking problem in a electrically heated micro heat
exchanger plant [9,10]. First, the nonlinear behavior of the process is identified using
a Locally Linear Model Tree (LOLIMOT) network [11,12] and then predictive
Controller is applied to the plant. Using the proposed strategy, the tracking problem of
the temperature profile will be tackled. The performance of the proposed controller is
compared with that of a classic PID controller, which simulation results show better
match for the proposed predictive controller.

2 Electrically Heated Micro Heat Exchanger

Electrically heated micro heat exchangers have been developed to accelerate the fluid
and gas heating in a reduced space [9,10]. This system consists of a diffusion bonded
metal foil stack with many grooves, the heating element are placed between the foils
(Fig. 1). In a small volume, powers to 15 kW can be converted. The advantages of
this heat exchanger are

e  Fluids and gas heated by electrical power and not by additional flow cycle

e  Efficient transformation of electrical energy in thermal energy

e  Fast temperature change of the media and temperature good fit for sensitive
media

e  Compact construction due to micro system technology

Fig. 1. Electrically heated micro heat exchanger
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3 Locally Linear Model Tree Identification of Nonlinear Systems

The network structure of a local linear neuro-fuzzy model [11,12] is depicted in Fig.
2. Each neuron realizes a local linear model (LLM) and an associated validity
function that determines the region of validity of the LLM that are normalized as

M ey
2 (z)=1
i=1
for any model input Z .
The output of the model is calculated as
M
V=2 (Wi, WX+t wp, X, )9;(2) @

i=1
where the local linear models depend on x =[x,...,x, 1" and the validity functions
depend on z =[z;,..., 2, 1". Thus, the network output is calculated as a weighted sum

of the outputs of the local linear models where the ¢;(.)are interpreted as the

operating point dependent weighting factors. The network interpolates between
different Locally Linear Models (LLMs) with the validity functions. The weights

w;j are linear network parameters. The validity functions are typically chosen as

normalized Gaussians. If these Gaussians are furthermore axis- orthogonal the
validity functions are

g0 =22 3)
2 H;(2)
=1
with
32 32
,ul-(g)=exp(—l((Zl ?,1) +...+(Z1 ?,nz) ) (4)
2 Oi1 Oin,

The centers and standard deviations are nonlinear network parameters. In the fuzzy
system interpretation each neuron represents one rule. The validity functions represent
the rule premise and the LLMs represent the rule consequents. One-dimensional
Gaussian membership functions

%((Zj ?,/) ) (5)

i.j

H; 1 (2;) = exp(-

can be combined by a t-norm (conjunction) realized with the product operator to form
the multidimensional membership functions in (3). One of the major strengths of local
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linear neuro-fuzzy models is that premises and consequents do not have to depend on
identical variables, i.e. Z and X can be chosen independently.

The LOLIMOT algorithm consists of an outer loop in which the rule premise
structure is determined and a nested inner loop in which the rule consequent
parameters are optimized by local estimation.

1. Start with an initial model: Construct the validity functions for the initially given
input space partitioning and estimate the LLM parameters by the local
weighted least squares algorithm. Set M to the initial number of LLMs. If no
input space partitioning is available a-priori then set M = 1 and start with a
single LLM which in fact is a global linear model since its validity function
covers the whole input space with ¢, (z) =1.

2. Find worst LLM: Calculate a local loss function for each of the i=1,...,M LLMs.
The local loss functions can be computed by weighting the squared model
errors with the degree of validity of the corresponding local model. Find the
worst performing LLM.

3. Check all divisions: The LLM [ is considered for further refinement. The
hyperrectangle of this LLM is split into two halves with an axis-orthogonal
split. Divisions in each dimension are tried. For each division dim=1,...,n,

the following steps are carried out:
(a) Construction of the multi-dimensional MSFs for both hyperrectangles.
(b) Construction of all validity functions.
(c) Local estimation of the rule consequent parameters for both newly
generated LLMs.
(d) Calculation of the loss function for the current overall model.

4. Find best division: The best of the n, alternatives checked in Step 3 is selected.

The validity functions constructed in Step 3(a) and the LLMs optimized in Step
3(c) are adopted for the model. The number of LLMs is
incremented M — M +1.

5. Test for convergence: If the termination criterion is met then stop, else go to
Step 2.

For the termination criterion various options exist, e.g., a maximal model
complexity, that is a maximal number of LLMs, statistical validation tests, or
information criteria. Note that the effective number of parameters must be inserted in
these termination criteria. Fig. 3 illustrates the operation of the LOLIMOT algorithm
in the first four iterations for a two-dimensional input space and clarifies the reason
for the term “tree” in the acronym LOLIMOT. Especially two features make
LOLIMOT extremely fast. First, at each iteration not all possible LLMs are
considered for division. Rather, Step 2 selects only the worst LLM whose division
most likely yields the highest performance gain. For example, in iteration 3 in Fig. 3
only LLM 3-2 is considered for further refinement. All other LLMs are kept fixed.
Second, in Step 3c the local estimation approach allows to estimate only the
parameters of those two LLMs which are newly generated by the division. For
example, when in iteration 3 in Fig. 3 the LLM 3-2 is divided into LLM 4-2 and 4-3
the LLMs 3-1 and 3-3 can be directly passed to the LLMs 4-1 and 4-3 in the next
iteration without any estimation.
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Fig. 2. Network structure of a local linear neurofuzzy model with M neurons for nx LLM inputs
x and nz validity function inputs z
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Fig. 3. Operation of the LOLIMOT structure search algorithm in the first four iterations for a
two-dimensional input space (p =2)




Design of Intelligent Predictive Controller for Electrically Heated Micro Heat Exchanger 291

Using the above strategy, a locally linear model is adopted to the system for input
data as shown in fig. 4. The identified and actual outputs can be seen in Fig. 5. As it
can be seen, the error between these two values is not considerable and the identified
model can match the system well. In the next section, we will use of this model in
predictive control block.
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Fig. 5. The identified and actual output temperature with error between theses two values

4 Predictive Controller Design

The objective of the predictive control strategy using LOLIMOT predictors is
twofold: (i) to estimate the future output of the plant and (ii) to minimize a cost
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function based on the error between the predicted output of the processes and the
reference trajectory. The cost function, which may be different from case to case, is
minimized in order to obtain the optimum control input that is applied to the nonlinear
plant. In most of the predictive control algorithms a quadratic form is utilized for the
cost function:

N, s N, (6)
J =3 [yk+i)=r(k+i)]* + 4> Au® (k+i—1)
i=N, i=l
with the following requirements
Au(k+i-1)=0 1<N,<i<N, (N

where N, is the control horizon, N,and N,are the minimum and maximum

prediction horizons respectively, i is the order of the predictor, r is the reference
trajectory, Ais the weight factor, and A is the differentiation operator.
The command u may be subject to amplitude constraints:

Upin Sulk+i)<u,. i=L2,.,N, (®)

The cost function is often used with the weight factor A=0. A very important
parameter in the predictive control strategy is the control horizon N, , which specifies

u?’
the instant time, since when the output of the controller should be kept at a constant
value.

The output sequence of the optimal controller is obtained over the prediction
horizon by minimizing the cost function J with respect to the vector U. This can be
achieved by setting

9 U =utk—d),...utk—d+N, -] ©)
U

However, when proceeding further with the calculation of 0J/0U, a major
inconvenience occurs. The analytical approach to the optimization problem needs for
the differentiation of the cost function and, finally, leads to a nonlinear algebraic
equation; unfortunately this equation cannot be solved by any analytic procedure.
This is why a computational method is preferred for the minimization of the cost
function, also complying with the typical requirements of the real-time
implementations (guaranteed convergence, at least to a sub-optimal solution, within a
given time interval).

The advantage of this nonlinear neural predictive controller consists in the
implementation method that solves the key problems of the nonlinear MPC. The
implementation is robust, easy to use and fulfills the requirements imposed for the
minimization algorithm. Changes in the parameters of the neural predictive controller
(such as the prediction horizons, the control horizon, as well as the necessary
constraints) are straightforward operations. A simple block diagram of predictive
control strategy is depicted in Fig. 6.
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The closed-loop system response using the predictive control algorithm based on
LOLIMOT model is shown in Fig. 7. In order to investigate the performance of the
predictive controller, we will provide another simulation using conventional PID
controller. Using trail and error algorithm, the best values for PID controller in which
the closed-loop system is stable and has almost satisfactory performance is adopted as

follows

k.
PID Controller =k, +—+k,s
s

k,=124 k; =227 k,=0.17

The closed-loop system response using PID controller with above parameters is
shown in Fig. 8. Comparing Fig. 7 with Fig. 8, we can see that the performance of the
system using the predictive controller is much better than that of PID one.
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Fig. 7. Closed-loop system response using proposed predictive controller
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5

In this paper, a predictive Controller (BELBIC) was applied to electrically heated
micro heat exchanger, which is a highly nonlinear plant. To this end, the dynamics of
the system was identified using Locally Linear Model Tree (LOLIMOT) algorithm.
Then, a controller based on predictive strategy was applied to the system to tackle the
output temperature tracking problem. The closed-loop system performance using the
proposed predictive controller was compared with that of PID one, which the result of

F.H. Roudsari, M. Jalili-Kharaajoo, and M. Khajepour
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Conclusion

predictive controller was much better than that of PID controller.
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Abstract. The flood of data is occurred in ITS(intelligent transportation system)
according to the progress of wireless telecommunication and sensor network.
To deal with large data and provide suitable services smoothly, it is necessary
for an index technique to store and search bulk object data rapidly. However the
existing indices require a lot of costs to insert a huge amount of data because
they store every position data into the index directly. To solve this problem in
this paper, we propose a buffer node operation and design a GU-tree(Group
Update tree). The proposed buffer node manner reduces the input cost
effectively since it stores the moving object location in a group. And then we
confirm the effect of the buffer node manner which reduces the insert cost and
increases the search performance in a time slice query from the experiment to
compare the operation with some existing indices.

Keywords: Moving Objects, Moving Object Index, Index Manager, Buffer
Node, Storage Management.

1 Introduction

To recognize positions and maps has made much progress with histories through
travel, exploration, transportation, war and so on. Nowadays, it is actively researched
to deal with and utilize positions of objects relying on the progress of location
management technologies and a wireless communication network, the miniaturization
of terminal devices. Specially, it is becoming important issues to track the objects
such as a vehicle and an aircraft and to provide suitable services to mobile users
depending on changed locations[1].

It is very essential to deal with moving objects are spatial ones changing their
locations over time[2, 3]. And the quality of the services closely depends on the
locations in mobile environment. It is necessary to manage an amount of location
data, since the location information has been increasing massively over time.
Therefore the DBMS requires the index technique to effectively search the plentiful
spatial elements about moving objects. And it is actively continued to research the
indices of moving objects[2].

Most of moving object indices based on the R-tree[4], height balanced tree
extended from B-tree, are proposed frequently[5]. To reduce not only search cost but
also input cost is considerable, because data insertion is more frequent than data
search in wireless telecommunication applications to transmit moving object
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information endlessly. Two methods are used to insert data in moving object indices
briefly. One is top-down approach used generally, and the other is bottom-up
approach to reduce insertion cost as utilizing a hash table. However the bottom-up
manner requires to maintain the hash table and its search performance is slower than
the top-down manner[6]. In this previous works, a moving object index requires a lot
of insert costs, because the insertion is occurred frequently whenever the data is
transmitted. To solve this problem in this paper, we propose a GU-tree(Group Update
tree) to insert data in a group and design a index manager to improve the performance
of the mobile data management system.

2 Related Works

Moving objects changing their spatial information continuously are divided into
moving points considering only locations and moving regions containing shapes and
positions[7]. In order to provide appropriately services depending on location, the
management system should have the index techniques to search the information of an
object rapidly as changing their spatial position or shape over the flow of time and as
increasing the volume of data[2]. Existing indices which handle continuously moving
object location are roughly divided into two types according to their fields of
applications[8]. One is dealing with moving object's history and trajectory and the
other is handling current position and its position in the near future. Our researches
focus on the indices to deal with the history and trajectory information of moving
objects.

1 (x4, y4, t4)
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~ J —————— - 25 Z —
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< The trajectory of a vehicle > << The trajectory in the R-tree >

Fig. 1. Moving object trajectory representation with the R-tree

Most of moving object indices are based on the R-tree and handle the trajectory
information of moving objects with line segment split like Figure 1. The insert
manners of existing indices are roughly distinguished into two manners such as top-
down and bottom-up. The indices using the top-down approach are STR-tree(Spatio-
Temporal R-tree)[9], TB-tree(Trajectory Bundle Tree)[8], TPR-tree(Time
Parameterized R-tree)[10], MP-tree(Moving Point tree)[11], and so on. The STR-tree
considers both spatial attributes and the trajectory protection of moving objects, but
search performance is not good. The TB-tree considering the only trajectory as
connecting nodes included in same trajectory. The TPR-tree reduces frequent updates
as utilizing a time parameterized bounding with the function of time. The MP-tree
improves the search performance as using the projection storage.

The bottom-up manner could fast insert and update the data as employing a hash
table. For example, the indices using the bottom-up method are the LUR-tree[5], the
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bottom-up approach[6], and the TB*-tree[12]. The LUR-tree reduce the insert cost as
extending a MBR according to inserted data but its search performance is worse than
that of the R-tree. And it needs some storage space such as the hash table, the pointers
to update the boundaries of parent nodes and also requires the more cost to index
maintenance.

The previous works of moving objects indices deal with data as the leaf node
presenting a line segment as inserting and updating data. Consequently, it makes
increase the cost for process and maintenance. Besides, although there are many
researches about new index method in various environments, there is no system
utilizing index manager to improve the search performance of the index and to keep
the safety of data. In order to solve this problem, So, we proposes not only the group
based storing method to decrease the insert cost but also the index manager for
handling continuous data and keeping good search speed in this paper.

3 Mobile Data Management System

Our researches focus on dealing with the history and current information under the
assumption that moving object data are continuously transmitted to a mobile object
management server over time. And we consider the only moving point’s movement,
not moving region. This section describes the structure of the mobile data
management system and its index manner, index manager, and query processor.

Mobile Data Management System
Query Result
| Transmitier
Query Processor
Query Receiver
General/Geometrical Topological/Trajectory
Query Processor Query Processor Uncertainty

Processor

Moving Object
Data Receive & Operator Processor

Storing Manag t

A S R N E—
Moving Object Index - .
(GU-tea) ’ Moving Object Database

¥
Data Storing | Index manager
module |

]

Data Loader|

Data Refine

Fig. 2. The structure of the mobile data management system

Figure 2 shows the structure of mobile data management system. The system
consists of data storing manager, query processor, index manager, moving object
index and so on. The data storing manager receives and refines the transmitted
location data from moving vehicles. The index manager stores the location data into
the index required to search data rapidly and database to keep the data safely. The
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index manager keeps the performance of index good through refreshing the index per
a specific period such as a day, a week etc. The query processor contains the general
and geometrical query processor, the topological and trajectory query processor, the
moving object operator, and the uncertainty processor. We focus on data repository
management of the system in this paper.

The index manager is required to store the position data into the index, database
and to keep the search performance of the index good. It is not recommended to
combine the index with query processor without any strategy to maintain the index
condition in the system. It causes to worsen the search performance of the index,
because the index grows up over time. So, it is required to remove and refresh the
data in the index. The history of data is maintained, since the back up version of
removed data in the index is remained in the database.

Figure 3 shows the process of index maintenance using index manager. The
performance of data search is worsened depending on the index growth. The more
data inserts, the more cost increases. So, refreshing the index is required whenever the
cost of insert and search process is too high to provide a location based services
quickly. To refresh the index, we consider two elements - the size of data and time
period - to decide standard for updating the index. Considering the data size is
updating the index when the volume of the data records approaches a specific size.
The other is refreshing the index by maintenance periods. In the result, it is selected to
update the index according to a time period for repairing the index automatically as
occurring errors like uncertainty boundary of data in the index.

Time
Hi
InsertSearch ___cemm==moTT v High
ProcessingCost ~ _______o-----="77777
----- Low
(a) Index growth without constraint
Time
Refresh
High
Insert/Search
Processing Cost . _-----=T - .
————————————————— Low

(b) Index growth kept by index manager

Fig. 3. The moving object index management
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4 Moving Object Index Using Group Update

In the existing indices of moving objects, whenever a line segment describing the
movement of mobile objects is transmitted, it is inserted into the index immediately.
Therefore, inserting and updating cost are very high. Moreover, the index structure
needs to be maintained in the balance state frequently. In order to solve the problem,
the proposed buffer node insert manner use a non-leaf node instead of a leaf node as
an insert unit like Figure 3 as inserting data into an index.

The proposed GU-tree is an index to handle moving points to reduce a frequent
insert cost and to process a time slice and time range queries effectively as utilizing
the buffer node manner in existing indices. The proposed GU-tree consists of leaf
node, non-leaf node, and the buffer node to store the set of leaf nodes heaped.
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Fig. 4. The buffer node insert manner to insert data group instead of each data

Figure 4 describes the buffer node manner to insert data in groups. The buffer node
heaps up leaf nodes until filling the buffer node with leaf nodes. And the full buffer
node is inserted into an index. Therefore the number of inserted buffer nodes is
reduced to at most K/ M + M (.~ K : all inserted vehicle records, M : maximum
number of entries in a node). The GU-tree growing in the direction of time flow starts
to process queries by checking the time condition of queries first, in order to remove
unnecessary candidates within the relatively wider range of time.

The insert process of the top-down manner is finished as reaching a leaf node level
in an index. However the process of the buffer node manner is completed as arriving
in the parent node of a leaf node. Therefore when the equal numbers of records are
inserted into the indices using two manners, the number of node access in the insert
process of the index using buffer node is fewer than the other. The GU-tree growing
in the direction of time flow starts to process queries by checking the time condition
of queries first, in order to remove unnecessary candidates within the relatively wider
range of time.
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Algorithm Insert_buffer node(class node *root, class node *entry)
Input : root // Node of a Tree
entry // Information of moving objects
Method :
if BufferNode is null then /I BufferNode is global variable pointer
make new BufferNode

else
if the entry's boundary is beyond the BufferNode 's boundary then
modify BufferNode 's boundary with the entry's boundary
endif
if the BufferNode 's count < M then
insert the entry into BufferNode
else
insert the entry into BufferNode // BufferNode is full
insert_buffer node_into_tree(root, BufferNode)
make BufferNode null
endif
endif
End

Algorithm 1. The buffer node insert algorithm

Algorithm 1 shows the buffer node insert process in the GU-tree. When a node in
the GU-tree is full, the index does not use split operation, but makes a new node to
insert data.

The insert process of the top-down manner is finished as reaching a leaf node level
in an index. However the process of the buffer node manner is completed as arriving
in the parent node of a leaf node. Therefore when the equal numbers of records are
inserted into the indices using two manners, the number of node access in the insert
process of the index using buffer node is fewer than the other. So, the insert cost
could be calculated under the assumption that K records are inserted into the index
containing N index records. The merit of buffer node is illustrated with calculated
formula and virtual values in below table.

Table 1. The insert cost comparison between the top-down and buffer node manner

Insert manner Cost analysis

K =500,000, m=20, M =40, N=64,000,000

Assumption
| log w N |- 1 = | log 2 64000000 | - 1 = |log 2 20°|-1 =5
Top down Total insert cost = K x( | log  N'| - 1) = 500000 x 5 = 2,500,000
Total insert cost = K + { K/M X (|log » N|-2) }
Buffer node

= 500000 + (500000/40)x (6-2) = 550,000

Difference between Cost difference = (K ~ K/M) >( | log w N | -2)
top-down and buffer node = {500000 - (500000/40)}x (6-2) = 1,950,000
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The effect of buffer node is confirmed in the difference between two indices in the
table 1 with sample values. The more K and M increase, the better the effect of the
buffer node manner gets. In other words, if K and M increase, the effect of an index
using the buffer node will be also better. The performance of the buffer node insert
manner is also better in the comparison with the bottom-up approach in section 6.

5 Implementation

In this chapter, we describe the process dealing with the data of moving vehicles in
the data storing management parts of the system such as an index manager, a moving
object index, and a moving object data loader, etc. The locations are processed and
stored in the oracle and access database in the order of vehicle position data — a data
collector — a data converter and transmitter — a MO data loader — a database and
an index.
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Fig. 5. Vehicle location data converted to transmit to the server

Figure 5 shows the transmission and storing process of vehicle data in the moving
object data loader in the system. The modified vehicles location depending on
infrastructure such as roads, buildings is transmitted into the moving object data
loader(a) in the system. The loader can store the location per a specific period such as
a minute, 10 minutes. The last vehicle data in database(c) can be used to predict
positions in near future or to search current positions.
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6 Performance Studies

The spatial objects such as national borders, lakes, roads and parks can be obtained
from the public web. However moving objects such as a ship or a vehicle have no
publicized actual data, therefore in the tests for application fields related to moving
objects, researchers commonly use the data generator such as the GSTD(Generator of
Spatio-Temporal Dataset)[13, 14], City Simulator[15], and Oporto[16], and so on. So,
the data generator used in this test is similar to the GSTD, and it can create the
positions and the speed of moving point data per 10 minutes randomly. All used
indices deal with history and current moving object data under the assumption that
space is limited and time is infinite. The number of node access is checked according
to the number of moving objects, changed spatial and temporal scope. In order to
analyze the insert cost, the node access number is checked with 100,000 ~ 1,000,000
records. The used indices are GU-T, GU-B, R-T, and R-B to describe GU-tree(top-
down), the GU-tree(bottom-up), the R-tree(top-down), and the R-tree(bottom-up) in
the figures.

The Insert cost depending on the number of insert records
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Fig. 6. The insert cost analysis of indices

The insert cost grows according to increased insert records in Figure 6. The R-B is
better than the R-T, because the bottom-up manner can insert records into a leaf node
using a hash table, and the update cost to modify the boundaries of parent nodes can
be fewer than the top-down. The GU-tree utilizing the buffer node shows better
performance than the R-tree in top-down and bottom-up manner. Figure 6 proves the
advantage of the buffer node manner to insert records into an index as a group of leaf
nodes, not as a leaf node. The node approach number is GU-T = GU-B < R-B <R-T.

The search performance of the GU-tree is also analyzed, because there is a trade-off
like the LUR-tree. The LUR-tree shows good insert performance, but its search
performance is worse than the R-tree.
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Fig. 7. The search cost for the time slice query depending on changed spatial range

Figure 7 shows the node access number to process the time slice query depending
on the changed spatial range such as 10%, 25%, 50%, 75%, 100% in entire spatial
area. We can recognize that the GU-tree has node access number fewer than existing
top-down approaches like the formulas in section 4 from experimental results tested.
The more spatial range widens, the more the cost increases. The GU-tree is also better
than the R-tree in the time slice query changing spatial range. The number of node
access containing the changed spatial range is GU-T = GU-B < R-T = R-B.

In most test to search data, the more spatial and temporal range widens, the more
the cost of indices becomes similar. In addition, this buffer node manner is useful in a
moving object management system to insert data frequently. However, it is needed to
study for applying to the indices dealing with the current and future locations

7 Conclusion

A moving object management system requires effective data insert and update
techniques, because data insert requirement is more frequent than data search
requirement. To insert and update data, the existing moving object indices use the top-
down and the bottom-up manner roughly. However both methods have the weak point
in the regard of huge insert cost, because they insert data records as a unit presenting a
line segment. Therefore to solve the problem, the buffer node insert manner is
proposed to store records into an index as a unit grouping records. To improve the
search performance of the index and the data utilization in database, the index
manager refreshing the index is utilized. We explained data management process in
storage parts and proved the considerable reduction of the insert and search cost in
index performance comparison between the GU-tree and the R-tree in section 6.
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Future work is to study various applications of the buffer node, to extend the index
manager to the stream data database to consider some storage level, and to improve
the performance of the systems in a variety of environments.
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Abstract. In pervasive computing community, there is a high interest on con-
text-aware computing. Much work focuses on context reasoning, which deals
with high-level abstraction and inference of pervasive contextual information
and several prototype systems have been proposed. However, overwhelming
contextual information in pervasive computing makes these systems inefficient,
even useless. In this paper, we propose an application-oriented context filtering
system (ACMR) to deal with above problem. To prevent the pervasive applica-
tions from being distracted by trashy contexts, ACMR system only deals with
application-related contextual information rather than all the available contex-
tual information. Experiments about ACMR system demonstrate its higher per-
formance than those of previous systems.

1 Introduction

Mark Weiser envisioned that the computing environments of 21st Century are so
pervaded with computing devices [1]. In his vision, computing entities will disappear
into background so that people can focus on their daily tasks rather than the underly-
ing technologies. To accomplish such invisibility, applications in pervasive comput-
ing should be aware of context, which is defined as any information that can be used
to characterize the situation of the environment [2], to reduce inputs from users. As a
result, it is widely acknowledged that context-awareness is an important feature in
pervasive computing.

There have appeared several context modeling and reasoning systems, but these
systems take in all the raw contextual information without classification. Such huge
amount of contextual information renders the modeling and reasoning process ineffi-
cient, even useless. To deal with this difficulty, we propose an application-oriented
context filtering system (ACMR) in this paper. The main idea of ACMR is that the
system only deals with the application-related contextual information, rather than all
the available contextual information. For example, Tom’s mobile phone only cares
about the contextual information of Tom not that of Jerry. In ACMR system, a con-
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text filter is designed to discard the trashy contextual information. The Concerned
Value (CV) algorithm is proposed to evaluate the importance of specific contexts by
gathering the information from pervasive applications and the context reasoner. Ex-
periments about ACMR system demonstrate its higher performance than those of
previous systems.

The rest of this paper is organized as follows: Section 2 compares ACMR system
with related work. The overview of our system is depicted in Section 3. Section 4
presents the detail of AMCR system. We evaluate the performance in Section 5 and
the conclusions are drawn in Section 6.

2 Related Work

Much effort has been put into the context-awareness computing. The first research
investigating context-aware computing was the Olivetti Active Badge system [4] and
on its footsteps a lot of projects emerged. Dey et.al. developed Context Toolkit [5]
and represented contexts as attribute-value pairs. The Cooltown project [6] considers
that everything has a web presence and relies on a web-based context model in which
every entity (device, person and location) has a corresponding URL. However, these
projects pay more attention to gathering and representing the contexts in pervasive
computing. These contexts are mostly raw and context-aware applications cannot
consume them directly. As a result, context reasoning intrigues some researchers. In
this area, works focus on how to inference high-level contexts from raw context.
H.Wang [10] [9] proposed ontology-based context modeling and reasoning. Anand
[3] use probabilistic and fuzzy logic to deal with reasoning about uncertain contexts in
pervasive environment, which is also on basis of ontology. However, their works only
focus on how to get high-level contexts from raw contexts. They did not care about
how to consume the high-level contexts. Moreover, in their reasoning mechanism, all
raw contexts are adopted as the input of reasoner, no matter whether they are useful
for applications. Such solutions may impose high overhead on the system. To deal
with this problem, we proposed ACMR system, in which applications only subscribe
the contexts that they are concerned about from Context Knowledge Base (CKB) and
send them to the reasoner as input.

3 Overview of ACMR

3.1 Architecture of ACMR System and Main Data Structure

Fig.1 shows the architecture of ACMR system. The system contains 4 components:
context modeler, context knowledge base (CKB), context reasoner and context filter.
Next, we will introduce these components:

CKB stores gathered contexts and provides interfaces to context reasoner and con-
text filter. RDF triple [7], whose format is like <subject predicate object>, is imported
in ACMR to represent contexts in pervasive environment. E.g, the RDF triple <Tom
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Fig. 1. The architecture of ACMR system

locatedIn RoomA> means “Tom is in the RoomA.”. Because the contexts in perva-
sive computing environment vary with high change rate, the CKB should regularly
refresh the contexts stored in it. Moreover, the CKB should check the consistency of
these contexts periodically. For example, context “The user A is in room R” and “The
user A is in room M” are not consistent because the user A cannot be in different
rooms at the same time.

Context modeler is the interface between environmental pervasive devices and
ACMR system. By originating form diverse sources, the contextual information pre-
sents heterogeneous formats. For example, a system clock shows the time as “Tues-
day, March 15, 2005” and a PDA gives the user’s schedule as a to-do list. To deal
with such heterogeneity, diverse interfaces have been designed in context modeler. As
mentioned in the previous subsection, it transforms captured contextual information to
RDF triples and sends them to CKB.

Context reasoner infers high-level contexts from raw contexts using defined rule
set. An informal description of rule set syntax is shown in Fig.2a:

RuleSet := {Rule}* type (?u) = Person type(?w) = Wash-
Rule := RuleCondition ‘=>" Rule- room
Conclusion type (?¢) = Car
RuleCondition:= RuleCondition A <?u locatedIn ?w> => <?u status
riple | Triple UsingWashingroom>
RuleConclusion := Triple <Person:?u own ?7c> A <?c status
Triple : = <subject predicate object> Running> => < ?u status driving>

(@) (b)

Fig. 2. Syntax of rule set

For the sake of simplicity, the disjunction sign “V” is not available in the syntax
because a rule “ A V B => C” can be transformed into two rules: “ A =>C” and
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“B=>C". The syntax of the rule set is useful for the Concerned Value (CV) algorithm,
which will be discussed in Section 4. Note that the elements of the triples in rule set
are class-based, while the triples in policy engine and the CKB are instance-based.
The difference between class-based triples and instance-based triples is that the ele-
ments of the former represent a class while the later only stand for a specific instance.
Fig.2b shows an example rule set. In this rule set, ?u stands for all instances of class
Person, not a specific instance.

Context filter records the applications’ Concerned Value (CV) about specific in-
stance and discards the trashy contexts. Concerned Values, ranging from O to 1, map
applications to contextual instances. Higher CV denotes the contextual instance is
more useful for the application. Each application is assigned a CV table in context
filter. An example CV table is shown in Tab.1. In the CV table, we define the entry
that is both in row R and column C as Entry (R,C).

Table 1. Concerned value table in context filter

APPA Subject Predicate Object
WashroomA 0.05
Tom 0.07 0.03
locatedIN 0.04

Note that the CV tables record the applications’ concerned value about an instance
(the first column of each row) not a context triple. There are 3 columns in each table:
subject, predicate and object, which correspond to the three parts of RDF triple re-
spectively. If an instance appears in the different part of a context triple, the applica-
tion’s CV about it may be different. In above example, the first row means the
AppA’s CV about instance WashroomA is 0.05, only if WashroomaA is the object of a
context. The AppA are not concerned about WashroomA if it is a subject or predicate
of a context. Similarly, the second row means the AppA’s CVs about instance Tom
are 0.07 or 0.03, if Tom is subject or object of a context respectively. The application’
CVs about unlisted contexts instance are 0. In Section 4 we will presents how can we
get the CVs and how can we use the CVs.

type (Tom) = Person

<Tom status WatchingTv> => Volume of Rings Turn Up (1)

<Tom status Sleeping> => Rings Shut Off 2)

<Tom status GivinglLecture> => Rings Shut off and turn vibration on 3)

<Tom status Driving> /A <Tom drives CarA> /A <CarA SpeedExceed 60mph> => Forward
Incoming Call To Voice Mail Box 4)

Fig. 3. The policy set of Tom’s mobile phone

The above presents the elements of ACMR system. Outside ACMR, we assume
each pervasive application contains a policy engine, which help the application
choosing a context-awareness policy. We use policy set to represent the information
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in policy engine. The syntax of policy set is similar with that of rule set in context
reasoner. There are two differences between them: (1) the conclusion (right side of
deducing sign “=>") of policy is not triple but the action to be adopted;(2) the condi-
tion (triple in the left side of “=>") of policy is instance-based. We give partial policy
set of Tom’s mobile phone in Fig.3.

4 Application-Oriented Context Filtering

The main contribution in ACMR system is Application-Oriented Context Filtering
(AOCF) technology, which release the overhead of the context reasoner. In this sec-
tion, we firstly present the workflow of AOCF. And we will discuss the detail of con-
cerned value algorithm in subsection 4.2.

4.1 Workflow of AOCF

The workflow of AOCEF is also illustrated in Fig.1. The order of numbers in the figure
depicts the process of our system. When a new application, say AppA, enters the
ACMR system, it initially finds out the context filter and sends its policy set to the
context filter. Then the context filter gets the rule set from the context reasoner. Ac-
cording to the Concerned Value algorithm, the context filter figures out APPA’s con-
cerned value table by collected policy set and rule set. After establishing the Con-
cerned Value table, the initial configuration is finished. If AppA wants to set up con-
text-aware policies, it firstly sends an application request to the CKB. After accepting
the request, the CKB send the raw contexts stored in it to the context filter. Then the
context filter works out the AppA’s Concerned Value about these raw contexts using
the established Concerned Value table. The contexts with low concerned value are
regarded as trashy and should be discarded. After the filtering, the context filter sends
the remaining contexts to the context reasoner as the input of inference. After the
inference finished, the context reasoner outputs the high-level contexts and sends
them to AppA to consume.

4.2 Concerned Value (CV) Algorithm

The main idea of the CV algorithm is: if a specific application is concerned about a
given context, this context or the high-level contexts deduced from it are likely to
exist in the policy set of the application. Prior to describing the detail of CV algo-
rithm, we assume a scenario of Tom’s mobile phone, which is smart enough to adapt
to the user’s contexts. For example, if the user is at meeting, the phone shuts off the
rings and turns the vibration on; if the user is watching TV, the volume should be
turned up. The policy set of this phone has been given in Fig.3 and the rule set is
shown in Fig.4.

The CV algorithm can be divided into 2 processes: creating the CV table and filter-
ing contexts. Both of them are carried out in the context filter, which firstly gather the
phone’s policy set and the rule set of the context reasoner.
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type (?u) = person

<?u locatedIn LivingRoom> A <TVSet locatedIn LivingRoom> A <TVSet status
ON> => <?u status WatchingTV> (€))]
<?u locatedIn Bedroom> A <Bedroom lightLevel Low> A <?u AroundVolume
Low> => <?u status Sleeping> 2)
<?u locatedIn ClassRoom> A <?u career Teacher> /\ <?u status Speaking> =>
<?u status GivingLecture> 3)
<% locatedIn Kitchen> A <ElectricOven locatedIn Kitchen> /A <ElectricOven
status ON> => <?u status Cooking> (@]

Fig. 4. Rule set of our assumed scenario

4.2.1 Creating the CV table

Above all, we introduce Triple-CV set, a temporary data structure used in this proc-
ess. Each entry of Triple-CV set is a key-value pair, in which the key is instanced-
based triple and the value is the given application’s CV about this triple. For the sake
of simplicity, we represent such entry as (triple, CV (triple)), e.g., (<Tom status
Sleeping>, 0.2). Now we describe the process of creating the CV table step by step.

Table 2. Initial Triple-CV set

triple CV (triple)
<Tom status WatchingTv> 0.25
<Tom status Sleeping> 0.25
<Tom status GivingLecture> 0.25
<Tom status Driving> 0.083
<Tom drives CarA> 0.083

Step 0: Initialization. The triples in the condition of policy set are inserted into Triple-
CV set in this step. For the sake of simplicity, the policies in the policy set are assumed
to be equally important in this paper. In our future work, we will improve the AOCF
mechanism by analyzing the importance of a policy. For a given policy, say
CODITION => ACTION, if there is only one triple T in the CONDITION, the CV
(T) is assigned as 1/N, where N is the number of policies. If there is any conjunction
sign (“/\”) existing in the CONDITION, such as T, AT, A...... ATy => ACTION
each triple in this policy is assigned as:
CV(T,))=CV(T,)=...... =CV(Ty)=1/(M+1)*N), where M is the number of
conjunction sign. Considering the policy set given in Fig.3, CV (<Tom status Watch-
ingTv>) =1/4 and CV (<Tom status Driving>) = CV (<Tom drives CarA>) = 1/(2+1)*4
= 1/12. Tab.2 gives an initial Triple-CV set of our scenario.

Step 1: Comparing the Triple-CV set with rule set. If some triple (say T) in Triple-
CV set “matches” a triple (say R) in the conclusion of a rule in the rule set, then sys-
tem turns to step 2. Otherwise, it goes to step 3. Note that the triples in the Triple-CV
set is instance-based, as that in the rule set is class-based. So, here triple T “matches”
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triple R means T is an instance of R. For example, <Tom status GivingLecture> is an
instance of <?u status GivingLecture>, because the type of “Tom” and “?u” are both
Person.

Step 2: Expanding the Triple-CV set. As it is detected that triple T matches triple R
in step 1, we then produce an instantiation of the whole rule of R and the triples in the
condition part of the instantiation are added to the Triple-CV set. Assume the number
of conjunction sign in the condition part is M, each new triple’s CV is assigned as
CV(T) / (1+M). For example, it is detected that <Tom status GivingLecture> is an
instance of <?u status GivinglLecture>. So we produce an instantiation of rule (3) as
follow:

Tom locatedIn ClassRoom> /A <Tom career Teacher> /A <Tom status Speaking> =>
<Tom status GivingLecture>

The number of conjunction sign “/A” in the condition part is 2. So each triple in the
condition is assigned a CV with 0.25 / (2+1). The Triple-CV set is appended with 3
pairs (see Tab.3). After the expanding, the process goes back to step 1 again. To
eliminate endless loops, we define triple T doesn’t match the triple R any more.

Table 3. Expanded Triple-CV set

triple CV (triple)
<Tom locatedIn ClassRoom> 0.083
<Tom career Teacher> 0.083
<Tom status Speaking> 0.083

After the expanding, the process goes back to step 1 again. To eliminate endless
loops, we define triple T doesn’t match the triple R any more.

Step 3: Transforming the Triple-CV set to CV table. Since it has been proved in step
1 that there is no more match existing between Triple-CV set and rule set, the expand-
ing of Triple-CV set is finished. The final Triple-CV set is shown in Tab.4. The main
task in this step is creating the CV table from the final Triple-CV set. As aforemen-
tioned, the triples in Triple-CV set is composed of three instances, which are subject,
predicate and object respectively. We firstly transform the Triple-CV set pair into
Instance-CV triple (instance, part, CV (instance, part)), where part can be subject,
predicate or object The CV (instance, part) is assigned as CV (triple) /3. For example,
the pair (<Tom career Teacher>, 0.083) is decomposed to three Instance-CV triples:
(Tom, subject, 0.028), (career, predicate, 0.028), and (Teacher, object, 0.028). For
each Instance-CV triple (I, P, C), the C is added to the Entry (I, P). After above opera-
tions, the CV table of Tom’s mobile phone is established. We give partial CV table in
Tab.5.
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Table 4. Final Triple-CV set

triple CV (triple) triple CV (triple)
<Tom status Watch- 0.25 <Tom status Speaking> 0.083
ingTv>
<Tom status Sleeping> 0.25 <Tom locatedIn LivingRoom> 0.083
<Tom status GivinglLecture> 0.25 <TVSet locatedIn Livin- 0.083
gRoom>
<Tom status Driving> 0.083 <TVSet status ON> 0.083
<Tom drives CarA> 0.083 <Tom locatedIn Bedroom> 0.083
<CarA SpeedExceed 60mph> 0.083 <Bedroom lightLevel Low> 0.083
<Tom locatedIn ClassRoom> 0.083 <Tom AroundVolume Low> 0.083
<Tom career Teacher> 0.083

Table 5. Partial CV table of Tom’s mobile phone.

Tom’s phone Subject Predicate Object
CarA 0.028 0.028
Tom 0.46

locatedIn 0.11
LivingRoom 0.056

4.2.2 Filtering Contexts
Above all, we give a formula to compute a raw context stored in the CKB. If a raw
context is sent to context filter, its CV is computed by formula (1) firstly.

CV (<8S, P, O>) = Entry (S, Subject) + Entry ( P, Predicate) + Entry (O, Object) 1)

If CV(<S,P,0>) is larger than a preset value K, context <S,P,0> is regarded as use-
ful information and sent to the context reasoner Otherwise, it is regarded trashy and
discarded. However, the K has to be chosen properly. An overly large K leads to loss
of useful contexts, while too small K compromise the efficiency of the context filter.
This problem will be discussed in the next section.

5 Simulations

To present the performance of ACMR system, we will give the results of our proto-
type experiment in this section. The context reasoner is built based on Jena 2 Seman-
tic Web Toolkit [8], which supports rule-based inference over OWL/RDF graphs. The
experiment is run on the Windows 2000 operating system with the P4-2.4GHZ CPU
and 256M main memory. To demonstrate the AOCF’s improvement over pervious
works, we simulate large raw context sets ranging from 500 to 7000 RDF triples in
the CKB.

The first experiment is about the threshold K, which is mentioned in the previous
section. When selecting a proper K, there are two factors to be considered, namely,



314 X. Linetal

availability and the performance of the system. If the context filter discards some
useful contextual information, the policy engine of application may fail to carry out a
context-awareness policy successfully. It may reduce the availability of our system.
For a given K, the AOCF is simulated for several times. The availability of ACMR
system can be represented as a newly introduced term successful rate, which means
the proportion of successful simulations. On the other hand, the rule set and policy
sets in ACMR system may be relatively static, while the raw contexts in the CKB
change at any moment. As a result, the CV table can be changeless for a long time
and cache mechanism can be imported to optimize the process of filtering context.
Since the context reasoning should be accomplished frequently because of the high
change rate of contextual information, the bottleneck of the performance in ACMR
system is in the context reasoner. If too many trashy contexts are not discarded, the
performance of the context reasoner will be low. In this experiment, response time of
the context reasoner is used to reflect the performance of our system. In this experi-
ment, we design three simulations with different policy sets and rule sets. Diverse CV
tables are produced by these policy sets and rule sets. The smallest entry in CV table
is defined as L and the Ls in the three simulations are 0.021, 0.028 and 0.035 respec-
tively. Fig.5 shows the successful rate for each CV table. The successful rate de-
creases while the K increases. Note that there is a sharp drop of the successful rate
when K = 2L Fig.6 illustrates the response time for each CV table. If K is set to 2L,

——=0.021
—8— =0 028
—A—|=0.035

Successful rate

" 4
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Fig. 5. The Successful rate of ACMR Fig. 6. The response time of ACMR
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Fig. 7. Performance comparison between CONON and ACMR

the response time is almost halved. To achieve the tradeoff between the successful
rate and response time, we configure the K as follow: Firstly, K is set to 2L to save
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the response time. If the policy engine cannot make a suitable policy successfully, the
K is reset to 0 to insure the system against failure.

The second experiment compares the performance of ACMR system with the pre-
vious works in the context reasoning. Wang et.al. [10] [9] developed an ontology-
based context reasoning mechanism without context filter technology. We call this
mechanism as CONON because it is used to name the ontology they develop. In this
experiment, K is set as described in the previous paragraph and the performance of
CONON is got from [10]. Fig.7 shows the performance comparison between CONON
and ACMR. In this figure, we can see while the number of raw context triples in-
crease, the advantage of ACMR over CONON becomes larger and larger. It is easily
to be explained in theory. As the proportion of useful contextual information is static,
the more context triples are sent to the context filter, the more trashy contexts are
discarded and the shorter the response.

6 Conclusions

In this paper, we present ACMR, a new context filtering system, in which Applica-
tion-Oriented Context Reasoning (AOCF) technology is designed to upgrades the
performance of system. Improvements are still needed in this system, such as adapt-
ing to the uncertain contexts in physical world. However, the results of experiments
have shown the good performance of ACMR system.
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Abstract. With the development of e-manufacturing, the flexible intelligent
maintenance is necessary. Wireless sensor network is competent for a flexible
maintenance system. Client/Server model adopted in traditional intelligent
maintenance which requires transmitting vast data via network is unsuitable in
wireless sensor network with limited bandwidth and unstable connection.
Emerging mobile agent technology can reduce the network traffic and
overcome the network latency, and is an eligible substitute for Client/Server
model. This paper presents a mobile agent based wireless sensor network for
intelligent maintenance. The flexible maintenance system integrates soft-
computing, wireless sensor network and mobile agent technology. The system
is used to maintain Mori Seiki Co. SV500 numerical control machining center
and the results illustrate the effectiveness and efficiency of the system.

1 Introduction

In a flexible manufacture system, the deployment of manufacture equipments varies
frequently along with the changes of tasks. More efficient and more flexible
maintenance for equipments is required and traditional maintenance systems which
lack of flexibility is incompetent [1].

Intelligent soft-computing algorithms have been applied to boost the validity of
maintenance [2]. These algorithms fuse data from different sensors and form an
authentic description of the sensed object. Multi-source information can gain more
exact features and more robusticity with less time and less cost, which is impossible
for solo-source information.

Wireless sensor network (WSN) is an emerging technology, which is flexible in
deployment. WSN can be applied potentially in military, spatial, industrial and
consumptive fields [3]. Spatial coverage and structural diversity of WSN make it fit
for large-range and multiple-object monitoring. In WSN, however, the bandwidth is
limited and the connection is easily affected by the surrounding environments.
Client/Server model in traditional intelligent maintenance requires transmitting vast
data, which consumes high bandwidth and needs continuous and steady connection.
So intelligent maintenance based on Client/Server model is challenged. Mobile agent
technology provides an effective method to overcome the challenge. Mobile agents
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© Springer-Verlag Berlin Heidelberg 2005



Mobile Agent Based Wireless Sensor Network for Intelligent Maintenance 317

process data locally, which reduces the capability of program codes and decreases the
demand for network bandwidth. Uninterrupted steady connections between sensor
nodes (SNs) are not required and only short-time connection is needed when mobile
agents are transferring [4], [S5]. Mobile agent based WSN for intelligent maintenance
integrates intelligent soft-computing algorithms, WSN and mobile agent technology
and is a promising flexible maintenance system.

The rest of this paper is organized as follows: Section 2 gives an overview of the
mobile agent principal and the reasons why mobile agents may play an important role
in a WSN for intelligent maintenance. Section 3 describes an architecture of mobile
agent based WSN for intelligent maintenance, which is the core section of the paper.
Section 4 provides an experiment where the system is used to maintain Mori Seiki Co.
SV500 numerical control machining center. Finally, Section 5 presents the
conclusions of this paper.

2 Mobile Agent Principle

2.1 Overview of Mobile Agent Principle

A mobile agent is a piece of software entity which travels from host to host and
performs activities on user's behalf. It is also autonomous, proactive, and reactive, and
exhibits capabilities to learn, cooperate, and move, as depicted in Fig. 1 [6].

agent

Communicaton

Proactivity ~ Mobility |Cha_ractor| | Cooperation |

Learning Autonomy

Goal oriented Reactivity
Coordination

Fig. 1. The characteristics of a mobile agent

Itinerary

Code State
static void main(-***)

{

int a=10;
agent X =
newss:eee

5 ®

Host | |Other necessary details|

Fig. 2. The basic structure of a mobile agent
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A mobile agent generally consists of the following components [7], as illustrated in
Fig. 2: [tinerary records the route and current position of the agent; Code stores
fragments of the program; State records agent status and Host stores the server
position; Other necessary details store other information related to the agent, so that
operators will know what the agent does and who the owner is.

Mobile agents can reduce network traffic and provide an effective means of
overcoming network latency. Mobile agents have the ability to interact with the
environment where they execute. Once created, mobile agents operate asynchronously
and autonomously in pursuit of their own goals and no external information or control
inputs are required.

2.2 Mobile Agent Based WSN

Efficient maintenance is crucial for an orderly and large-scale manufacturing. Firstly,
the maintenance system, which is nearly relevant to the operation of equipments and
the quality of production, should respond to the fault/failure of equipments as soon as
possible. Some researchers have applied intelligent soft-computing algorithms to the
maintenance, such as neural networks etc. Secondly, in a flexible manufacturing
system, the deployment of equipments transforms frequently along with the changes
of tasks, so the traditional fixed maintenance system is unavailable. WSN, which
consists of lots of SNs, is competent for a flexible maintenance system. The SNs can
process raw data locally and self-control, and communicate with neighbor SNs or end-
user by wireless connection, and cooperate with each other.

When WSN and intelligent soft-computing algorithms are introduced into the
traditional maintenance system, a novel flexible intelligent maintenance system
appears. The current data processing paradigm tends to use Client/Server model. In
this model, however, there exists an inherent contradiction: WSN has limited
bandwidth and is seriously affected by the surrounding environment; meanwhile, the
intelligent soft-computing algorithms require transmitting vast data by the wireless
connection for a precise result.

The contradiction has deferred the application of WSN for intelligent maintenance.
Mobile agent paradigm is proposed to respond to the contradiction. In this paradigm,
data stay at the local node, while the integration process is moved to the data nodes.
By transmitting the computation engine instead of data, mobile agent based WSN
offers the following important benefits [4], [8]: Network bandwidth requirement is

Processing Element Processing Element

Mobile agent /_ @\ Mobile agent
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Fig. 3. Comparison of architectures between the canonical WSN and the mobile agent based
WSN: (a) Canonical WSN (b) Mobile agent based WSN
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reduced; Network scalability is better and the performance of the network is not
affected when the number of SNs is increased; Extensibility is boosted and mobile
agents can be programmed to carry task-adaptive processes which extends the
capability of the system; Stability is improved and mobile agents can be sent when the
network connection is alive and return results when the connection is re-established.

Fig. 3 provides a comparison of architectures between the canonical WSN and the
mobile agent based WSN.

3 Mobile Agent Based Wireless Sensor Network for Intelligent
Maintenance

3.1 Network Infrastructure

The WSN proposed in this paper adopts a two-layer hierarchical architecture, as
depicted in Fig.4. In the lower layer, SNs communicate by wireless network, and
equipped with a processing element and a local database. A processing element and
its associated SN are referred to as a patch network. In the upper layer, all processing
elements are connected to the central-server (CS) accompanied by a global database
(GD) [9].

Patch Network 1 Patch Network i Patch Network n

(==
) WirelesQG) et

Wireless

Fig. 4. Two-layer hierarchical architecture of WSN

Three different levels of agents are presented: Low-Level Sensors (LLSensors),
Soft-Computing Agents (SCAgents) and High-Level Decision Agents (HLDAgents).
They have different purposes, different features and different fields of action. A
Directory Service is presented for registering some agent services. The architecture of
the mobile agent based WSN for intelligent maintenance is shown in Fig.5.

LLSensors consist of data acquisition agents and preprocess agents. They are static
agents and specific for the type of data source. SCAgents carry out local data fusions
with the data from LLSensors. They are mobile agents that specialized with intelligent
soft-computing algorithms. HLDAgents aggregate the fusion results of SCAgents and
make final decisions. Additionally, SCAManager deals with the registration and
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management of SCAgents and HLDAgents; Directory Service stores the information
of SCAgents and HLDAgents, Performance Data Repository and Agent Cache
Repository are also presented to boost the performance of the network.

Other agents Data fusion

e High-Level Decision Agents

L. O C OO ™.

Direct ‘\@ Agent Cache
irectory . B d Repository
Service |, Soft-Computing o P y

Agents Manager Q 1
O

> O O Soft-Computing Agents Performance
Data Repository
Low-Level Sensors __| —1

C1CJCJC

A
( Data source (Vibration or image, etc) )

Fig. 5. Architecture of the mobile agent based WSN for intelligent maintenance

3.2 Network Components

Mobile agent based WSN for intelligent maintenance consists of two primary parts:
hardware system and software utilities. Hardware system mainly includes:

Sensor Node: the place that acquires data and embeds a mobile agent context, a
small local database and wireless communication module.

Central Server: the place that embeds a mobile agent context and a wireless
communication module, and dispatches the agents, and displays the real-time
operating status.

Global Database: the place that stores the fault/failure data of equipments. It is
connected with central server by wired Ethernet.

Wireless Network (WN): the network environment that adopts IEEE 802.11b, and
provides the communication connection between CS and SNs.

Software utilities comprise mobile agent platform and mobile agent intelligent

maintenance system. The former provide an operation context for mobile agents,
where mobile agents can create, replicate, dispatch to or recall from SNs, sleep or
waken, and eliminate, etc, as depicted in Fig.6; the latter consists of 5 kinds of agents:

Mobile Agent Platform (MAP): the operation context for mobile agents.

Main Controller Agent (MCAgent): the manager agent that offers a user-interface
to accept the inputs, and display the results, and manages other mobile agents.

Data Acquisition Agent (DAAgent): the static agents that acquire real-time data in SN.
Alarm Agent (AAgent): the mobile agents that monitor the fault/failure symbols of
equipments and send alarms to MCAgent.
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— Intelligent Dispatching Agent (IDAgent): the static agent that adopts Radial Basis
Function neural network to decide the type of intelligent analysis agents
(IAAgents) that will be dispatched to the appointed SN.

— Mobile Soft-computing Library (MSL): an aggregation of various types of
IAAgents, detailed description in section 3.3.

Here MAP is IBM’s Aglet Workbench and GD adopts Microsoft Access. CS and
SNs are embedded by IEEE 802.11b communication modules.

3.3 Mobile Soft-Computing Library

The MSL integrated intelligent soft-computing algorithms and mobile agent
technology, which endow mobile agents with intelligent analysis ability and realize
the mobility of intelligent analysis algorithms. MSL is modularized into various types
of JAAgents and every agent embodies a kind of intelligent soft-computing algorithm.
IAAgents are divided into three classes by functions:

— Data acquisition class: Web Camera Agent and Database Agent;

— Data analysis class: Wavelet Agent, FFT Agent, Mahalanobis Distance Agent and
Gabor Agent;

— Intelligent diagnosis class: Neural Network Agent, Taguchi Optimization Agent
and Wavelet Probability Neural Network (WPNN) Agent, etc.

According to the tasks, JAAgents are dispatched by MCAgent to specific SNs, and
carry out the appointed processions, and then return the results to MCAgent. If a task
is too complex, several agents should cooperate to finish it. For example, the real-time
image acquisition requires Gabor Agent and Mahalanobis Distance Agent. Firstly
Gabor Agent acquires the Gabor features of multiple images; secondly Mahalanobis
Distance Agent calculates the distance d of the Gabor features and the standard
feature space; lastly compare d and the threshold T , if d <T , then normal, if

d >T , then fault or failure.

3.4 System Operation Process

3.4.1 Data Acquisition Agents Acquire Real-Time Data

After parameters setup, DAAgent is dispatched to the SNs appointed by IP and port.
DAAgent acquires real-time signals, such as vibration, current or temperature, and
make an elementary analysis. If normal, the data will be discarded; if failure/fault, the

data and the failure/fault symbols will be stored in the local database of the SN (D).

. Dispatch

Replicate Content A i Content B

< Eliminate
Create Waken Sleep

<> <>

Fig. 6. Basic actions of mobile agents on the mobile agent platform
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Fig. 7. The operation process of the mobile agent based WSN for intelligent maintenance

3.4.2 Alarm Agent Returns Symbols of Fault/failure

MCAgent dispatches AAgents to the specific SNs appointed by IP and port. AAgents
resident in SNs and check the failure/fault symbols in the local database (@). If a
symbol exceeds the threshold, AAgent reads the data related to the symbol, makes a
farther analysis and then sends a message, whose parameters are the analysis results,
to MCAgent ().

3.4.3 Main Controller Agent Dispatches Intelligent Analysis Agents

The dispatch of IAAgents is controlled by IDAgent, whose inputs are the parameters
of the messages from AAgents and whose outputs are a vector of 0 and 1. Every bit of
the vector represents an [AAgent; if 1, then dispatch the IAAgent, if 0, then not. Once
MCAgent is created, it is self-controlled and no external instructions are needed.
MCAgent receives the message from AAgents and inputs the parameters of the
message into /DAgent to decide which of IAAgents will be dispatched (@), ®). After
the IAAgent is sent to the SN appointed by IP and port (©), it reads the related data
and makes an intelligent soft-computing analysis (D), and then returns the final result
to MCAgent (). MCAgent displays the result in the main window. The operation
process of the maintenance system can be depicted as Fig. 7.

4 Experiments and Results

The system is applied to the maintenance of ten Mori Seiki Co. SV500 numerical
control machining centers, every one of which is installed with seven SNis , separately

Vibration node 1

Fig. 8. Deploy positions of three SNs for vibration signals
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acquiring three channels of vibrations, three channels of currents and one channel of
temperature. Fig.8 shows the positions of three SNs for vibration signals.

Three specially designed IAAgents are used to analyze the operation status of
SV500. MCAgent inputs the parameters of the messages from AAgents into the
IDAgent and decides which of the three agents will be dispatched to the appointed SN.
Three [AAgents are: (1) FFT Agent which is used in a low probability of fault/failure
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and makes a power spectrum analysis of time domain signal and obtains the
frequency domain features. (2) Wavelet Agent which is used in a medium probability
of fault/failure and makes a Symlet4 7-level wavelet analysis of time domain signal;
(3) Wavelet Probability Neural Network (WPNN) Agent, which is used in a high
probability of fault/failure, and where 21 wavelet energy features are inputted into
WPNN and a decision analysis is made to obtain the probability of 4 statuses: Normal,
Dull, Bad dull and Failure, as depicted in Fig. 9.

The IAAgents analyze the data of seven SNs to get local decisions, and then return
them to MCAgent which fuses the local decisions and get a precise evaluation of the
operation status of SV500. The analysis processes and final decision results are shown
in the main window of MCAgent, as depicted in Fig.10. Fig.10 (a) indicates a Normal
status with the probability of 100%; Fig.10 (b) indicates a Normal status of the
probability of 0.01%, a Dull status of the probability of 21.01% and a Failure status
of the probability of 78.98%, so the most possible status is Failure and the SV500
must be powered off. So the maintenance system can guarantee the operation of
equipments and decrease the unqualified productions efficiently.

5 Conclusions

This paper describes the use of the mobile agent paradigm to design an improved
architecture of WSN. This paradigm saves network bandwidth and provides effective
means for overcoming network latency. The promising maintenance system, mobile
agent based WSN for intelligent maintenance integrates intelligent soft-computing
algorithms, WSN and mobile agent technology. The system is applied for the
automatic intelligent maintenance of SV500 and the experiment results indicate that
mobile agent paradigm is an effective approach for WSN, especially when large
amount of data transfer is involved, which is the case in intelligent maintenance.
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Abstract. A scheme for integrated guidance/autopilot design for missiles based
on terminal sliding-mode control is proposed. Firstly, the terminal sliding mode
control is introduced , based on which and the backstepping idea the
guidance/control law is designed when an integrated guidance/autopilot model
of the yaw plane is formulated. Secondly, an estimating method is given for the
unavailable information of the maneuvering target, and an auxiliary control
based on a sliding mode estimator is used to offset the estimation error. Finally,
a simulation of some missile against high maneuvering targets on the yaw plane
was made to verify the effectiveness and rightness of the scheme, and the
simulation results have shown that high accuracy of hitting target can be got
when the scheme is adopted.

1 Introduction

The dynamic performance of a sliding mode control system is mostly determined by
the prescribed switching manifolds. In general, swiching manifolds are chosen to be
linear hyperplanes. Such hyperplanes guarantee the asymptotic stability of the sliding
mode. That is, the system state will reach the equilibrium in infinite time or tracking
error will asymptoticly converge to zero. The convergent rate can be arbitrarily
regulated according to parameter matrix of the switching manifolds. Nevertheless,
tracking error will not converge to zero in a finite time in any case. Nonlinear
switching manifolds such as TSM can improve the transient performance
substantially. The main reason of using TSM in control system is that the TSM can
make the state of system converge to zero in a finite time[1]. TSM control has been
used successfully in control system designs[2-3]. In this paper, TSM is implicated to
the integrated guidance/autopilot design.

On the guidance aspect, as the development of avionic meter and sensor, the
acceleration of the targets could be got, thus the APN and PGL appeared. In the past
ten years, the three dimensional guidance law and some factors are considered in the
designing process such as induced drag, time-varying velocity and the internal
dynamics [4].The traditional guidance law can not satisfy the modern need any more,
so that some researchers proposed some new guidance algorithms, such as the

D.S. Huang, X.-P. Zhang, G.-B. Huang (Eds.): ICIC 2005, Part II, LNCS 3645, pp. 326— 2005.
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guidance law based on the Lyapunov stability theorem[5],and variable structure
control theory[6-7].However, there are some problems to be considered. First is that
the measurements in an end game are nonlinear in Cartesian coordinates, as a
consequent, there is linearization in the filtering update process. The measurement
updates are linear in polar coordinate based state space, the propagation between the
measurement updates in this case leads to nonlinear equations, thus the state used in
guidance law are suboptimal. The second problem is that the guidance law is
formulated assuming that the separability of the guidance and control law and the
estimators which do not hold indeed. The third one is that the autopilot is usually
designed independent of the estimator and the guidance law. Inspired by the idea of
[8-10], a design integrated scheme is brought out from a new stand point.

The contribution of this paper is that based on the backstepping idea and terminal
sliding mode control theory, a solution of the command of acceleration and fin
deflection are deduced for the integrated guidance/autopilot scheme. Besides, a
sliding mode estimator is designed for the auxiliary control.

The construction of this paper is as follows, in the second section, an integrated
guidance/autopilot model is formulated, in the third section, the control-guidance law
is deduced and by using an auxiliary control based on a sliding mode estimator, the
control will be more accurate and the robust performance will be enhanced. A
simulation is made and the simulation results are presented in the fourth section,
finally, a conclusion is made.

2 The Model of Integrated Guidance/Autopilot

In Fig 1, a standard two-dimensional scenario is shown.

Fig. 1. Intercept scenario

Where R -the distance between missile and target; fM,fT -flight-path angle of

missile and target; V},;, V. - velocity of missile and target; Q -LOS.
The kinematical equations between missile and target can be shown as (1)

R=VT cos Ly —Vy, €Os Uy (1)
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R =V, cos i, —V,, cos 1, 2)
Q=&+ iy 3)
Q =Gy + My S

Equations (1) and (2) can be changed into the following form of (5-6)

R =V, cos(& — Q) -V, cos(&,, — Q) (5)

RQ =V, sin(&, — Q) -V, sin(&, — Q) (6)

derivate (6), and substitute (5) into it, after some mathematical manipulations, it can
obtain that

RQ +2RQ =-V, sin(&, — Q) +V,sin(&, — Q)
+Vidr cos(§r — Q) — Vi cos(&y — Q)

because the overloads of missile and target can be  written

(N

asn, = -V, &, ny = -V, &y » so(T)can be written as

RQ +2RQ =V, sin(&, — Q) +V, sin(&, — Q)
— Ny COS(§T - Q) + ny COS(&M - Q)

Let RQ =U , then

®)

U=-V,sinG, —0)+V;sing; Q) —ny.cos€, —Q) - +m,cos6,—0)—RO

=V, sin€,, —Q)+V;sin€, —Q)—n.cos€&, —Q)  +ny,cos€, —0) —§U ©)

o 2
:f(VM’Va"nM’nF"fM’él"Q)_EU

In addition , the following equations of missile shown in (6-8) can be got in[11].

ny =-L[(~C, sin f+573(C7 +C 8, )eos B (10)
, 1 5 ) qS .5,
p= (57.3¢gSC? B — Pcosarsin ) +57.3 C.’0,
mVy | mVy -~ (11)

+o sina+ @, cosa
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2 — j—
y qSL %0+ 57.3gsL 5B+ 57.3qsLm(?v 5+ J.—J, \
IV, ’ oy, e U9
M y y y

y

Because the scheme researched is on the yaw plane , in order to simplify the form of
expression and facilitate the design, some hypothesis are introduced.

1. & and ,B are small enough, so that the following relations can hold,

sina=a.sinfB=f cosa=cosfB=1.

2. There is no coupling among the three channels.

3. The influence of fin deflection on aerodynamic force can be neglected comparing
the other terms.

Thus we have the following integrated guidance/autopilot model of missile on the
yaw plane shown in (13-16).

: - R
U:f(VM’VT’nM’”T’fM’fT,Q)—EU (13)
m4=fE{G{;ﬂ+51icf+c§§)] (14)
f=—L (573¢5C" —P)B+ o, (15)
m M
2 —

= qSL o, +57'3qSLmvﬂ ,B+57'3qSme~" 5 16)

JV, L S

3 Integrated Control-Guidance Law Design

By using the constructive approach of backstepping and TSM, the control-guidance
law is deduced, the process of which can be concluded as follows.

Step 1:

Choose the Lyapunov function candidate as (17)

1
KzEUZ (17)

Derivate it and substitute (9) into it, it will obtain that
V, =UU =U[-V,,sin(&, — Q) +V,sin(, — Q)
R (18)
—Nr COS(&T - Q) +ny COS(&M - Q) _EU]
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Let
Vi =-oV (19)
The reaching time of the terminal attractor will be
-y
=V vy e o (20)
o(l-7)
substituting (17) into (19) ,we have
U=-27U*" =27aU[*" sign(U) @1

if the control law is chosen as

1 R -
Ny == m[——U ~V, sin€, —Q)+V, sin&, —Q) o)

—nycosé; —Q) +2 7 Ul sign(U)]
then we have
U =-27alu[*  sign(U) (23)

So that the desired dynamics of (19) can be got. As long as the missile is launching
towards the target, then cos(&,, —Q)#0 ,and (22) is nonsingular, such that
U = RQ convergent to zero, and the missile can intercept the target successfully.

Step 2:
According to command of overload shown in (22) and output overload shown in (14),
the command of side slip angle can be got through the following filter

Bd + ’hlgd = (”Mc Ny ) 24)
where 77, =0.5,77, =9.5.
Step 3:

Letf=pB-p, ,ﬁ)y =W, — W, where @, can be considered as a virtual control

in (15),then we have

Bz—(573qSC’6 P+ w,-p,

1 .
:—V(57.3qSCf -P)B+ 0, w,-f,+ o, (25)

M

=LV<57.3qSCf _P)B+ @,-f,+ o,

M
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Let

0, =————(57.3¢SC? ~P)B+f, -k, B

M

Then it can obtain that

B:@y_kSB

Choose the Lyapunov function candidate as
15, 1.
V,==—B*+-d,’
2 2

Derivate it , it can obtain that

R U L
V,=pB+d,0,=p(d, -k ﬂ)+a)y(JV m;’ ,

y'M

57 57.3gsL ﬁ,B 57. 3qsL s, RO
Jy Jy
= ~ . qSC & 57.3gsL
= fBw, —k 2+a) q—mw"a) +—mﬁ
ﬁ y 3 ﬁ y(JyVM y y Jy ﬁ
57 3qsL s, RO
y
Let
J ~ 2 & . ~
o, = ] +(qSL mv"a)v+—57 3qSLm€ﬂ—ci)vd)+k4a)v]
' 57.3qsLm’ JV = J, ' ' '

Then it can obtain that

V=-k,®’—k B> <2V

331

(26)

27)

(28)

(29)

(30)

3L

where b = min(k,,k,) from (31) we can see that the exponential stability can be

got.

In fact, the value of VT, np and ¥, in (13) can not be measured directly, so it is

necessary to estimate them, and the estimating method will be given.

Refer to Figure 1, there are the following relations

X=Xy — Xy

(32)
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=27 72y (33)
R=+x*+7° (34)
R=(xi+22)/R (35)
Z
0O = arctan(——) (36)
X
. XX
0= (37
R2
After some mathematical manipulations, it can obtain that
Xp =RcosQ—RQsinQ+5cM (38)
Zp = —RsinQ — RQcosQ + Zu (39)
then the estimation of the velocity of the target can be expressed as
Vi= (i 420" (40)

and we can get the estimation of ¥/

&= arctan(—<1) (41)
Xt

By using a low pass filter, fT and \}T can be got. Then it can obtain that

g (42)

Ny =—

o |5

so that (22) can be rewritten as

1 R
———[—A-V,sin, —
o Q)[ 2 sin(Gy —Q) )

+V,sin@, ~0)—i, cos(& —Q)+2 7 w| Al sign(A)]

My =

In practice, the estimation error of the motion information of the target can not be
neglected, now an auxiliary control based on a sliding mode estimator is used.
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Let
D =V, sin(&, — Q) = Vysin(&, — Q)
- [ﬁT Cos(é:T - Q) — Ny Cos(é:T - Q)]
Define the control based on the estimator as

—D/cos(éy — Q) =n,,,

where D is the estimation of (44),define a sliding quantity
c=A-z
where O is an auxiliary sliding variable, which can be got by
7 =D —k,sign(o)
derivate (46) and substitute (47) into it, we have
0 =D —ksign(o)
Aslong ask, > |D| , O will convergent to zero in finite time.
Then it can obtain that
D =06 +k,sign(o)

By using a low pass filter, we have

D=

o +k,sign(o
kst[ 1sign(o)]

then the control part based on the sliding mode estimator can be expressed as

n,, =—D/cos(&, —0)
then the total control can be written as

Mye = Mpger T My

4 Simulation

333

(44)

(45)

(46)

(47)

(48)

(49)

(50)

(S

(52)

Some anti-vessel missile is taken as an example, when the simulation para-
meters are chosen as follows: simulation step is 0.002s, VM =300m/s ,
V. =50+ 5sin(f)m/s , the initial value of &, is set to be &,(0)=0" and
&, =90+ 50sin(3¢), the initial position coordinates are set to be as (X, Zy)
=(0,0)(m), (X, 2y )=(1000, 100)(m). The saturation value of the command overload
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is set to be 15g. Seen from the simulation results in Figure 2, the missile can hit the
target accurately, and the missing distance is only 0.22m.

200 400 500 *00 10000 1200

x/m

The curve of missile and target in the yaw plane(Missile-solid line, Target-dotted line)

B0 Sorrrstnirisinioisnn binins i

500
400
300 %,
s00 %

n/m-s”

100

0 &=

ety Torx

-100 . = = =
o 1 2 3 4 5
The curves of overloads (71, -solid line, 71,, -dotted line, saturation of 71, . -dashed line)

30

25

U/m-s™!

L] 1 2 3 4 5

/s
The curve of U

Fig. 2. Simulation results

5 Conclusion

In this paper, a scheme of integrated guidance/autopilot design for missiles on the
yaw plane is considered. When a integrated guidance/autopilot model of the yaw
plane is formulated , based on the backstepping idea and terminal sliding mode
control, the guidance/control law is designed. In orderto verify the effectiveness and
rightness of the integrated design scheme, a simulation of some missile against
maneuvering targets have been made, the simulation results have shown high
accuracy of hitting target have been got.



The Application of TSM Control to Integrated Guidance/Autopilot Design for Missiles 335

References

(1]

[2]
[3]
[4]

[5]

[6]

[7]

[8]

[9]

(10]

(11]

Yu, HY., Gu, W.J. and Yang, Z.Y.: Novel Fast Adaptive Terminal Sliding Mode
Control for Cross Beam System, Proceedings of the 5™ Congress on Intelligent Control
and Automation, June 15-19,(2004)1208-1211.

Yu, X. and Man, Z.: Model Reference Adative Control Systems with Terminal Sliding
Modes, Int. J.Control, Vol. 64, No.6,(1996)1165-1176.

Man, Z. and Yu, X.:Terminal Sliding Mode Control of MIMO Systems, IEEE
Trans,Circuits System, Vol.44, No1,(1997)1065-1070.

Yaesh, 1., and Ben-Asher, J. Z.,: Optimal Guidance with a Single Uncertain Time Lag,
Journal of Guidance, Control, and Dynamics, Vol. 18,No. 5, (1995) 981-988.

Song, S. H., and Ha, I. J.: A Lyapunov-Like Approach to Performance Analysis of 3-
Dimensional Pure PNG Laws, IEEE Transactions on Aerospace and Electric Systems,
Vol. 30, No. 1, (1994) 238-247.

Zhou, D., Mu, C., and Xu, W.: Adaptive Sliding-Mode Guidance of a Homing Missile,
Journal of Guidance, Control, and Dynamics, Vol. 22, No. 4,( 1999) 589-594.

Babu, K. R., Sarma, I. G., and Swmy, K. N.: Switched Bias Proportional Navigation for
Homing Guidance Against Highly Maneuvering Target, Journal of Guidance, Control,
and Dynamics, Vol. 17, No. 6, (1994) 1357-1363.

Menon,.P.K., Ohlmeyer, E.J.:Integrated Design of Agile Missile Guidance and Autopilot
Systems, Control Engineering Practice 9 (2001)1095-1106.

Neil, F.P., Todd, D..J.n,:Integrated Missile Guidance and Control: a State Dependent
Riccati Differential Equation Approach , Proceedings of the 1999 IEEE,International
Conference on Control Applications,Kohala Coast-Island of Hawai’l,Hawai’I,USA,
8(1999)22-27

Ernest, O.,J and Steve, M.: Optimal Design of Integrated Missile Guidance and Control,
American Institute of Aeronautics and Astronautics, Inc.

E.Devaud, Harcaut, J.P. and Siguerdidjane.H.: Various Strategies to Design a Three-axes
Missile Autopilot, AIAA (99)187-195.



The Robust Control for Unmanned Blimps Using Sliding
Mode Control Techniques

Guogqing Xia and Benkun Yang

School of Power and Nuclear Engineering, Harbin Engineering University,
Harbin 150001, P R China
xiaguoging@hrbeu.edu.cn

Abstract. The control system design problem for unmanned blimps has not only
theoretical significance but also practical signification because the moving
behaviors of blimps are complex nonlinear with coupling, unstructured,
imprecise models and disturbance. In this paper the sliding mode control method
is applied to control the blimp maneuvering due to its strong robustness. The
simulation results show that sliding mode control method is suitable for
unmanned blimps through comparing to the simulation curves of sliding mode
controllers and PD controllers.

1 Introduction

The applying research of blimps has received considerable attention in recent years due to
the useful properties of blimps. Blimps possess easy hovering, wide altitude, low noise
and low power consumption characteristics, so they are mainly used as low-speed,
low-altitude platforms for exploration, monitoring, transportation and research purposes.
Our current aims in the aerial robot field are designed the autonomous flight control
system for unmanned blimps using onboard control and navigation systems for further
research. The long goals are developing the cooperative control for multiple unmanned
blimps to execute searching and exploring mission. If we want to bring blimp’s properties
into full play the control methods are required to adapt different ways. Azinheira et al
applied H _ control approach to blimps [1]; de Paiva de al used PID controller to control a

semi-autonomous blimp [2]; Hygounenc et al did backstepping techniques research for
blimps [3]; Wells et al do research of remotely piloted airships [4]. In this paper, we
consider the sliding mode control method because it has strong robustness, thus it can
satisfy the requirement of complex nonlinear behaviors of blimps. At present, the sliding
mode control method has been applied to a lot of fields, and the followings are some
successful examples. Huang et al used sliding mode control method to design control
systems of aircrafts [5]; Jafarov et al applied sliding mode control to the model F-18 [6];
Healey et al employed sliding mode control method for autonomous diving and steering
of unmanned underwater vehicles [7]. Their research shows that the sliding mode control
method has excellent properties.

The paper is organized as follows: section two describes the mathematic models of
the blimp. Section three discusses the sliding mode control method. Section four gives
the simulation results and section five provides our conclusions.

D.S. Huang, X.-P. Zhang, G.-B. Huang (Eds.): ICIC 2005, Part II, LNCS 3645, pp. 336 2005.
© Springer-Verlag Berlin Heidelberg 2005
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2 Blimp Modeling

2.1 Kinetic Model of Blimps

The complex nonlinear behaviors of blimps need us to design control approaches and
evaluate the effects before they fly on the real world. The modeling and simulation is an
important tool for research of new methods, so we need to build the models of the
blimp. In order to describe the dynamic models that can reflect primary characteristics
of the blimp, two types of coordinate systems are used to represent blimp motion. The
one is an inertial frame system called earth-fixed frame ( E— X ,Y,Z,), and the other

one is called body-fixed frame ( O — xyz ) which fixed to blimp whose origin is at the
blimp body. The coordinate system is given in figure 1.

Ye

Zew

Fig. 1. Defining coordinate systems of a blimp, the earth-fixed reference frame is used to
integrate dynamic equations of blimp motion; the body-fixed frame is used for calculating the
forces and moments acting on the blimp

In the coordinates the complex nonlinear equations of the blimp motion can be
expressed in six degrees of freedom (6DOF) model [8] as follow:

Mi=F,(x)+E(x)+G+P . (1

where x-dot is the velocity vector (6 X 1) including the linear speed u, v, w (surge, sway
and heave) and angular speed p, q, r (roll, pitch and yaw), these speeds are described in
the body-fixed frame, M is mass matrix (6 X 6) including added mass, F, is dynamic
forces and moments vector (6 X 1), E is aerodynamic forces and moments vector
(6X1), Gis gravity and buoyancy vector (6 X 1), P is propulsion forces and moments
vector (6 X 1). For more details about the equation, see reference [8][9].

In computer simulation, the position and velocity of blimp need to be transformed
from body -fixed frame to earth-fixed frame. The linear velocities and angular rates are
{X .,Z,}and {¢ 0, v} in earth-fixed frame, and the linear velocities and angular rates
are {u,v,w} and {p,q,r}in body-fixed frame. The relationship between the linear and
angular speeds in the body-fixed frame and earth-fixed frame is given by equations (2)
and (3).
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Xe cyeld —swyed+cysOsg  sysP+cysbed ||u

Ye =|sycld cycop+sysbsp —cysdp+sysBeo|v | . )
Ze —s¢ cbso cgcl w
¢ 1 0 -s6'[p
(=0 cp cosp| g (3)
74 0 —s¢ cocl| |r

where:

cP=cos@,cl=cosb,cyy =cosy and s¢ =sin @, s6 =sin 0, sy =siny ;

{ u,v,w } are linear velocities along Ox, Oy and Oz axes respectively;

{ p.q,r } are angular rates about Ox, Oy and Oz axes respectively;

{X,.Y,,Z,} are positions in earth-fixed frame;

{ ¢,6,y } are Euler angles, called roll angle, pitch angle and yaw angle respectively.

2.2 Mathematical Model for Designing Controller

For designing controller, it is very convenient to use a linear state space description of
the system. Consider the roll motion is often induced by side-slip motions of the blimp,
and because roll motion does not strongly influence sway and yaw and has no actuators
to operate, so ignoring the roll effects. The lateral motions and the longitudinal
equations are as respectively:

1) Lateral Motion Subsystem: The lateral motion model is given in the following
equation (4), neglecting the interaction from longitudinal motion of the blimp and the
effect of roll.

7 0 01| |yl |0
v =10 aa, |X|vI|+|b |0, +D,. 4)
7 0 aya,| |1 b,

where D, is disturbance term.

2) Longitudinal Motion Subsystem: The longitudinal motion model is expressed as
equation (5), neglecting the interaction from lateral motion of the blimp.

61 [0 0 01 6| |0

> 000 0
< = 4s X . + é; + De . (5)
W ag 0 a, aq wl |b;
q a, 0 ay ay q b,

where D, is disturbance term.
Equations (4) and (5) are used as designing the sliding mode control.
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2.3 Navigation Systems

The position sensor of blimp is DGPS, and heading sensor of blimp is compass.

3 Control Strategy

The use of sliding mode technique has been gradually popular in the field of controller
design for diverse systems because sliding mode control has strong robust ability
during sliding motion. This paper will present the blimp flight control via the sliding
mode control techniques. For linear system in the following equation (6), the sliding
mode control is discussed [10].

X (1) = AX (1) + Bu(t) . (6)

where Ae R™ ,Be R™ , X e R™ ,ue R™ with 1<m<n, matrix B can be
assumed that it is full rank, that is rank(B)=m, without loss of generality. For more
details about the method, see reference [10].

Define the sliding surface as: o(X)=8X , where Se R™", to determine the

. Lo 1
function, Lyapunov function is taken as: V(X)= 5(0'12 +0, ++0.) , then
V(X)=0,6,+0,06,++0,0, .
To make asymptotic system stability is guaranteed then require V(X)<O0 is
satisfied, thus only need 0,6, <0 fori=1tom.

Define &, =—pf,\0, sgn(c;),5, >0 fori=1ltom , then that is 0,6,<0
fori=1tom.
For o(X)=SX ,then 6(X)=SX =S(AX +Bu)=T.
u=—(SB)"'SAX +(SB)'T . (7)

is the desired control law.

- ﬂl\/glsgn(o-l)

- ﬂm\/a sgn(o,,)

In order to solve S values, equation (6) needs to be expressed in following form

Where I' =

() =A,7,(H+A,z,(1) . (8)

2,(t) = Ay 2, (1) + Ay z, (1) + Bou(t) . 9)
with the sliding surface is written as

0(2) = 8,2, (1) + §,2,(1) . (10)
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where the change of coordinates is defined by an orthogonal matrix 7, , so that
A, A 0
2)=T.X(r), then T, AT { ! ‘2}, T,B={ } ST =[s, S,].
AZI A22 BZ
During sliding motion, equation (10) should satisfy S,z,(¢)+S,z,()=0 ,
consequently,

2,(1) ==8;'S,7,(t) = —Mz, (1) . (11)

With assumption the matrix S, is nonsingular, where M € R™"™™ is defined as:
M =S,'S,, using equation (11) replaces equation (8) can be given
() =(A, - A, M)z, (1) . (12)
The design requirement is system asymptotically stable, that is
z, = 0ast — oo during sliding motion. Now it becomes that of fixing M =S,'S, to
give (n —m) negative poles to equation (12). Let S, =1, , S will be determined
as: ST =[m 1,].
Several approaches have been proposed for design § including poles placement,

quadratic minimization and eigenvalue assignment methods. We will discuss quadratic
minimization method here.

Define a cost function: J = % Jj x(OTOx(1)dt

where Q is both symmetric and positive definite, the aim is to minimize it. Using

Qll QIZ
QZI Q22

transformation matrix 7, , then T,QT, :{

} , where 0, =0/,.
Thus
1 ¢
J :EJ; (2 012 +22/ 012, + 2,00 2,)d1 (13)

In order to solve this problem it is desirable to express it in the form of the standard
LQR. For the last two terms in equation (13) can be replaced to yield

T T -1 T -1 T AT -1
22,0012+ 2,002 = (2, +0505,2) X 05(2, +05,052) = 21 020,052, » SO
equation (13) can be written as

J T _
J =§L [ZIT (Qy _QIZQZ_ZIQZI)ZI + (2, +Q2721Q21Z) 0 (2, +Q221Q2121)]dt . (14)
Define

Q =0y _Q12Q2_21Q21 . (15)

P:Z2+Q2_21Q21Z1 . (16)
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Equation (14) can be written as
J= % [7 (2 0z + PT QP . (17)
Using equation (16) replaces equation (8) to eliminate the z, , it becomes
2 (1) = Az, (1) + AP . (18)

where A=A, —A,05,0,,
Now the problem becomes that of minimizing the function (17) subject to the
equation (18). Defining a positive definite matrix F,, and it must satisfy the algebraic

Riccati equation: PIA + ATPI - BA,O0, ALP + 0 =0, then the minimizing equation

(17) is given by P =—-Q;, A" Pz, , to replace the expression into equation (16) yields
2, =0 (AP +0,)z, (19)
Comparing this one with equation (11) yields the expression

M =05 (ALP, +0,). (20)

s=m 1. 1)
Thuso(X)=SX =[M I m ]T,X , then the final control law is:

u=K,X +K o sgn(o) . (22)

where K, = —(SB)'s4, K, = —(SB)™.

Let u, =K,X is linear feedback control. u, =K, ﬂ\/g sgn(o) is nonlinear
feedback control, namely sliding mode control, thus

U=u;, +uy (23)

4 Simulation Results

The blimp trajectory control system is given in figure 2.

When the sliding mode controllers are applied one undesirable aspect is the chatter
induced by the nonlinear switching term near the sliding surface. One way to reduce the
chatter is to use the concept of a boundary layer around the sliding surface and use
tanh function replace sgn function [7].

Renew define sliding surface functions as:

G, =P, /% tanh(%_) a,B,>0 for i=1to m
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where « is boundary layer thickness. The method can reduce the chattering effect
when the system is near the sliding surface.

]
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Fig. 2. Block diagram of blimp trajectory control system. It includes horizontal plane control
loop and vertical plane control loop.

500

400

300

200

Xe-North(r)

100

~100 0 100 200 300 400
Ye-East(m)

(a) The simulation curve of X, =Y, plane

60

F 300 i f
& | — 40 ! S T
5 e i
g 200 — f =
g b £ R

£ 20}

VWOUD 100 200 300 400 500 600 UO 100 200 300 400 500 600

Rudder(degres)
58 o 8
B
i
|
|
|
Elevator(dearee)

8 o 8

]
|
1
100 200 300 400 500 600 o 100 200 300 400 500 600
Timef(s) Time(s)

(b) The curve of heading and rudder  (c) The curve of height and elevator

Fig. 3. The simulation results are with constant wind at 45 degrees to the X, axis. (a) is

projected to horizontal plane curve in earth-fixed reference frame; (b) is heading curve and
controlled degrees of rudder; (c) is height curve and controlled degrees of elevator.
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Fig. 4. The simulation results are that all aerodynamic coefficients are increased by 100% from
designed conditions. (a) is projected to horizontal plane curve in earth-fixed reference frame; (b)
is heading curve and controlled degrees of rudder; (c) is height curve and controlled degrees of

elevator.

The control law of lateral motions is:

(1) Sliding mode controller:
o =0.9866v —1.1403r +2.7085(y,,, — W) +0.11tranking _error

6, =-0.5115v-0.557r - 0.032420 tanh(20)

(2) PD controller:

o, =—-13(y,,,, —¥)+4.3r+0.07tracking _error
The control law of longitudinal motions is:

(1) Sliding mode controller:

o =1.3148w—1.1872¢ —1.759560 + 0.7142(height,,, — height)

0, =—0.8532w +0.6684g —0.010180 + 0.0322+/ 20 tanh(20)
(2) PD controller:

5, = —0.04(height,,, — height) +0.090 +4.4¢

com

We have done a lot of simulation research on this issue. The followings are four
simulation cases on blimp’s trajectory. The case 1 is under designed conditions of PD

control law; simulation results indicate the two types of controllers have similar perfo-
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Fig. 5. The simulation results are with white noise of mean zero and variance 0.5. (a) is projected
to horizontal plane curve in earth-fixed reference frame; (b) is heading curve and controlled
degrees of rudder; (c) is height curve and controlled degrees of elevator.

rmance. The simulation results of case 2, case 3 and case 4 are shown in figure 3, figure
4 and figure 5, respectively. In figures, the red dashed lines denote the results by sliding
mode controller; the blue solid lines show the results by PD controller; the black
dash-dot lines is desired trajectory.

Figure 3 illustrates the simulation results with constant wind at 45 degrees to the
X, axis. The results indicate that the sliding mode controller has quite better robustness

and precision than PD controller.

Figure 4 illustrates the simulation results that all aerodynamic coefficients are
increased by 100% from designed conditions. The results indicate that the sliding mode
controller has far better robustness and precision than PD controller.

Figure 5 illustrates the simulation results with white noise of mean zero and variance
0.5. The results indicate that the sliding mode controller has quite better robustness than
PD controller.

5 Conclusions

In this paper, we discussed sliding mode controllers and PD controllers in controlling
an unmanned blimp. For complex nonlinear movement of blimps we can design its
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sliding mode controllers through linearized models. The simulation results indicate that
the sliding mode controllers can provide stronger robust performance to blimps
maneuvering than PD controllers via comparing to the simulation curves of two types
of controllers. Computer simulations have validated that sliding mode control method
is to be suitable for the moving situations of nonlinear dynamic and uncertain models of
blimps. The sliding mode controllers will be employed in further developing.
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Abstract. In present study, the complex real-time autoregressive (AR) model-
ing based on the Levision-Durbin recursive algorithm and the maximum en-
tropy spectral estimation is developed to calculate the spectrograms of Doppler
blood flow signals for producing more comprehensive information about the
components of the blood flow profile and increasing the display quality. A port-
able Doppler blood flow analysis device, which is based on a digital signal
processor (DSP) TMS320VC549 (Texas Instruments) and contains a
240 * 320 LCD color graphic display module (Hantronix), has been used to
implement the spectral estimation algorithm and display spectrograms on the
LCD in real-time. Directional Doppler spectrograms are computed directly
from the in-phase and quardrature components of the Doppler signal. The re-
sults are applied to the development of a compact, economic, versatile bi-
directional and battery- or line- operated Doppler device, which can be conven-
iently used to perform basic vascular testing.

1 Introduction

The Doppler ultrasound technique has been a widely used tool in clinical applications
since the 1980s. Although Doppler ultrasound may be used for the study of various
types of motion within the body, its major use remains the detection and quantifica-
tion of the flow in arteries and veins. Diagnostic information is usually extracted from
the Doppler spectrogram computed using the STFT. [1,2,3]. However the STFT has a
main shortcoming in the trade-off between time and frequency resolution. The STFT
algorithm requires that the signal being analyzed is stationary during a short time
interval. By compromising between frequency resolution of the spectrum and the
blood ejection rise time during systole, a 10 ms window is often used in practice. To
increase the frequency resolution, a longer time interval is required. Thus, the station-
ary assumption may not be valid. In addition, the spectral components occurring in a
large interval will be smeared in the time domain, resulting in decreased time resolu-
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tion. Thus, the STFT is not necessarily the best tool for analyzing Doppler blood flow
signals [4]. To partly solve this problem, the AR modeling has been used as an alter-
native technique. Kitney and Giddens [5] stressed the best performance on spectral
tracking and spectral resolution of autoregressive spectral estimation when short
frames were used. Kaluzynski [6] reported the advantages of using the AR modeling
for the analysis of pulsed Doppler signals, especially for short data lengths. Vaitkus et
al. [7,8] addressed the good spectral matching ability of the AR modeling approach
using a simulated stochastic stationary Doppler signal with a known theoretical spec-
trum as a reference to test spectral estimation techniques.

Conventionally, a Doppler blood flow analysis device is a piece of large-sized
equipment. Its applications were limited due to the considerable weight/size of the
table-top device placed on the wheel-table and the dependency on the wall power
plugs. Therefore, a battery- operated portable Doppler system, which produces crisp,
clear Doppler sound complemented with a display, is desired for the evaluation of the
peripheral vasculature.

In the present study, we have developed a portable Doppler blood flow analysis
device utilizing the complex real-time autoregressive modeling based on the Levi-
sion-Durbin recursive algorithm and the maximum entropy spectral estimation to
calculate the spectrograms of Doppler blood flow signals. The objectives of our study
are:

1) to design a small sized device based on a digital signal processor and a LCD
graphic display module, make it suitable for flexible applications;

2) to implement the AR modeling algorithm in real-time for producing more com-
prehensive information about the components of the blood flow profile.

3) to display Doppler spectrograms in real-time on the LCD in 256 colors for in-
creasing the display quality.

In the next section, we first describe briefly the mathematical background of the
AR modeling algorithm used in this study. Then the rest of sections deal with the
implementation of the hardware for the spectral estimation and display, the develop-
ment of the Doppler signal processing algorithm, and the method of displaying the
Doppler spectrograms on the LCD, followed by results, discussions and conclusions.

2 Mathematical Background of the AR Modeling Algorithm

Two audio signals, both containing the Doppler information, but shifted by + 90 © to
each other, are called the in-phase x, (7) and the quadrature x,(n) Doppler signals

respectively [9]. The directional Doppler blood flow signal is a complex-valued signal
expressed as

x (n) = x,(n)+ jx,(n). (1)

According to Guo et al. [10], it is possible to compute the forward and the reserve
blood flow components directly from the complex Doppler signal using the complex
AR modeling.



348 Y. Zhang et al.

The complex AR modeling is expressed as

)4

x(n)=2ap’mx(n—m)+e(n). 2)

m=1

where x(n) is the complex Doppler signal, p is the order of the model, @ ,,, is the

pm
complex coefficients, and e(n) is the modeling error. The Yule-Walker Equations
together with the Levinson-Durbin algorithm [11] are used to compute the complex
AR coefficients 4 ,, and the modeling error variance ¢ , . This algorithm proceeds

. 2 2
recursively to compute the parameter sets { d; |, Op }, { a2,1 ,612,2 , 00}, ...,

{ap,17 ap,2 PRRRIE) ap’p 70-12) }, as follows:
a,,=-R_()/R_(0). 3)
ol =(1- ‘au‘z)R“(O). %)

The recursion for m= 2,3, ..., p are given by

m—1
Ay =—|R(m)+> a, R (m-k)| /o). 5)
k=1
am,i = am—l,i + am,mam—l,m—i (izl’ ey m‘l) (©)
2 2 2
or=0-la,,.[)o.,. @)

where R (m) is the complex auto-correlation function of x(n) computed by

N—|m|-1

R _(m)= N 2 x(n+m)x (n). (8)

n=0

x'(n) is the complex conjugate of x(n). N is the number of data points. Supposing that
p+1 values of the auto-correlation function Rxx (0) to Rx)C ( p) are computed using

(8), the maximum entropy extrapolation of the auto-correlation function is

Rxx(n)z—i a,,R.(n—-k) for |n|> p. ©)
k=1
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and then, the maximum entropy spectral estimation based upon the extrapolation of
the known values of the auto-correlation function is given by[11]:

M -1 .27rkn

S(ky=Y R, (m)e V", (10)

n=-M

where M can be chosen as a power of two, in order to enable the computation be per-
formed using a fast Fourier transform. We have chosen to compute 128 (M=128)
frequency bins, largely as a matter of compatibility with the previous studies [5-10].

3 Hardware

The estimation and the display of the autoregressive spectrograms in real-time are
implemented on a digital board based on a digital signal processor TMS320VC549
[12]. The configuration of the digital board for the spectral estimation and display is
shown in Fig. 1. The hardware accommodates a TMS320VC549 DSP chip, address
interface, SRAMs, FLASH ROMs, ADC circuit, the LCD display interface circuit and
the JTAG emulator interface. This board includes 256K words of one wait-state data
SRAM, and a total of 256K words of FLASH ROM. The generic array devices, two
chips of GAL20V8, select the SRAM, FLASH ROM, or on board peripherals. In this
configuration, the DSP can work at 80 MHz with two wait states when access the
onboard SRAM.
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Fig. 1. The configuration of the digital board for spectral estimation and display

The TMS320VC549 synchronous serial port, whose interface consists of transmit
and receive clocks, frame-sync and data lines, is used to access the onboard ADC
TLV2548. The analog channels AO and Al are used for the in-phase and quadrature
Doppler signal inputs.
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Implemented by using an EPSON SED1375 [13] Embedded Memory Color LCD
Controller, the Hantronix HDM3224C 240320 LCD color graphic display mod-
ule with CCFL backlight is used in this portable device. The SED1375 is a
color/monochrome LCD graphics controller with an embedded 80K Byte SRAM
display buffer. The high integration of the SED1375 provides a low cost, low power,
single chip solution to meet the requirements of the portable embedded device appli-
cation.

A 14 pin standard interface, which is used by the JTAG emulator to interface to
TMS320VC549 digital processor’s On-Chip Scan-Based Emulation Logic (IEEE Std
1149.1% (JTAG) Boundary Scan Logic) [12], simplifies the code development and
shortens the debugging time. Debuggers providing the assembly language and the
high level C language debug are available with the JTAG emulator. Data processed
by the DSP can be loaded to the host machine through this JTAG interface and stored
as a data file.

4 Implementations

4.1 Spectral Estimation Implementation

The in-phase and the quadrature Doppler signals are digitized by the 12-bit ADC TLV
2548 with the sampling frequencies varied among 5 kHz, 10 kHz, 15 kHz, 20 kHz
and 25 kHz according to the velocity measured. The TLV2548 device is configured
as: single-shot conversion mode, conversion clock = SCLK, short sample period (12
SCLKs), 4V internal reference voltage. The single-shot conversion mode is a simple
method, that is, convert/sample, and immediately read the data out of the data con-
verter. Because of preventing the DSP from being used by other devices at the end of
conversion, this mode is able to keep the sample frequency accuracy. The TLV2548
is programmed to generate an interrupt when the FIFO is filled. The digitized signals
are then received by the TMS320VC549 digital signal processor to estimate the
spectrum.

In order to simplify the code development and shorten the development time, a
special data format (Q.15) and several assembly routines in the TI C54x DSPLIB
[14] are used to perform the signal processing. The TI C54x DSPLIB is an optimized
DSP function library for C programmers on TMS320C54x DSP devices. It includes
over 50 C-callable assembly-optimized general-purpose signal processing routines.
These routines are typically used in computationally intensive real-time applications
where optimal execution speed is critical. The routines used in this study include:

cbrev (DATA *x, DATA *r, ushort n) --- complex bit reverse
cfft (DATA x, nx, short scale) --- forward complex FFT
acorr (DATA *x, DATA *r, ushort nx, ushort nr, type) --- auto-correlation.

The function cbhrev bit-reverses the position of elements in the complex input sig-
nal x into the output vector r. Use this function in conjunction with the cfft routine to
provide the correct format for the FFT input or output data. The function cfft com
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putes a radix-2 complex forward FFT of the nx complex elements stored in the vec-
tor x in bit-reversed order. The original content of the vector x is destroyed in the
process. The nx complex elements of the result are stored in the vector x in normal-
order. The function acorr computes the first nr points of the positive-side of the auto-
correlation of the real vector x and stores the results in the real output vector r. The
full-length autocorrelation of vector x will have 2*nx—1 points with even symmetry
around the lag O point (r[0]). The complex auto-correlation of the directional Doppler
signal in (8) can be achieved by using the function acorr.

In this study, a special data format DATA, which is called Q.15, is used by the sig-
nal processing routines. Q.15 format places the sign bit at the leftmost binary digit,
and the next 15 leftmost bits contain the fractional component. The approximate
allowable range of numbers in Q.15 representation is (-1, 1) and the finest fractional
resolution is 2% = 3.05 * 10,

The software, which is programmed using Texas Instruments’ TT C54x assembly
language [15] and TT C54x C language [16] can be divided into two main parts: the
signal processing and the user interface. The main process is implemented as a main
task loop. Interrupt-driven data acquisition is performed as a background task trig-
gered by a sampling pulse generated by an embedded timer. Equation (10) is used to

estimate the AR-based spectrum with a frequency increment Ay = f /12 g Hz ( f,

is the sampling frequency). The auto-correlation values R _(0) to R _ (p) and the

autoregressive coefficients { g P ; } are estimated using 64

sample values for each 10 ms time segment. Within one-second period, 100 spectra
are computed.
In order to calculate the Doppler spectrogram in real-time, two data frame buffers

are used to store the digitized Doppler audio signals. Each frame length is 2% 256
words. One frame buffer is used to store the current digitized signal acquired when
the acquisition background task is triggered by the sampling pulse. As soon as this
frame buffer is full, a new spectral estimation for the data in this frame will begin. At
the same time, the signal sampling is still continuing and the digitized signal will be
stored in another frame buffer.

4.2 Spectral Display Implementation

The SED1375 implements the 16-bit interface to the TMS320VC549 processor,
which may operate in Chip Select, plus individual Read Enable/Write Enable for each
word. The SED1375 is initialized to control the panel with the specifications:
320x240 color single passive LCD panel at 70Hz, Color Format 2, 8-bit data inter-
face, 8 bit-per-pixel (256 colors) and 6 MHz input clock (CLKI).

The SED1375 Look-Up Table (LUT) consists of 256 indexed red/green/blue en-
tries. Each LUT entry consists of a red, green, and blue component. Each component
consists of four bits, or sixteen intensity levels. Any LUT element can be selected
from a palette of 4096 (16 =16 =16 ) colors. The SED1375 works at Eight Bit-Per-
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Pixel (256 colors) mode. In this mode, one byte of the display buffer represents one
pixel on the display. When using the color panel, each byte of the display memory
acts as and index to one element of the LUT. For example, a display memory byte
with a value of 00h will display the color contained in the first LUT entry, while a
display memory byte of FFh will display a color formed by the 256th LUT entry. In
this way, the displayed color is obtained by taking the display memory value as an
index into the LUT.

As soon as a frame of the spectrogram computed by the DSP using the AR model-
ing algorithm is completed, a subroutine service will be called immediately to dis-
play it on the LCD in 256 colors. In this subroutine, the DSP finds the square root of
the power spectrum to reduce its dynamic range, and normalizes its value range from
0 to 255 corresponding to the 256 color elements in the LUT. The power spectral
densities of the AR modeling results are sequenced on the timeline to plot a three
dimensional sonogram on the LCD. The color scales of sonograms represent the
power levels corresponding to the frequencies at each point of time. As the power
level increases, the color tone of the sonogram goes into bright and as it diminishes,
the color tone of the sonogram becomes dark. The display subroutine is developed in
assembly language because of the tight speed requirements to deal with the spectra
in real-time.

The Doppler spectral computation and display subroutines are called once a frame
of data acquisition is completed in the main task loop. During the spectral computa-
tion and display period, the processor can still be interrupted by the programmable
timer for the data acquisition of the next frame. Thus the time interval of the spectral
computation and display performed by the DSP should be less than 10 ms, which is
the window duration used to estimate the spectrum in this study because the signal is
assumed to be stationary over this time segment.

5 Results and Discussion

Using this portable device, the complex AR modeling spectrograms based on the
Levision-Durbin recursive algorithm and maximum entropy spectral estimation are
computed and displayed on the color LCD in real-time. All programs are stored in the
Flash ROM onboard, which is nonvolatile when the device is power-off. But the
Flash ROM can not run at the DSP working frequency (80 MHz) because its access
speed is too slow. The programs need to be moved to the high speed RAM in the
digital signal processor chip from Flash ROM by an initial startup program when the
device is powered on or reset.

Fig. 2 shows the typical Doppler spectrograms of a normal femoral artery dis-
played on the LCD (Here the 256 colors have been printed out as the 256 gray scale
levels) based on the AR modeling with different model orders p. Comparing the spec-
trograms with different orders p=11, 15 and 19, the display quality has no significant
difference.
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(c)

Fig. 2. The typical Doppler spectrograms of a normal femoral artery displayed on the LCD
(The 256 colors have been printed out as the 256 gray scale levels here). They are estimated
from the signal at sampling frequency 25 kHz based on AR modeling with (a) p=11. (b) p=15.

() p=19.

The time interval for each interrupt service routine 7, (used to process the data ac-
quisition) should be multiplied by the sample number N _ in a frame and added to the

total processing time interval 7, when running in real-time. Thus

T =N *T +T +T,. (11)

where T is the spectral estimation time interval, and 7', is the time interval used to
display the spectrogram with 128 frequency components in a frame. The total process-

ing time interval 7, of individual frame (including the time intervals due to the sub-

routines for a frame of the data acquisition, the spectral estimation and display) based
on the AR modeling with different model orders is listed in Table 1.

Table 1. The total processing time interval 7', of individual frame based on the AR modeling
algorithm with different model orders

p 5 9 11 15 19

T, (ms) 4.767 4.877 4.947 5.147 5.447
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Corresponding to the sampling frequency range of up to 25 kHz, this portable
Doppler blood flow analysis device can process the Doppler shift frequency range of
up to 12.5 kHz. With the TMS320VC549 digital signal processor, it is possible to
implement in real-time the Doppler spectrum computation based on the AR modeling
of order up to 19 and display the results in 256 colors on the LCD module without
losing data. In present implementation, when using the AR modeling to estimate the
spectrum, 128 frequency components in a spectrum are calculated from 64 samples in
a frame. This means that a four to one improvement on the STFT —based spectral
estimation algorithm as far as stationarity of the data is concerned. This advantage
means that it permits accurate estimation of frequency content from a much shorter
segment of data and therefore the trade-off between temporal and spectral resolution
is not as limiting as the STFT algorithm, and signals with rapid changes are more
easily interpreted.

In this application, the TMS320VC549 digital signal processor produces and dis-
plays the spectra in real-time at a rate of 100 frames per second. However this DSP is
capable of running the present application at a rate of about 180 frames per second
when using the AR modeling algorithm with the order p=19 at sampling frequency 25
kHz. If a better temporal resolution is desired, more frames should be calculated per
second. In this case, another digital signal processor chip with higher processing
speed should be considered.

6 Conclusion

The complex real-time autoregressive modeling based on the Levision-Durbin recur-
sive algorithm and the maximum entropy spectral estimation has been developed to
calculate the spectrograms of Doppler blood flow signals. A portable Doppler blood
flow analysis device, which is based on a digital signal processor TMS320VC549 and
contains a 240 = 320 LCD color graphic display module, has been used to imple-
ment the spectral estimation algorithm and display spectrograms on the LCD in real-
time. The special data format (Q.15) and several assembly routines in the TT C54x
DSPLIB are used to perform the signal processing to simplify the code development.
The results have been applied to the development of a portable Doppler device. This
battery- or line- operated portable Doppler system, which produces crisp, clear Dop-
pler sound complemented with a display and print-out to make documentation for
reimbursement fast and convenient, is easy and simple to use for the evaluation of the
peripheral vasculature. It has the advantage of being high accurate spectral estimation,
low-cost, and will be useful at different conditions, including bed-site hospitals and
clinical offices.
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Abstract. FTIR is a great improvement in IR spectroscopy, and two-
dimensional infrared (2D IR) correlation spectroscopy well advances its capa-
bilities. But for complicated mixture systems, such as traditional Chinese medi-
cines, the spectra are rather similar and these methods fall short. To improve the
resolution of 2D IR spectrum, and make it possible to distinguish complicated
mixture systems, the application of wavelet transform to 2D IR was explored in
this paper. After performing decomposition, processing, and reconstruction of
the set of dynamic spectra, the resolution of the synchronous 2D IR correlation
spectrum was improved obviously. More peaks appeared and the peaks became
quite clear and separate. Four Coptis samples of aged 1-4 could be distin-
guished with this approach. Using wavelet transform, 2D IR would become
more powerful in analysis and discrimination.

1 Introduction

Wavelet analysis has been a powerful analytical tool in many scientific and practical
fields, such as quantum mechanics, signal analysis, image processing and so on. The
main reason is that wavelet analysis has many particular characteristics. For example,
it can analyze signals at different scales or resolutions, which is called multiresolu-
tion. And it also can localize signals in both frequency and time domains. Compared
to Fourier analysis, which uses endless basic functions sine and cosine, wavelet
analysis uses basic functions that are only nonzero in limited space or time. Therefore,
wavelets can well express the signals that have non-stationary variations [1]. In Fou-
rier translation infrared (FTIR) spectra, sharp peaks always exist, so in some ways, it
would be better to process with wavelets than other methods.

FTIR really enhances the capabilities of IR spectroscopy. Signal noise ratio (SNR)
is improved, so are the resolution and the speed of scan. However, no matter what
have been done, the end point of a technique could never be reached. Some things are
always waiting for study. For FTIR, the resolution is still expected to be enhanced so
that more information could be obtained from the spectra. In recent years, a new tech-
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nology called two-dimensional (2D) correlation spectroscopy [2] attracts more and
more people. Here, the 2D concept is some different from the one in nuclear magnetic
resonance (NMR). It is called generalized two-dimension. It can base on many kinds
of perturbations, like temperature, concentration, pressure, magnetic field, electric
field, etc. [3]. This technology has been use in various fields, such as FTIR spectros-
copy, fluorescence spectroscopy, and Raman spectroscopy and so on [4][5]. When
used in FTIR, it is called 2D IR. Though 2D IR well improves the resolution of the IR
spectrum, and was used to discriminate rather similar complicated mixture systems
like traditional Chinese medicine [4], that is not enough. Sometimes the IR spectra of
different samples are almost the same as each other, even in high resolution 2D corre-
lation spectra. To distinguish these kinds of samples, it still requires enhancing the
resolution.

As we know, Coptis is a common traditional Chinese medicine, and it is a kind of
broadspectrum antimicrobials. Its effective components are Coptisine, Berberine,
Epiberberine, Palmatine, and some other alkaloids. Different ages of Coptis have
discrepancies in their functions. So it is very important to distinguish them. But the
spectra of different ages Coptis are rather similar, it’s difficult to distinguish them
directly.

This paper is concerned with the application of wavelet transform to 2D IR, wish
to enhance the performances of 2D correlation spectrum, and explore the possibility
to distinguish the much similar complex compounds like Coptis.

1.1 Wavelet Transform

Wavelet transform is the development of Fourier transform with the following general
definition:

W (FO.¥) = [ Ford = m

Where a, b€ R with a 70, fis the signal function, y is the basic wavelet function.
The parameter a is the dilation factor while b is the translation factor. An intuitive
physical explanation of equation (1) is very simple: W is the ‘energy’ of f(¢) of scale a
at =b [5]. Because of localized vibration, y looks just like a window function. This
makes it possible to decompose a signal in given time domain or space domain.
Hence, wavelet transform in some sense is the same as the linear combination of
wavelets of different scales and different locations.

Using wavelet transform, signals can be decomposed into several levels. At each
level, two sets of coefficients are obtained. One is for approximation coefficients and
the other is for detail coefficients. The decomposition can be show in Fig.1. Original
signal SO is decomposed in to two parts, one is the approximation A/, the other is the
detail DI. Then, Al can be taken to decompose. In this way, original can be decom-
posed into specified levels.

After decomposition, the approximation and detail coefficients can be processed
according to special need, such as signal denoising, image compression and so on. At
last, to obtain the processed signal, reconstruction with the coefficients is needed.
This is also called inverse wavelet transform [7], see equation (2).
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Fig. 1. Signal decomposition, SO is the original signal. A, D denotes approximation and detail,
respectively.
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1.2 2D IR Correlation Spectrum

2D IR correlation spectroscopy was developed from generalized 2D correlation spec-
troscopy, whose concept was described in 1986 by Noda [8]. In common use, we
should obtain a set of dynamic spectra first, then use statistical correlation to analyze
the spectra. To get the synchronous and asynchronous 2D spectrum, we can use the
following equations (4) and (5).

1 m
O(v,v,) :_Zyj(vl).yj(vz) . 4)
m j=i
1 m m .
lP(Vsz):;zyj(vl)zN(]’k)yk(Vz) . (5)
j=1 k=1

Where N(j, k) is the element of the Hilbert-Noda transformation matrix, when j=k,
N(j, k)=0, otherwise, N(j, k)=1/n(k-j). In equations (4) and (5), v is wavenumber.
¥j(v)= y(v, 1)) is set of dynamic spectra measured at m different equally spaced points
along the external perturbation variable ¢ [2].

Many interesting information can be obtained from the correlation maps. In syn-
chronous spectrum, the peaks indicate the relative similarity of variation behavior of
spectral intensities measured at two separate wavenumbers. In asynchronous spec-
trum, the peaks denote the dissimilarity of the intensity variation behavior [2]. This
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2D spectrum can be used to study the mechanism of chemical reactions, distinguish
complicated mixture system, and so on.

In this paper, the wavelet transform was operated in Matlab which is a widely used
tool in scientific computing, and 2D IR spectrum was calculated by the software com-
posed by author Zhan.

2 Experiment

2.1 Apparatus and Accessories

Spectrum 2000 GX FT-IR spectrometer (Perkin Elmer), equipped with a DTGS de-
tector, in the 400-4000 cm™ range with a resolution of 4 cm™. Spectra were calculated
from a total of 16 scans.

Love Control Corporation's portable programmable temperature controller (Model
50-886). Range: 50-120°C.

2.2 Samples

Coptis of 1, 2, 3, 4-years old, all were identified and provided by Institution of Tradi-
tional Chinese Medicine of Hubei Province, China.

2.3 Procedure

First, all the Coptis were purified, comminuted, and desiccated. Then each sample of
Coptis powder was blended with KBr powder, ground again, and pressed into a tablet.
Put the sample tablet in the sample pool of temperature controller. A pre-established
program controlled the whole process of increasing temperature. During the process
of increasing temperature from 50 to 120 C, the spectra were collected at intervals of
10 C. The full temperature scan took a total time of 40 min.

2D IR correlation spectra were obtained by analyzing the set of temperature-
dependent dynamic spectra with our 2D IR correlation analysis software.

3 Results and Discussions

3.1 Comparison and Discussion of Spectra Without Wavelet Transform

The 4 Coptis IR spectra, taken at room temperature, are shown in Fig. 2. The IR spec-
tra belong to four Coptis samples of 1-4 years of age, respectively, arranged from the
top down. Fig. 2 shows that the four spectra are rather similar. There are only a few
slight differences between these spectra, like at 1077 cm™, two-year sample has a
little peak, and the others have no obvious peak. Another difference is at 1622 cm™.
But all this differences are not obvious, especially for people who are not professional
in IR spectrum. In a word, it’s difficult to distinguish them directly.
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Fig. 2. IR spectra of four Coptis samples of different ages at room temperature. (a) one-year
old, (b) two-year old, (c) three-year old, (d) four-year old.

Second derivative spectra can enhance the apparent resolution and amplify tiny dif-
ferences of IR spectrum, but for these Coptis of different ages, second derivative
spectra still looks deficient, see Fig. 3. These derivative spectra also have no obvious
differences.

18000 14600 1400 1200 1m0n
Wiom-l

Fig. 3. Second derivative IR spectra of four Coptis samples of different ages. (a) one-year old,
(b) two-year old, (c) three-year old, (d) four-year old.

Although 2D IR has been applied to distinguish similar complicated compounds
like Panax and Fritillary [4]. Because it enhances the resolution of FTIR and can show
the relative similarity and dissimilarity of variation behavior of spectral intensities
measured at two separate wavenumbers. Here, when directly using 2D IR technique
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Fig. 4. Temperature-dependent dynamic FTIR spectra of one-year old Coptis
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Fig. 5. Synchronous 2D IR correlation spectra of the Coptis samples. (a) one-year old, (b) two-
year old, (¢) three-year old, (d) four-year old.

to these four samples, we still can not get a satisfying result. Fig. 4 shows the set of
temperature-dependent dynamic FTIR spectra of one-year old Coptis. The other sam-
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ples have similar dynamic spectra. Fig. 5 shows the synchronous 2D IR correlation
spectra of these four samples in region of 1000-1200 cm™.

Looking into Fig. 5, we can find some differences between these four Coptis sam-
ples. For example, at 1035 cm™, (c) has an obvious and a little strong autopeak (the
peak on the diagonal). The other samples each have an autopeak at this position too,
but the one of (b) is weak and not evident. Even so, the differences are so slight to
distinguish these four Coptis samples by the methods mentioned above.

3.2 Comparison and Discussion of Spectra with Wavelet Transform

In recent years wavelet transform is widely studied and used. The marriages of wave-
let transform and other sciences produce many exciting products. Though wavelets
can well express the signals that have non-stationary variations, sometimes different
wavelet basic functions result quite differently in the same matter.

In this paper, all operations of wavelet transform were performed under Matlab.
After comparison with other wavelets, Symlet wavelets with order 8 (sym8 for short
in Matlab) was chosen.

To examine the capability of decomposition and reconstruction, first we use sym8
to decompose a spectrum signal at level 5, and then reconstruct it directly, then ob-
serve the correlation between the original signal and reconstructed signal, we found
that these two signals is perfectly equivalent, the correlation factor is 1.0000. Thus it
can be seen that wavelet sym8 can well express IR spectrum.

In IR spectrum, all information comes from the position and intensity of the peaks.
To enlarge the differences between the Coptis, we applied wavelet transform to each
spectrum. Firstly, the spectrum signal was decompose into level 5, secondly, the de-
tail and approximation coefficients at each level were extracted, and thirdly, these
coefficients were processed. In this paper, the detail coefficients at level 3, level 4 and
level 5 were multiplied by 2.5, which was to make the peaks in IR spectrum clear,
obvious, and separate. See Fig. 6. At last, signal was reconstructed using the proc-
essed coefficients. The main program commands dealing with wavelet transform are
as follows.

wrcoef('a',c,1, 'sym8',5

’
7

= )
dl = wrcoef('d',c,1,'sym8',1)
d2 = wrcoef('d',c,1l, 'sym8',2);
d3 = wrcoef('d',c,1,'sym8',3);
d4 = wrcoef('d',c,1l, 'sym8"',4);
d5 = wrcoef('d',c,1, 'sym8',5);
s = dl+d2+d3*2.5+d4*2.5+d5*2.5+a5;

After wavelet transform process, as shown in Fig. 6, the peaks in the IR spectrum
are much obvious and stood out. The weak peaks were enlarged, and the peaks joined
together were separated noticeably.

For synchronous spectra, wavelet transform bring them many changes, which are
shown in Fig. 7. Comparing these two maps, it’s apparent that the resolution is en-
hanced. The autopeaks at 10350m’1, 1081 cm’l, 1133 cm’! become more legible. The
off-diagonal peaks called cross peaks are also exciting. For example, the ones at
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(1100, 1035), (1100, 1080), (1100, 1132), and (1185, 1132) are very difficult to iden-
tify in the (a) map, but in (b) map, these peaks are very clear and legible. As we
known, in spectrum analysis, most of the information comes from peaks. Therefore,
the more peaks appear, the more information could be obtained. This makes it possi-

ble to distinguish these four Coptis samples.

I I
E .l.l:ll.l.
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(a) Wiem-l (bl “ifom-l

Fig. 6. Comparison of original IR spectrum and the one with wavelet transform processing. (a)
region of 4000-400cm’, (b) region of 1750-900 em™. (D) is original spectrum, (/) is processed
spectrum.
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Fig. 7. Comparison of synchronous 2D IR spectra of one-year old Coptis without and with
wavelet transform processing

Fig. 8 (a-d) are the synchronous spectra of the four samples with wavelet transform
processing. It’s obvious that all these maps are in higher resolutions than those in Fig.
5. More peaks appear in the spectra. The peaks become apparent and well separated
from other peaks.
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Fig. 8. Synchronous 2D IR correlation spectra of the Coptis samples with wavelet transform
processing. (a) one-year old, (b) two-year old, (c) three-year old, (d) four-year old

It’s quite easy to distinguish spectrum () from others, because only the autopeak
at 1032 cm™ is strong, the other autopeaks in spectrum (b) are quite weak. This is
different with the other three spectra. In spectrum (a), the autopeaks at 1035 cm™ and
1080 ¢cm™' are quite strong, and the cross peaks at (1100, 1035), (1100, 1080), and
(1100, 1132) are obvious, but in spectra (c) and (d), these cross peaks do not exist, or
very weak. These make spectrum (a) separated with spectra (c) and (d). And in spec-
trum (c), the autopeak at 1080 cm™ is quite strong, but the one at 1035 cm™ is much
weaker than the autopeak at 1080 cm™. And in spectrum (c), there is a cross peak at
(1048, 1033), which doesn’t exist in spectrum (d). And in spectrum (d), the autopeak
at 1035 cm™ is stronger than the autopeak at 1080 cm™, that is opposite to spectrum
(c). So spectrum (c) and spectrum (d) could be differentiated.

In a word, with the help of wavelet transform, these four similar Coptis of different
ages were distinguished from each other.
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4 Conclusions

This study showed that after applying wavelet transform to 2D IR correlation spec-
troscopy, the resolution of the synchronous spectrum was improved noticeably. More
peaks appeared in the spectrum, and the peaks became clear and separate. In this way,
the different ages Coptis samples could be distinguished while the spectra of conven-
tional IR, second derivative IR and 2D IR without wavelet transform for these sam-
ples were rather similar and hardly to be differentiated. Therefore, with this method,
the IR technique could be better used in analysis and discrimination of complicated
mixture systems.
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Abstract. This paper deals with applying Euclidian data distance based GA-
PSO (Genetic-Particle Swarm Optimization) algorithm (EU-GA-PSO) to PID
controller tuning of AVR (Automatic Voltage Regulator). Through this
approach, global and local optimal solution can simultaneously achieved for
tuning of controller parameter.

1 Introduction

The Proportional-Integral-Derivative (PID) controller has been widely used owing to
its simplicity and robustness in chemical process, power plant, and electrical systems.
Its popularity is also due to easy implementation in hardware and software. However,
with only the P, I, D parameters, it is very difficult to control a plant with complex
dynamics, such as large dead time, inverse response, and a highly nonlinear
characteristic in power plant. That is, since the PID controller is usually poorly tuned,
a higher of degree of experience and technology are required for the tuning in the
actual plant: [1], [2]. On the other hand, in the last decade, evolutionary based
approaches have received the increasing attention of engineers dealing with problems
not amenable to existing design theories. A typical task of a GA in one of artificial
intelligence in this context is to find the best values of a predefined set of free
parameters associated to either a process model or a control vector. A recent and
thorough survey of evolutionary algorithms for evaluation of improved learning
algorithm, control system engineering can also be found in [2], [3].

This paper focuses on dealing with an enhanced optimal tuning of PID controller
for AVR (Automatic Voltage Regulator) using hybrid system consisted of PSO
(Particle Swarm Optimization) and GA (Genetic Algorithm). To obtain an advanced
learning structure, there are two processing steps in our operation. In the first step,
Euclidean data distance is used to select global data on crossover and mutation
operator to avoid local optimization, and obtain fast running time. That is, Euclidean
data distance based mutation and crossover on GA’s differentiation is operated. In the
second step, in order to enhance learning efficiency of GA, PSO is applied. A PSO
moves through the problem space, with the moving velocity of each particle
represented by a velocity vector. Therefore, global and local optimal solution can
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simultaneously be achieved and the most appropriate parameter of PID controller can
be selected for the given plant and system during operating.

2 Advanced GA Using Euclidean Distance and PSO

2.1 Euclidean Data Distance

When individuals in GA is differentiated to search optimal solution, since only near
data can effect optimal solution, convergent time is fast but local optimization or
suboptimal value can be obtained. In this paper, data which has the longest
Euclidean distance as well as near data on data set (individuals) can also allow to
affect crossover process to avoid this local optimization or suboptimal value. Fig. 1
is definition of Euclidean distance for GA and initial condition for learning of
function is given as Table 1. In Table 1. ID and IT means the number of individuals,
iteration, respectively. Table 2 is results obtained by Min and Max in test function

3
F(x)= sz
i=1

2.2 GA with Euclidean Data Distance

In this paper, GA with Euclidean distance is introduced into process of crossover
and mutation of GA. Namely, it allow parent’s individuals with the longest
Euclidean distance to select in the processing of operation of GA. Using this
method, because all data can have an effect on searching for optimal solution, we
can avoid a localsolution or suboptimal and it is possible to obtain the global and
exact solution for tuning of controller. Where, the distance between two points on n
space is defined by

distance:\/(xl - )2 +(x2 -y )2 +---+(xn -V, )2 . (1)
Selection method of dada set is defined as

' ' yymax(x;,y;) ,max(x,y))
A(xl, yl) ® B(xl, Y1 )3 A',B (xl lmin(x,l,yll) Y Imin(xl],yll) . )
For performance comparison of GA with Euclidean data distance, the Himmelblau
function is used as test equation:

F(x)=(x12+x2—11)2+(x1+x§—7)2. 3)

Fig. 2 illustrates relationship between objective function and generation by a GA.
The bigger Euclidean distance, the faster divergence time in optimal value of
objective function but the smaller Euclidean distance, the faster in the average value
of objective function.
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Fig. 1. Definition of Euclidean distance for GA

Table 1. Initial condition for performance test

Definition
Function ID IT
'xi(L) xi(U)
3 2
Fl(x)= > xi -5.12 5.11 60 100
i=1
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Table 2. Result by Min-Max

Optimal Average

value of value of
x1 x2 .. ..

objective objective

function function

Ma 1.0885¢e- 7.1709¢- 1.6991e- 3.5601e-
x 009 010 018 013

. ) 1.0253¢- 1.0518e- 3.7901e-
Min 2'20119106' 009 018 013

result of max and min methads
012 : .

Y e ......... ......... =

=
=]
[=i]

object_best
=
=
o

20 40 g0 g0 100
generation

Fig. 2. Optimal value of objective

2.3 Overview of PSO

The PSO conducts searches using a population of particles which correspond to
individuals in GA. A population of particles is randomly generated initially. Each
particle represents a potential solution and has a position represented by a position
vector. A swarm of particles moves through the problem space, with the moving
velocity of each particle represented by a velocity vector. At each time step, a function
representing a quality measure is calculated by using the results of crossover and
mutation as input. Each particle keeps track of its own best position, which is
associated with the best fitness it has achieved so far in a vector. At each time step, by
using the individual best position, and global best position, the flexibility of PSO to
control the balance between local and global exploration of the problem space
helps to overcome premature convergence of elite strategy in GA, and also enhances
searching ability. Of course, GA with Euclidean data distance is used for hybrid
system with PSO.
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initial population population after 10 generation

Fig. 3. Contour of GA obtained by Euclidean distance

2.4 Improvement of GA by PSO and Euclidean Distance (EU-GA-PSO)

The characteristic of hybrid system of PSO and GA have been studied [3-5]. This
paper focuses on hybrid system using GA and PSO based on Euclidean distance.
Position and speed vector of PSO is given by

v(f’;l) = w +crand () (pbestj‘g —k_(/.l) +c,Rand( ) (gbestg —k_f.f;)

, )
J=12 am g = 12,m kU = kY e < g < g

.8 Jj.g J-8&

n : The number of agent in each group, m : The number of member in each group, 7:

Number of reproduction step, V(.Z )

e The speed vector of agent j in reproduction step

of ™. ngm < vﬁtl < ngax , ky)g : The position vector of agent j in reproduction

step of ow Weighting factor, cl,c2 : Acceleration constant, rand(),Rand() :
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Random value between 0 and 1, pbest; : Optimal position vector of agent J, gbest:

Optimal position vector of group.
The value of position vector and speed vector is determined by acceleration

constant cl,¢2 . If these values are large, each agent moves to target position with high

speed and abruptly variation. If vice versa, agents wander about target place. As

weighting factor w is for the searching balance of agent, the value for optimal

searching is given by

_ Wmax —

W= Whax

W
: M jter . 5)
iter, .

where w,,, : Max mum value of w (0.9), W,;: Minimum value of w (0.4), iter,,, :
The number of iterative number, iter : The number of iterative at present.

The speed vector is limited by ngj“ < vst)g <V,™ . In this paper, the value of speed

vector for each agent is limited with 1/2 to avoid abrupt variation of position vector.
Computing process for each step is as the following step.
[Step 1] Initialize each variables of GA; [Step 2] Initialize each variables of PSO.;

result of both GA-PSO and GA % 10° result of both GA-PS0 and GA
08 - & ;
—-=:-GA- P80 % =:=:GA-P3D
] . _G‘ﬂ‘ ] 4r "'{_L """"""""" ' —.GA
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Fig. 4. Comparison between the conventional GA and the GA-PSO system

[Step 3] Calculate affinity of each agent for condition of optimal solution of GA.
At this point, optimal position condition of PSO is introduced into GA; [Step 4]
Arrange the group of PSO and agent in GA; [Step 5] Update position vector pbest
and speed vector gbest ; [Step 6] Operate crossover in GA using Euclidian distance
and position vector PSO; [Step 7] Operate mutation in GA; [Step 8] If condition of
GA is satisfied with target condition (the number of iteration and target value),
processing for reproduction stops. In this paper, at first time, position of individual on
data set is calculated by Euclidean distance based method and then mutation and
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crossover is performed to improve running speed on optimal process. Therefore, it is
able to obtain global optimal solution because all data effect solution. Fig. 3. is
contour of GA obtained by Euclidean distance and Fig. 4 represents relationship
between objective function and generation to the number of particle in PSO.

3 Simulation and Discussion

3.1 AVR System and PID Controller

The performance index of control response in AVR system of Fig. 5 is defined by

V() pou B 10 1 1|
—rO—* FUG O DAl ™ Dds+l® s+l >

—

PID controller+  Aroplifier+ Exciter+ Grenerator+

1
00l +1|*®
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Fig. 5. Block diagram of an AVR system with a PID controller
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o= (1—e_'6 )-|1—tr/max(t)| , kp,k,-,kd : Parameter of PID controller, [

Weighting factor, Mo : Overshoot, ¢, : Settling time (2%), ess : Steady-state error,
t : Desired settling time.

In equation (3), if the weighting factor, £ increases, rising time of response curve
is small, and S decreases, rising time is big. Performance criterion is defined as

Mo =50.61%, ess=0.0909, t, =0.2693(s), , = 6.9834(s) .



Intelligent PID Controller Tuning of AVR System Using GA and PSO 373

Terminl vologe step response [ G4 -PS0, e = 25) Teeminal voRige step respanse ( b= 05, gen. = 10)
14 . 14— .
12 i b | R e
5 | f’m—" S T :
EI}S o . 3 ' §B$ I’}r . : 4
g0 : £ 08 B
EE'"" . : ] h ﬂrﬂﬁl "t"l}'d.rgl:f
4 e !
02 :
—peis 02
|:| - T u " A i i "
0 02 04 08 na ! 0 020406058 1 12141618 2
fme(sec) brmes(zec)

Fig. 6. Terminal voltage step response of an Fig. 7. Terminal voltage step response of
AVR system with the GA-PSO PID controller ~ an AVR system with controllers ( f=0.5,
generations=10)

best objects ( B=1.5,gen. = 200) xmq hest objects ( p=1,9en.=200)
002 i 10
Rt | T e
: ———P50 of 7 ‘ e il
oms gy T GA-PSO | —_—- ——GA-PS0
;- S | A b ¥ o e s
2o i i
om |f ™
| 4 %
= A 1 |
0.005 : w s 7 s . .
0 a0 100 150 200 i a0 100 180 20m
generation gengration

Fig. 8. Comparison of the best objects Fig. 9. Comparison of the best objects
values of both methods( f=1.5, generations Values of both methods( =1, generations
-200) =200)

3.2 Simulation Results

Simple crossover and dynamic mutation of GA is used and the number of individuals
is 50, 200, and initial value of crossover and mutation are 0.6, 0.5, respectively. In

PSO, parameters, k o k;, k, is defined as member of each agent and the number of

each agent is 10. The number of group is 5. Here, weighting factor:
Wmax = 0.9, wpi, =0.4 , restriction of velocity vector:
V,::‘“ =k, 12, VR =k 2, VIR =kt T2, Vk’;‘f}:ﬁkd = —Vk‘;‘f‘,:,kd , acceleration
constant. Terminal voltage step response of an AVR system with controller is given
as Figs. 6 and 7. Fig. 8 is comparison of the best objects values of both methods
(B =15, generations=200) and Fig. 9 represents comparison of the best objects values
of both methods ( f=1, generations=200).
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4 Conclusion

Even though several control theories have been developed significantly, the
proportional-integral-derivative (PID) controllers have been widely used owing to
their simple structure, which can be easily understood and implemented for a wide
range of process control, motor drives, flight control, and instrumentation.

Owing to their popularity in the industrial world, over the past 50 years, several
approaches for determining PID controller parameters have been developed for stable
processes that are suitable for auto-tuning and adaptive control and for single input

Table 3. Simulation results of PID controller in AVR system to £ variation
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single output (SISO) systems. In spite of the enormous amount of research work
reported in the tuning approaches, many PID controllers are poorly tuned in practice.
One of the reasons is that most of the tuning methods are derived for particular
processes and situations, and therefore apply well only to their own areas. It is a
common experience that we are not certain which tuning method should be chosen to
provide good control to a given process. Intelligent controllers can have self-
initialisation and recalibration features to cope with little a priori knowledge and
significant changes in the process dynamics.

On the other hand, the particle swarm is an algorithm for finding optimal regions
of complex search spaces through interaction of individuals in a population of
particles. Though the algorithm, which is based on a metaphor of social interaction,
has been shown to perform well.

This paper deals with applying Euclidian data distance to controller tuning of
AVR. In our algorithm, there are two steps, In the first step, Euclidean data distance is
used to select global data. A function representing a quality measure is calculated by
crossover to avoids local optimal, and obtain fast running time. In the second step, in
order to enhance learning efficiency of GA, PSO is applied. A PSO moves through
the problem space, with the moving velocity of each particle represented by a velocity
vector and using the results of crossover and mutation as input.

At each time processing steps in this operation. Each particle also keeps track of its
own best position, which is associated with the best fitness it has achieved so far in a
vector. All graph of hybrid system by EU-GA-PSO show more satisfactory results
than existing GA or PSO.
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Abstract. As their scales and complexities increase, the computer-based
network systems suffer from increasing probability of being intruded or crashed
and decreasing dependability. Such a problem can be solved by extending the
traditional security research to survivability research. This paper concentrates
on the design and the implementation of the architecture and the applications of
network systems to achieve its survivability. For the architecture, a double-
barrier secure structure is constructed, i.e. the outer barrier defends and detects
intrusions and the inner one tolerates intrusions and faults. The CORBA-based
applications tolerate and detect intrusions and faults and recover from the
adverse environment. Then the applications of the network system will be
performed successfully despite the intrusions and faults, that is, the
survivability of the network system will be achieved.

1 Introduction

The more complex topologies and applications the network systems have, the more
vulnerabilities can be uncovered in the network systems and the security mechanisms
adopted by them, which leads to more and more faults and attacks to the network
systems. Extending the traditional security research to survivability research can
reduce, even eliminate, the effects of the malicious attacks, system component faults
and accidents on the network systems.

1.1 Survivability of Network Systems

At the earliest Neumann et al. defined the survivability of network systems [1].
Nowadays the most popular definition is made by Ellison et al. as following:
Survivability is the capability of a system to fulfill its mission, in a timely manner, in
the presence of attacks, failures, or accidents [2]. To maintain their capabilities to

D.S. Huang, X.-P. Zhang, G.-B. Huang (Eds.): ICIC 2005, Part II, LNCS 3645, pp. 376 —[383, 2005.
© Springer-Verlag Berlin Heidelberg 2005
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deliver essential services, survivable systems must exhibit the four key properties:
resistance to attacks, recognition of attacks and the extent of damage, recovery of
essential services after being attacked, and adaptation and evolution to reduce
effectiveness of future attacks. In our view, the survivability researches should put
emphasis on the protection of the capability to continue essential services. So the
former three properties, i.e. resistance, recognition, and recovery, are fundamental
ones and the last one, i.e. adaptation and evolution is a kind of survivability
requirement of higher level.

1.2 CORBA Middleware

Presently, the heterogeneity of network systems is so significant that the qualities of
services (QoSs) are impaired evidently. The heterogeneities emerge from several
aspects, such as hardware and operating system, programming language, network
protocols and so on. With the help of middleware, the system developers can neglect
the heterogeneities and focus on designing the applications, which reduces the
potential conflicts embedded in the network systems and ease the design and
maintenance.

Middleware is a kind of software that lies between the application layer and
network layer, which enables the applications independent of the underlying
environment composed of heterogeneous operating systems, hardware platforms,
network communication protocols, etc. Microsoft’s DNA 2000 [3], SUN’s J2EE [4],
and OMG’s CORBA [5, 6, 7] are the main middleware platforms for distributed
heterogeneous applications. CORBA has the advantages of much better
integratability, availability, and scalability over the others and attains the most
extensive usage.

Though CORBA middleware cannot meet directly the survivability requirement of
distributed systems, CORBA provides an efficient platform for systems to obtain high
survivability and scalability.

1.3 Content and Organization

We focus on the design and the implementation of the architecture and the
applications of network systems to achieve their survivability. The state-of-the-art
security mechanisms are made full use of in the architecture and organized into a two-
barrier security structure, which defends, recognizes, and tolerates malicious attacks
and faults. CORBA-based applications themselves can detect, tolerate, and recover
from attacks and faults. The services of the network system will survive and no longer
rely on the dependability of peculiar system components. Meanwhile, the system can
be extended easily, that is, the architecture has good scalability.

The rest of this paper is organized as follows. Section 2 introduces the architecture
and the architecture-level survivability of network systems. Section 3 describes the
application-level survivability. Section 4 discusses the related work. Finally, Section 5
presents some concluding remarks.
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2 Architecture and Architecture-Level Survivability

2.1 Architecture

Fig. 1 shows the architecture of survivable network system. Proxy servers and COTS
servers are the core components of the architecture and assumed to be vulnerable to
attacks and faults. Proxy servers provide the public access points of the network
system for clients, i.e., accept and make response to their requests. COTS servers
process client requests and are shielded by the proxy servers.

The survivability of network systems is achieved hierarchically, that is, on the
system architecture-level and the system application-level. Traditional security
mechanisms such as firewall, authentication, access control, and IDS etc. compose the
architecture-level protection and the CORBA-based applications compose the
application-level protection.

2.2 Architecture-Level Survivability

In this paper, traditional security mechanisms are organized into a double-barrier
security structure, i.e. the outer barrier defends and detects intrusions and the inner
one tolerates intrusions and faults.

2.2.1 Outer Barrier
In Fig. 1, static security mechanisms such as firewall, authentication, and access control
defend and IDS detects malicious attacks, which compose the outer security barrier.

The multiagent-based IDS [8] is a most important component of the architecture.
The IDS is distributed across the whole system and its agents are located in every host
to monitor the interesting events. Network traffic is analyzed and suspected actions
are reported to the administrator.

The traditional security mechanisms, although defective, are the most important
means to defend attacks, but they are powerless to system component faults.

Outer Barrier Inner Barrier

IDS 4—‘—‘
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Fig. 1. Architecture of survivable network system
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2.2.2 Inner Barrier

Proxy servers and COTS servers are diverse and redundant in software/hardware.
Diversity eliminates the common-mode faults and identical vulnerabilities of the
hosts. Redundancy shields the system component faults.

Proxy servers accept client requests and forward them to COTS servers. Proxy
servers enforce the service policy specified by the operative intrusion strategy. The
policy tells which COTS servers the request should be forwarded to, as well as how
results from the COTS servers should be adjudicated to arrive at a final response. The
policy also defines the criteria for external attack triggers that the proxy server
generates and passes to the system administrator.

Each proxy server will have a unique physical IP address that is tied to distinct
physical network interface; all the proxy servers share a pool of virtual IP addresses
amongst themselves. Only the virtual IP addresses are visible to the clients, which
allows easy migration of address from one machine to another in case of a fault or an
intrusion. When under attacks, the service could be migrated to the other proxies to
improve survivability.

Once IDS detects the existence of an attack or a fault, the administrator takes
measures to reconfigurate the system such as the adjusting of the degree of
redundancy and the level of access control and additional audit.

Although there exists a two-barrier security structure, the continuous applications
of the network system cannot be guaranteed because: 1) the security mechanisms
themselves are defective and trail attack techniques in time; 2) applications depend on
peculiar system components. To survive, the applications should have the ability to
defend themselves.

3 Application-Level Survivability

Diversity and redundancy brings up the problem of network heterogeneity (hardware,
OS, network type, programming language, etc.), which gets worse the quality of
services (QoSs) of system applications. The heterogeneities can be neglected with the
help of middleware. Moreover, the applications based on CORBA middleware can
protect themselves.

3.1 Application Model of Survivable Network System

Besides successful attacks, system component faults may occur, for example,
processor faults, communication faults, etc. As to CORBA-based application systems,
object faults also need consideration. Faulty processors and faulty object replicas may
behave in an arbitrary or malicious manner, that is, sending error messages or not any
message. Communication between processors may be unreliable and, thus, messages
need to be retransmitted.

To eliminate the faults as mentioned above, the concept of object group is adopted.
An object is replicated several times and its replicas are distributed into the whole
system to form an object group. Logically, the object group equals the replicated
object. All the correct group members are identical, that is, all of them are in the same
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state, put into the same operations, and return the same values. A voting is carried out
based on the outputs of all the group members and its result is submitted to the
application. Thus, a few faults can be shielded by the operations of the correct
replicas.

Application Object Group Replicated Server Objects
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Fig. 2. CORBA-based application model

In Fig. 2, Replication Manager is responsible for the replication of an object, the
distribution of the replicas and the construction of the object group. To avoid the
unnecessary loss of replicas due to the removal of a malicious processor, at most one
replica of an object is allocated to a processor.

Although every object has its own object reference, the object group contacts with
other objects through group reference. The object group interface allows other objects
to transparently send an invocation or response to all of the group members by hiding
the details of the underlying group communication protocols.

To provide dependable applications, some assumptions should be made for our
research:

A1. Network partition doesn’t occur;

A2. The difference in the fashions that ORB support fault-tolerate mechanism
[9] is neglected;

A3. Reliable totally ordered multicast system (such as SecureRing [10]) exists;
A4. Not more than 1/3 of object group members break down at the sane time.
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3.2 Creations of an Object Group and Its Members

The Replication Manager is the core component of the application model. Three
interface components, i.e. Property Manager, Generic Factory, and Object Group
Manager, perform the functions of the Replication Manager. The Property Manager
specifies a set of fault-tolerate properties for the object replicas including replication
style (Here, active replication is adopted because it can shield and recover from
component faults transparently and rapidly), membership style, consistency style,
factories, initial number of replicas, minimum number of replicas, etc. The Generic
Factory interface is inherited by the Replication Manager to allow the application to
invoke the Replication Manager directly to create and delete replicated objects in the same
way; The Object Group Manager component allows applications to control directly the
creation, deletion and location of individual replicas of an application object.
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Fig. 3. (a) Creation of object group; (b) Creation of object group member

Fig. 3 (a) shows the creation process of an object group, which is described as
following:

1. The application invokes the resolve_initial_references() operation to obtain a
reference to the Replication Manager;

2. The application invokes the create_object() operation of the Generic Factory
interface to obtain the factory_creation_id and records the return value
convenient for the subsequent deletion of the object group;

3. The Replication Manager learns fault-tolerate properties from the Property
Manager and location property from the Local Object Factory;

4. The Replication Manager invokes the create_object() operation of the Generic
Factory interface to create the members on the corresponding locations and the
operation returns the reference of the member and its factory_creation_id which
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is recorded by the Local Object Factory and the Replication Manager
convenient for the subsequent deletion of the member;

5. The Replication Manager determines the identifier of the object group,
constructs the object group reference, activates the group members and returns
the related information to the application.

The creation process of a group member is similar to that of the object group
except for that the application invokes directly the create_member() operation of the
Object Group Manger to create a member (See Fig. 3 (b)).

Client Object Group Server Object Group

Reliable Totally Ordered Multicast Messages

(a)
Client Object Group Server Object Group

Reliable Totally Ordered Multicast Messages
(b)

Fig. 4. (a) Majority voting on invocation; (b) Majority voting on response

3.3 Fault Detection and Toleration

All the components of the system may crash. So client objects need to be replicated to
construct object groups as the server objects do. Voting is adopted to select correct
messages from the object groups (See Fig. 4 (a) and (b)).

Majority voting is the most popular form to select the correct messages. To achieve
majority voting, the voter needs several copies of an identical invocation (response) as
the input and submits an output to the application.

The voter obtains the number of the group members, i.e., the group size (denoted

by n) from the Property Manager. ’_’”%—‘ identical messages or |—2”+%—‘ total

messages are required to carry out the voting, which can guarantee the correctness of
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the applications according to the assumption A4. After the completion of the voting,
the messages that arrive late will be discarded. The application will be rebooted if not
any message can be selected out by the voter.

In an object group there exist several client object replicas. Their repeated
invocations will corrupt the states of the server object replicas, which can be avoided
by the use of a unique operation identifier (invocation identifier and response
identifier). The invocation identifier uniquely identifies an invocation by the client
object replicas. The Replication Manager of each server replica uses a response
identifier when returns the results of the invocation. The response enables the
Replication Manager of each client replica to associate the copies of the returned
response with the invocation. In fact, the votings are based on the received messages
with the same invocation (response) identifiers.

Obviously, votings can neglect a few component faults and find the faulty objects
and processors that send malicious messages, that is, votings can tolerate and detect
partial component faults.

3.4 Recovery

Once a fault is detected, the faulty component should be expelled from the system
immediately, otherwise it will corrupt other components. To protect the system to the
utmost extent, the host that runs the faulty object will be deleted as well as other
objects located on it.

It is necessary to maintain a constant object group size to hold the application’s
fault-tolerate property. So an object replica will be created and added to the object
group after a member being deleted. Section 3.2 has introduced the creation of a
group member. It is fairly difficult to synchronize the state of the new replica with
that of the other replicas of the object.

As to recovery, every object should be considered to have three kinds of state:
application-level state, ORB/POA-level state, and infrastructure-level state. All the
three kinds of states are required to be consistent when the state synchronization is
sought. The process of state synchronization is described as following:

1. The Replication Manager invokes the get_state() operation of a correct replica;
The message returned by the correct replica is overlapped with its ORB/POA-
level state and infrastructure-level state, which is used as the parameter of a
set_state() invocation on the new replica;

3. The correct replica processes orderly the queued operations which arrived during
processing the get_state() operation;

4. The new replica carries out the setr_state() invocation that comes from the
Replication Manager.

5. The new replica processes orderly the other queued messages that arrived during
synchronizing its state.

Thus, the new replica and the correct replicas will be in the same state, i.e., a group
member is recovered.

From the description as mentioned above, it can be seen that the system
applications can detect, tolerate, and recover from partial component faults, that is,
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the system applications can protect the system and themselves. Moreover, the
protection doesn’t rely on certain system components any more.

3.5 Performance Analysis

For network systems, there exist some tradeoffs between their properties, including
the tradeoff between survivability and other properties (performance, real-time, etc.).
In this paper, some techniques are adopted to achieve dependable and continuous
services, which will depress the performance of network systems. For example, all the
objects of an application are replicated to shield unexpected faults and votings are
required to elect results from the outputs of the replicas of the same objects, which
will inevitably lead to additional overhead. But compared with non-replication
systems, the systems presented are much more dependable and robust.

4 Related Work

In [11, 12], survivable architecture of network systems is presented, in which a
control subsystem is introduced to manager the information system. In [13], a
survivable model of database system is presented. In these works, the survivability of
a system is heavily dependent on the monitor component (or IDS), which will be the
bottleneck of network systems’ survivability.

The construction of fault-tolerant CORBA-based system is introduced in [14] and
state consistency and recovery are discussed in [15, 16]. But the fault-tolerant
CORBA used by them does not support heterogeneous CORBA environments.

5 Conclusions

A survivable model of network system is presented in this paper. Based on the state-
of-the-art security mechanisms, the system are defended from both the whole system
architecture and its applications, which enables the applications independent of the
peculiar system components, that is, the survivability of the network system is
protected to the utmost extent.

However, similar to the secure research, it is an “Impossible Mission” to construct
an absolutely survivable network system for the survivability research because of the
insurmountable defects of every aspect of the system construction as well as their
unavoidable permanent existences. So it is much advisable to meet the survivability
requirement at a certain aspect, such as continuity, availability, reliability and so on.
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Abstract. The objective of this work is to develop an optimization methodol-
ogy to design adaptive truss structures with multiple optimally placed active
members. The finite element model of truss structures with piezoelectric mem-
bers is presented. The performance function is built for optimal design of active
members at discrete locations in the output feedback control system by using
the method proposed by K. Xu et al. Genetic algorithm (GA) is used to search
the optimal locations of active members for vibration suppression of adaptive
truss structure. A numerical example of the planar truss structure with two pie-
zoelectric active members is performed, and the corresponding experimental
set-up is designed for active vibration control. The experimental results demon-
strate the effectiveness of optimal placement of active members for adaptive
truss structures using genetic algorithm.

1 Introduction

The adaptive truss structure is a new kind of structures integrated with active mem-
bers, which can automatically respond to internal or external disturbances. The tech-
nology on piezoelectric adaptive truss structure is expected to solve the problems
which are caused by space nonlinear disturbances such as vibration, precision location
and shape retention. Stringent vibration control methods are required for many space
structures such as antenna reflectors and space stations. An effective approach to
improve the performance of truss structures is to damp out vibration in orbit by using
variable-length active members. The number of actuators is usually limited because of
cost and weight, and so it is important to locate the actuators optimally. The optimal
placement of actuators at discrete locations is an important problem that will have
impact on the control of truss structures. Though algorithms exist for the placement of
sensor/actuator systems on continuous structures, the placement of actuators on dis-
crete truss structures is a very difficult problem. Because of the nature of truss struc-
tures, it is not possible to place sensors and actuators at any location in the structure.
This usually creates a non-linear constrained mixed integer planning problem that can
be very difficult to solve.
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Genetic algorithm (GA) is becoming increasingly popular due to their ability to
solve large complex optimization problems which other methods have difficulty solv-
ing [1]. The introduction of algorithms based on genetic search procedures should
increase the rate of convergence and thus reduce the computational time for solving
the difficult control problem. Genetic algorithm in conjunction with gradient-based
optimization techniques was used for the simultaneous placement and design of an
active civil structure [2]. A genetic algorithm procedure was adopted to solve the
optimization problem for actuator and sensor placement of a truss structure with
closely-spaced modal frequencies [3]. The improved simulated annealing approach
and genetic algorithm were applied to improve the shape accuracy of truss structures
[4, 5]. The optimization procedure of genetic algorithms was discussed in order to
solve the optimization of active member placement for intelligent truss structures [6,
7, 8]. In this paper, the objective of this work is to develop an optimization methodol-
ogy to design adaptive truss structures with multiple optimally placed active mem-
bers. A dynamic finite element model and state equations of piezoelectric intelligent
truss structure are presented in Section 2. Optimal placement method using genetic
algorithm is described in Section 3. Numerical example and experimental validation
are presented in Section 4. The final section is the conclusions.

2 Formulation of the Problem

2.1 Modeling of Truss Structures Integrated with Active Members

The finite element formulation of an active member is similar to that of a passive
structural member except for the initial strain or elongation caused by the built-in
actuator, e.g., stack of piezoelectric wafers [9]. An active member itself typically
consists of some passive mechanical components in addition to the actuator element,
as shown in Figure 1. The total strain in an active member consists of strain &,

caused by mechanical loads and initial strain ¢, induced by the actuator, i.e.,
£=¢,+¢&, 9, 10]. As in the linear finite element formulation, the axial displacement
in the element is approximated by the nodal displacements and linear shape functions.

Actuator element
(1) (3)

Passive element

Fig. 1. Finite element representation of the active member

The total potential energy, including strain energy density and the kinetic energy
expression of the active element, can be founded in some references [9]. Transform-
ing element motion equation from the element coordinate to the global coordinate
system, the active element equation is given by
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MY+ [CUA N+ K Wy =[TTH{F )+ [TTHF,}, (1)

where {x°} is the nodal displacement vector of the active element,
e T . . .
{x°} :{ui v, ou vj} , u;and v, are the horizontal and vertical displacements at

the ith node, respectively. [C*] is the damping coefficient matrix of the active mem-

ber. [M ‘] is the equivalent mass matrix,

(M*]=diag(m;, m;, m;, m;), 2)

m, =[3m] (L, + 21, +21,) +3m; (1, + 20,) + 3m; L 1/(L + 1, + 1),
m; = [3m] +3my (21, +1,) +3mg (21, + 21, + 1)1/, +1, + 1), 3)
m’ = pAl16,1i=1273;

where p,, A and [, are the density, cross-section area, and length of the ith element
of the active member, respectively. [T] is the transformation matrix which consists of
the active member’s direction cosines,

cosa sino 0 0
—sin¢ cosa 0 0
[(T]= . . (€]
0 0 cosa sino
0 0 —sin@ coso

where ¢ is the angle between the global coordinate X and the local coordinate x.
[K°] is the stiffness matrix of the active member,

1 0 -1 0

0 0 0
K=k [T] T], 5
(KI=k[TT| | o7 (5)

0 0 0 0
k, = kekCkE Ik +kike +keke), ke =EA /L, i=123. (6)

where E, and k; are the elastic modules and axial stiffness of the ith element of the
active member. {F°} is the nodal force vector of the member. {F} represents the
actuating force vector caused by the active member,

{Er}:_{Kjv}Vd’ {Klfv}:Kuve{_l 0 1 O}T’ (7)

K,, = kekeke I(keks +kekS +kekS) , k, = e A, /1, (8)

uve 3%y

where e,, is the stress coefficient of piezoelectric materials.
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The system equations of motion for entire truss referring to the global coordinate
system can be obtained from Eq. (1) by the standard assemblage procedure [10]. As-
sembling all the elements accordingly yields the governing equation of motion for a
n-degree of freedom adaptive truss structure,

(M &} +[CHx +[K{x}={F,}+[B,]{F.}, )
where {x} is displacement vector in the global coordinate system. [M], [C] and
[K] are the nxXn mass, damping and stiffness matrices, respectively. [B] is the
nxm assembling matrix of active members and m is the number of active members.
{F,} is the nx1 external nodal force vector. {F,} is the mx1 equivalent actuating

force vector of active members.
By introducing the coordinate transformation, {x} can be described as

{x}=[@l{n}. (10)

where [@] is the nxn modal matrix whose columns are the eigenvectors and {77} is

the vector of modal coordinates.
Using Eq. (10), Eq. (9) can be transformed into n uncoupled equations,

(i} +[DUM+ K1) =[@] {E}+[®@] [B,{F.}, (11)

where [D] and [K] are diagonal matrices, [D]=[®] [C][®] =diag[2§jwj} ,
[K]= [@]T [K][®]=diag [a)ﬂ . The modal matrix [®] is normalized with respect to

the mass matrix. @, and ¢, are structural frequency and modal damping factor.

For active members, a constant output velocity feedback control law will be con-
sidered, i.e. [11, 12],

{F.)=-[G]{»}, (12)

where [G]is the control gain matrix. {y} is the output vector, {y} =[H, {77} , and

[H,] is the placement matrix of the sensors.

2.2 State Equations

In the following, it will be assumed that there is no external forces, {F,} =0, without

affecting generality of the results [5]. The control analysis is performed by reducing
the second-order uncoupled Eq. (11) to a first-order equation. This can be achieved by
using the transformation,

[zy={n n}, (13)

where {z(t)} is the 2nx1 state variable vector. It is convenient to express Eq. (11) as

a first-order form, so the state equation and output vector can be written as
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{20} =[A {z0}+[Blu®] . {0} =[H]{z0)}. (14)

where [A)] is a 2nX2n plant matrix and [B] is a 2nXxm input matrix, which is

related to placements of active members of the truss. u(f) is the input vector. The

0] 0]1’ [H]{[[O]} 1)

(o] 5 ]

plant and the output matrices are given by

wi= 1 |-

[o7] [2{w]

The free vibration response of the closed-loop system for any initial condition
{z(o)}is [11, 12, 13]

{z()} =" {z(0)}, (16)
where e is the fundamental transition matrix and

[A]l=[A]-[B][G][H]. (17)

2.3 Optimal Placement Problem

A performance function can be chosen that includes both the structural response and
the control effort. The standard performance function is

T _ 1= T T
T == (& Qe+u" Ru)t, (18)
which can be expanded in terms of the fundamental transition matrix [11, 12],

I~ | 3] e (lel T o] (RGN H)earlz0. a9

The dependence on {z(O)} is eliminated by using an average performance function

proposed by Levine et al [13]. The performance function can be described as [11, 12],
J. :%trace[P] , (20)

where the matrix [P] is related to the performance function,
[P)=[ " ([Q1+[H] [6] [RI[G][H])e"dr 1)

The matrix P(#) is obtained by using the associated Lyapunov equation [11, 12],
[PI[Al+[A] [P0]+[H] [6] [R][G][H]+[Q]=0. (22)
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The (0,1) formulation of the optimal placement problem makes use of a variable
g, that indicates the presence (1) or absence (0) of an active element at a given loca-

tion [14]. The objective function of optimal placement of active members is based on
Eq. (20) as follows,

taamzs e (23)
subject to the constraint
p

Zgi=m, g;€(0)1), i=12,.,p, (24)
i=1

where m is the number of the active members, and p is the total number of members
in the truss structure.

3 Optimal Placement Method Using Genetic Algorithm

The number of possible configurations of a fixed number of active members may
become very large for a given control system. Therefore, exhaustive search is ruled
out and intelligent search techniques have to be employed. GA is a guided random
search technique simulating natural evolution. It deals with a population, and the
chromosome of each individual represents a candidate solution, i.e., an actuator
placement configuration in the present problem. By dealing with this group of solu-
tions, this approach tries to avoid being trapped at local optima.

3.1 Problem Parameter Encoding

The GA works with an encoding of the parameter set, not the parameters themselves.
In the standard GA approach, the genes in the chromosome are binary. Assuming the
active members can be placed at the p possible positions in the truss structure, the
number p is selected as the coding length. Assuming g,(i=1,2,..., p) is the gene
value of the ith bit of the string, g, =1 or O denotes the active member or passive
member placed at that position. For example, let p=8 , m=2 , the coding
(10100000) shows that two active members are placed at the positions 1 and 3.

3.2 Calculation of Fitness Value

After encoding, an initial chromosome population is randomly generated. Each indi-
vidual in the initial population should satisfy the constraints given by the problem.
Each individual from the population is evaluated and assigned a fitness value. The
best performing individuals, based on their fitness value, are chosen from the popula-
tion to produce the next generation of population through a genetic reproduction
process. Define J_ in Eq. (20) as the objective function, so the fitness value of the ith

individual can be described as
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f,-(x)=1/~](., i=12,..m. (25)

3.3 Genetic Operators

A simple genetic algorithm uses three operators, namely selection, crossover, and
mutation [15].

Selection. This selection process is random by nature; however, the individuals with
best fitness values would have the more chance to be chosen for reproduction. The
fitness of the individuals are calculated, which are newly generated. The fitness of a
solution is measured by its capacity to maximize or minimize the objective function.
Probability of the i th individual is chosen as

m

P = f,(x)/ 2 f,(x). (26)

Crossover. After selection operations, two parent individuals exchange information
(genetic information) to produce a new offspring. This process is called crossover.
Crossover is governed by a crossover probability, which tells the GA program the
number of bit to crossover. The GA chooses the bits that are crossed-over randomly.
In this operation, two individuals are randomly selected as parents from the pool of
individuals formed by the selection procedure and cut at a randomly selected point. A
crossover operation can thus yield better solutions by combining the good features of
existing solutions. If no crossover is performed due to the crossover probability, the
offspring is the exact copy of the parent solutions.

Mutation. Each offspring created from crossover is altered in a process called
mutation. Mutation alters each offspring at random location in the solution string.
Mutation is governed by a mutation probability that determines the number of bits to
be mutated. In binary, mutation will change a bit equal to 0 into 1 and a bit equal to 1
into 0. Mutated offspring are then placed into the next generation of the population.
The mutation operator randomly mutates or reverses the values of bits in a string. The
effect of this operation is to create diversity in the solution population, thus the
operation can avoid local minimum traps.

After the crossover and mutation operation, the offspring generated could violate
the constraints of the problem, even if all individuals of the parents satisfy the con-
straints. For example, two individuals 10100000 and 01000010 for placements of two
active members could become 10100010 and 01000000 after the crossover operation
at the 5th bit of the strings. Of course, the mutation operation could also produce the
individuals violating the constraints of the system. A constrained mutation operation
is proposed to avoid constraint violations in the genetic algorithm [3]. Assuming there
is m active members in the truss, and the number of g, =1 (i=1,2,..., p) for the cer-

tain individual is n . When n>m , n—m bits of g,=1 are randomly chosen to
change into 0. When n<m, m—n bits of g, =0 are randomly selected to change
into 1.
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The process of selection, crossover and mutation are repeated until the new popula-
tion is completed. The new population will replace the old population and the entire
process will continue until an end condition is met, and the best solution is found.

4 Numerical Example and Experimental Validation

A planar truss structure is shown in Fig. 2, which is analyzed to investigate the effec-
tiveness of the proposed scheme. The corner nodes 1 and 6 in the truss structure are
fixed on the base, and the truss has 8 bars, in which there are two active members to
be placed. The passive members and elements are made of aluminum alloy tube with
diameter 20mm and thickness 1.5mm. The Young’s module of aluminum alloy is
7.0x10" N/m*, and density 2.74x10° kg/m’ . The lump masses of end nodes of

passive and active members are 0.29kg and 0.5kg, respectively. The lengths of mem-
bers are 500mm except for diagonal bars 3 and 5. The mass density and Young’s

module of piezoelectric stacks are 7.5x10° kg/m’ and 6.3x10' N/m?, respectively.
The equivalent stress coefficient e,, is 18.62C/m”. The piezoelectric stacks are

made of circular piezoelectric patches with the diameter of 10mm and their corre-
sponding length is 120 mm.

3 ® 2 @ 1
N
N
®| 6 DN\@ R
N
N
N members
4 5 @ 6 |
Fig. 2. A planar truss Fig. 3. Experimental setup

The control systems used for the present study are limited to collocated sensors and
actuators with direct velocity feedback gains. The control gain matrix [G] is selected

as a constant gain matrix, [G]=200[I]. Because the system is collocated, let

[H]=[B] . For this problem, the GA generates a string composed of bits that store

information about the final design of the truss structure. This string is randomly gen-
erated in Matlab and put into a population composed of 20 strings generated by the
GA. Each bit in a string represents an element in the truss structure. Eight bit numbers

are used to describe all possible element scenarios. Weighting matrices [Q] and [R]

are taken to be 5000[/] and [/], respectively. Probability of crossover is 0.8, and

probability of mutation 0.01. After the convergence is achieved, the optimal
individual is obtained to be 00101000, which means that placement (3 and 5) is the
optimal placement for this problem.
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Table 1. The active damping ratios of the truss structure

Mode Number Optimal placement Non-optimal Placement
(positions: 3 and 5) (positions: 1 and 6)

f(Hz) & (%) f(Hz) & (w)

1 61.2 11.267 60.5 8.232

2 1424 4.983 143.3 3.251

3 248.7 1.121 2474 1.021

4 3343 1.538 331.3 1.543

5 437.2 2.134 431.8 1.715

Figure 3 shows the photograph of the experimental setup for vibration control. The
intelligent controller is applied to the truss vibration suppression, and control command
signals are calculated to drive the active members. In order to compare the control
effects between the optimal placement and the others, the modal tests are performed for
the optimal placement (two active members are placed on placements 3 and 5) and the
non-optimal placement (the two active members are placed on placements 1 and 6),
respectively. The experimental results are shown in Table 1. As expected, the modal
damping ratios increase significantly by using the closed-loop control of the optimal
placement, and the first modal damping ratio increases about 30% especially. It can be
seen that the controller of the optimal placement provides excellent damping.

5 Conclusions

In the design of adaptive truss structures, the determination of the actuator locations is
a very important issue. This paper describes the optimal location selection of actuators
for vibration control in the adaptive truss structures. A procedure is given for the
placement of active members in the adaptive structures for output feedback type con-
trol. GA is applied to the active member placement optimization problem for vibra-
tion suppression of truss structures. The proposed optimal placement approach is
applied to multiple input control of a planar truss structure with active members. An
experimental set-up of piezoelectric adaptive truss structure is designed for vibration
control, and the experimental results show that the optimal placement of active mem-
bers is feasible and effective.
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Abstract. Stream Control Transmission Protocol (SCTP) is the third transport
layer protocol next to TCP and UDP. The SCTP provides some distinctive fea-
tures over the TCP. This paper is purposed to compare SCTP and TCP in the
performance perspective. We compare the throughput of SCTP and TCP for the
three different test scenarios: the performance comparison of SCTP and TCP
for the different size of the user input data for the socket system call, the analy-
sis of the fairness under competition of SCTP and TCP traffic, and the perform-
ance comparison of the SCTP multi-homing and single-homing cases. From the
results, it is shown that the SCTP provides better throughput over TCP for a
larger user input data. We also see that the SCTP traffic tends to compete fairly
with TCP and that the multi-homing SCTP provides better performance than the
single-homing case.

1 Introduction

Stream Control Transmission Protocol (SCTP) is a new transport protocol next to
TCP and UDP, which was standardized in the IETF [1]. Similarly to the TCP, the
SCTP is a connection-oriented reliable transport protocol. Differently from the TCP,
the SCTP uses the four-way handshake procedure for association establishment and
the three-way handshake scheme for association termination. In particular, the SCTP
provides the ‘multi-streaming’ and ‘multi-homing’ features.

Some previous studies [2, 3] include the performance analysis of the SCTP itself.
In this paper, we focus on the comparison of the performance of SCTP and TCP in the
viewpoint of the throughput over the Linux platform [4, 5]. The SCTP performance is
analyzed for the three kinds of test scenarios: 1) performance comparison of SCTP
and TCP for the different size of the user input data in the socket system call, 2)
analysis of the fairness under the competition of SCTP and TCP traffics, and 3) per-
formance gain of the SCTP multi-homing.

This paper is organized as follows. Section 2 briefly summarizes the features of the
SCTP. In Section 3, we describe the three test scenarios for the performance compari-
son over the Linux platform. Section 4 shows the experimental results for the per-
formance testing. Section 5 concludes this paper.

D.S. Huang, X.-P. Zhang, G.-B. Huang (Eds.): ICIC 2005, Part II, LNCS 3645, pp. 396 2005.
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2 SCTP Features

In this section we describe the distinctive features of SCTP, which include the SCTP
association setup, association termination, multi-streaming and multi-homing features.

2.1 Four-Way Association Establishment

Differently from the 3-way handshake mechanism of TCP, the SCTP uses the 4-way
handshake scheme for establishment of an SCTP association. Let us consider the two
SCTP endpoints, A and B.

First, the endpoint A sends an SCTP INIT chunk to the endpoint B for initiation of
an SCTP association. The endpoint B will respond with the INIT-ACK chunk to A,
which contains the ‘cookie’ information for the security purpose. The endpoint A will
then send the COOKIE-ECHO chunk to the B. The endpoint B completes the associa-
tion establishment by sending the COOKIE-ACK chunk to the A.

It is noted in Figure 1 that this 4-way handshake scheme of SCTP is employed for
preventing the so-called TCP SYN flooding. That is, the SCTP endpoint B will allo-
cate the relevant kernel memory for the connection from the endpoint A, only after
receiving the third COOKIE-ECHO chunk (after confirmation that the peer endpoint
is a secure host).

2.2 Three-Way Association Terminations

The SCTP also uses the 3-way handshake mechanism for termination of an SCTP
association for the purpose of the graceful close (shutdown). It is noted that the TCP
provides the 4-way connection termination scheme, as shown in Figure 2.

To terminate an association, the endpoint A may send a SHUTDOWN chunk to the
endpoint B. If there is no data to send, the endpoint B will respond with the
SHUTDOWN-ACK chunk to the A. Finally, the endpoint A completes the association
termination by sending the SHUTDOWN-COMPLETE chunk to the endpoint B.

Differently from the TCP, the SCTP does not support the so-called ‘half-open
state’, wherein one side may continue sending data while the other end is closed.

orrrereere . BEE HEDG
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Fig. 1. SCTP four-way association establishment
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Fig. 2. SCTP three-way association terminations

2.3 SCTP Multi-streaming

The multi-streaming is a distinctive feature of SCTP. The SCTP user may assign each
datagram to one of multiple streams within an association. In the association estab-
lishment phase, the two SCTP endpoints will exchange the number of available
streams in the association each other. For each stream in the association, the SCTP
increases the Stream Sequence Number (SSN) for the data chunk generated by the

application user, as shown in Figure 3.

These SSN numbers are used by the receiver to determine the sequence of delivery.
The SCTP performs in-sequence delivery per stream. This mechanism helps to avoid
the head-of-line (HoL) blocking of TCP, since each stream data can be independently

delivered to the peer endpoint within one association.

Application

Association

SCTP Send Quecuc

Fig. 3. SCTP multi-streaming

2.4 SCTP Multi-homing

From the multi-homing feature, the SCTP endpoint can use one or more IP addresses

for data transport in the association, as shown in Figure 4.




Performance Comparison of SCTP and TCP over Linux Platform 399

Application Application

IP Addresses IP Addresses

SCTP Node A SCTP Node B
Network transport

Fig. 4. SCTP multi-homing

The SCTP multi-homing feature can be used to protect an association from poten-
tial network failures by steering traffic to alternate IP addresses. During the initiation
of an association, SCTP endpoints exchange the lists of IP addresses used at the re-
mote endpoint. One of the listed IP addresses will be designed as the primary address.
If the primary address repeatedly drops chunks, however, all chunks will be transmit-
ted to an alternate address.

3 Test Scenarios

In this section, we describe the test scenarios employed in the experimentations for
comparison of the SCTP and TCP performance.

3.1 Scenario 1: Different Size of User Input Data

The first test scenario is employed to compare the throughput of the SCTP and TCP
for the different size of the use input data in the socket system call.
For the test purpose, a test network is configured as shown in Figure 5.

i 210,118.75,158 \ 155.230.24.84 @
[nntenmet m JQ.

= o
\

Fig. 5. Network configuration for Scenario 1

In the figure the client and server hosts are equipped with the Linux-Kernel 2.6.10
and LK-SCTP toolkit [4]. After establishing an SCTP association with the server, the
client begins to download a file of 100 Mbytes from the server. As a performance
metric, we measured the throughput of data transmission (i.e., the totally transmitted
data bytes during the association period).
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3.2 Scenario 2: Competition of SCTP and TCP Traffic

This scenario is tested to see how fairly the SCTP and TCP traffics compete in the
network. Both the SCTP and TCP connections are established at the same time be-
tween the client and the server, as shown in Figure 6.

Server Client

Fig. 6. Competition of SCTP and TCP traffic

For the two connections, we measured the traffic between the client and the server.

3.3 Scenario 3: Performance of SCTP Multi-homing

For the SCTP multi-homing, the test network is configured, as shown in Figure 7.

. — {dak) -
" p " . _ 192168.014
* I8 m:~_,/’ intermet :.)/, >
i v =S :
| 182 166.0.15 .
(o) [SoTP Chent

Fig. 7. Network configuration for SCTP multi-homing

In the figure, the client is in the dual-homing state and uses the two different IP ad-
dresses for data packets and SACK packets, respectively.

4 Experimental Results
In this section, we discuss the results for the test experimentations of SCTP and TCP.

4.1 Results for Scenario 1

Figure 8 and 9 show the test results for the different sizes of user input data for each
send() socket system call by using the ‘ethereal’ tool [6].
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Fig. 8. Results for the user input data size of 2048 bytes

In Figure 8, we show the data packets (in byte) transmitted over the association pe-
riod, for SCTP (Fig. 8(a)) and for TCP (Fig. 8(b)), in which the user input data of
2048 bytes are sent by the socket send() call.

In Fig. 8(a), we see that the SCTP transmits the total 198,514 packets and
114,079,092 bytes (including the data and control packets) over the association period
of 114 seconds, which corresponds to the average throughput of 999,811 bytes per
second.

On the other hand, we see in Fig. 8(b) that the TCP sends 101,387 packets over the
connection period of 95 second, with the average throughput of 1,100,614 bytes per
second. In summary, from the figure we see that the TCP provides better throughput
than the SCTP for the user input data of 2,048 bytes.

In Figure 9, we show the results of the throughput for SCTP (Fig. 9(a)) and for
TCP (Fig. 9(b)) with the user input data of 8,192 bytes.

It is noted that the results in Figure 9 are different from those in Figure 8. Fig. 9(a)
shows that the SCTP gives the average throughput of 1,126,167 bytes per second,
whereas Fig. 9(b) shows that the TCP provides the throughput of 1,076,685 bytes per
second, for the user input data of 8,192 bytes.
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Fig. 9. Results for the user input data size of 8192 bytes

From the results of Figure 8 and 9, it is interesting to note that the SCTP tends to
provide better throughput performance over the TCP, when the size of the user input
data for each socket system call gets larger. That is, the SCTP performance will bene-
fit from the transport of the large bulk data, compared to TCP.

On the other hand, this performance gain of SCTP over TCP seems to come from
the congestion control schemes associated [7, 8]. That is, the TCP uses the initial
Congestion Window (CWND) as 1*MTU, whereas the SCTP starts from the CWND of
2*MTU. Overall, the SCTP tends to provide better throughput than TCP for the large-
scale bulk data transport.

4.2 Results for Scenario 2

Figure 10 shows the results of the traffic traces for SCTP and TCP, in which the two
SCTP and TCP connections are activated at the same time in the single computer.

From the figure, we see that the SCTP competes with the TCP for the data trans-
mission under the same condition, in which the traffic generated by SCTP and TCP is
almost equally distributed. The TCP connection completes the data transmission ear-
lier than the SCTP, since the SCTP generates more data and control chunks.
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Fig. 10. Results for competition of TCP and SCTP traffic

4.3 Results for Scenario 3
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Figure 11 shows the results of the SCTP single-homing and multi-homing association,
as shown in Figure 7. It is noted in the multi-homing SCTP that the data and control
SACK chunks are delivered over the different IP addresses [9].

Single—homing
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Fig. 11. Effects of SCTP single-homing and multi-homing
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From the figure, we see that the multi-homing SCTP completes the data transmis-
sion earlier, with the better throughput of 4,157,693 bytes per second, than the single-
homing SCTP (2,955,734 bytes per second).

It is clear from the results that the SCTP multi-homing feature can be used to im-
prove the throughput of the data transmission. In this experiment, the SCTP control
chunks are delivered using the different IP address from the SCTP data chunks.

5 Conclusion

In this paper, we have described the comparison of SCTP and TCP in the viewpoint
of the throughput performance over the Linux platform. We compare the throughput
of SCTP and TCP for the three different test scenarios: the performance comparison
of SCTP and TCP for the different size of the user input data for the socket system
call, the analysis of the fairness under competition of SCTP and TCP traffic, and the
performance comparison of the SCTP multi-homing and single-homing cases.

From the results, it is shown that the SCTP provides better throughput over TCP
for a larger user input data. We also see that the SCTP traffic tends to compete fairly
with TCP, and that the multi-homing SCTP provides better performance than the
single-homing case.
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Abstract. Fusion of the states of a nonlinear dynamic multiscale system (DMS)
on the basis of available noisy measurements is one of the well-known key
problems in modern control theory. To the best of our knowledge, all of the
previous work focused attention on linear DMS. However, nonlinear DMS has
never been investigated. In this paper, modeling and fusion estimation of dy-
namic multiscale system subject to nonlinear measurement equation is pro-
posed. Haar wavelet is used to link the scales. Monte Carlo simulation results
demonstrate that the proposed algorithm is effective and powerful in this kind
of nonlinear dynamic multiscale system estimation problem.

1 Introduction

In multiscale system theory, a well-known achievement is the multiscale stochastic
model that stems from the work of Willsky ef al and that allows the modeling of mul-
tiresolution data at different levels in the bintree [1-2]. This model has made success
in a number of applications [3-8]. Motivated by the success of this methodology in
solving static estimation problems, a dynamic algorithm is proposed by propagating
the static estimator over time with alternating update and prediction steps in a manner
analogous to Kalman filtering [9-10]. In [11-13], measurements available at multiple
resolution levels are integrated by the wavelet transform to deal with the target track-
ing by L. Hong. In [14], an optimal estimation of a class of dynamic multiscale sys-
tem (DMS) is discussed. The sampling frequencies of the sensors are supposed to
decrease by a factor of two.

Methods mentioned above are unrealistic for many real-world signals because they
all assumed that the system is linear. In fact, this is a real limitation in many practical
situations. For example, the observation model of Radar or IR sensor is linear in a
spherical coordinate system. However, the state model of target is best described in a
rectangular coordinate system. This results in either the state model or observation
model being nonlinear in the same coordinate system. Up to now, the nonlinear esti-
mation problem of dynamic multiscale system is still open. In this paper, the mul-
tiresolution fusion estimation method of a class of dynamic multiscale system subject
to nonlinear measurement equation is given.

D.S. Huang, X.-P. Zhang, G.-B. Huang (Eds.): ICIC 2005, Part II, LNCS 3645, pp. 405 2005.
© Springer-Verlag Berlin Heidelberg 2005
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2 Haar-Wavelet-Based Modeling and Estimation Algorithm

For convenience, let the sampling rate decrease from sensor 1 to sensor J by a factor
of two. Obviously, sensor 1 corresponds to the finest scale. The state at all scales in
time interval AT is called a state block, and the measurement a data block. In
every AT , the state estimation must be updated when a new data block is available.
We hope the approximation of any node at all scales is accomplished in time inter-
val AT , not using the state nodes outside of it. We choose the Haar wavelet [15]. This
choice is motivated by the particularly simple realization of the Haar wavelet trans-
form in our multiscale framework by using a bintree structure. Haar wavelet is the
simplest and most widely used one with low-pass filter[/2/2, 2/2]-

For clarity, we unify the notations of state nodes firstly.” Fig. 1 shows the
system bintree structure at time interval kAT . x, (k) is denoted as the state of

scale J, x, ,(2k) and x, (2k+1) the states at scale J—1 . Analogically,

at scale j there are 2’7/ state nodes, whOich are denoted as x,(2'7'k) ,
X7 k+1) . x; (2”-’ (k +1)—1). Assuming that the multiscale system state struc-

ture satisfies the dyadic structure of Haar wavelet, the node xj(2”-’ k+m;) can be

expressed with the finest scale nodes as follows[14]
J=1 2/
X2 k+m) = [‘/54) Z 57k +2""m, +i0) . (1)
i=0

wherem; =0,1,...,2" 7/ =1, j =1,2,--,J .

AT -k
x, (k)
scale J
x,,(2k) x,,(2k+1)
scale 2
scale 1
x,(27k) X, k+1) X, (k+D)-1)

Fig. 1. Tree structure of the dynamic multiscale system state nodes at time interval kAT

2.1 State Equation[14]

For simplicity, the system is assumed to be time-invariant. The discrete time state
transition equation of the finest scale at time interval (k +1)AT is
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X 27 (k+1) = Ax, 2" (k+1) =)+ Bw(2’ " (k+1)—1) . 2)

N .. . . . .
where x, () € R™", state transition matrix Ae R"*"*, noise stimulus matrix Be R,

w() € R" is white noise with variance ¢ . Then

X277k +D+1) = A%, Q27 k+ 1) =)+ ABwQR' T (k+ D)= 1) + Bw(2' ™' (k +1)) . 3)
my=2
X QT k+D)+m)= A", Q7 k+ D)= 1) + Z A" BwQT N k+ D) +i) . 4)

i==2
where m, =0,1,...,2"" —1. Letting

X (k) = col (x, (2" k), x, 2"k +1),-, x, (2" (k+ 1) = 1)) . (5)
w(k) = col (w(2'™ (k+1)= 1), w2’ (k+1),...w(2"" (k+2)-2)) . (6)
A(m)=A"*", B(m)=[A"B,A"B,...,B,0,...,0] . (7

where col denotes arranging the data in the bracket into column vec-
tor,x(k)e R* ¥ w(k)e R¥ ", A(m)e R, and B(m)e R"** " "is with zero

elements on the last (2’~' —m, —1)Xu columns. Letting

0O - O A® B(0)

o O AL B0 ®)
6 6 Z(zfl‘ -1 E(z-’;‘ -1

where Ae RZ V2N , Be RY N2 , then we have

x(k+1) = Ax (k) + Bw(k) . 9)

2.2 Measurement Equation
Suppose that discrete measurement equation at scale j is
g, k+m) =g, (x,@ T k+m))+v, 2 k+m) . (10)

where the dimension of z;() is N, g,(0) is a nonlinear function. v; (1) is Gaussian
white noise with zero mean and variance R;(), and is uncorrelated with w(J) . Let-

ting
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M,m)={0-1.,01 (%) " L..(Z%)" 1 0-L.,01]. (11)
X(k)=col (x,(2" k), x, 2"k +1),...x, 2" (k+1)-D)) . (12)
then
X, (2 k+m) =M (m)x(k) . (13)
and then
4,2 k+m) =g, (M, (m)x(k))+v,2" " k+m)) . (14)
defining
Z,(k)=col (2,2" 7 k), 2,2’ k+1),...2,2" (k+1)-1)) . (15)
g; (M ,;(0x(k)) v, (27 k)
_ (M. ()x(k (2 k+1
G, (x(k)) = g/( ,:()x( )) 700 = v, ( | +1) (16)
g, (M, ~DX(K)) v, @7 k+D)=1)

It can be seen that, G,(x(k))is the nonlinear function of X(k), the covariance
of v, (k) is

I?j(k):diag[RJ.(D),RJ.(D),...,RJ.(D)J . (17)

then
Z,(k)=G, (%K) +7, (k) . (18)

defining

z(k) = col (z, (k). 7, (k),.... 7, (K)) . (19)
G(x(k)) = col (G, (X(K)).G,_, (x(K)).....G, (x(k))) - (20)
v(k) = col (v, (k),v,_, (k),... v, (K)) (1)

then
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It can be seen that, G(X(k))is the nonlinear function of X(k). The covariance of

white noise v (k) is
R(k)=diag[ R, (k).R,_,(k)....R (k)] . (23)

then the model of new system after augmentation is

_ . 24)

X(k +1) = Ax (k) + Bw(k)
Z(k) = G(X(k)) +v (k)

where w(k) and v (k) are white noise and are uncorrelated. The above equation is a
pair of nonlinear equation, and the estimation value of Xx(0) can be obtained by per-
forming nonlinear filtering.

The estimation at coarser scales can be obtained from f(k) directly, and the estima-

tion of node X; Q" k+ m;)isM ;(m;)- )Lc(k) [14].

3 Simulation Results

For verifying the validity of our algorithm, consider the following constant-velocity
dynamic system with measurements at two scales. The state equation at the finest
scale (scale 1) is

x,(2k+2)=Ax,2k+1)+Bw(2k +1) . (25)
where
1 T 0 0 0.5-T? 0
01 0 O T 0
A= ,B= . 26
0 0 1T 0 0.5-T? (26)
0 0 0 1 0 T

state vector x; = [S En 77] , €and 7 represent the displacements of two coordi-

nates, w([) is Gaussian white noise with zero mean and its variance is Q([) .

The measurements include radial distance and angle, and the measurement equa-
tion at scale j is

\/(gj(zz'-fk tm)) +(1,2 k4 m)))

Zj(227jk+mj)= arctan( 2-j 2-j
0,2 k+m)) /e, (2 k+m)))

+vj(22’jk+mj) . @n

where m ;= 0,1,..,2°7 —1; j=1,2. The measurement noise of radial distance and

angle at scale j are zero-mean Gaussian white noise and with vari-
ances R,(Danda, (@ .
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Fig. 3. Measurements at scale 1

Letting T=1s , Q=100-1, , I, is 2X2 identity matrix, R, =R, :2500m2/s2 ,
a, =a, =7.5x107. The state is estimated with Extended Kalman Filter(EKF) by
Monte Carlo simulation (200 runs).
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Fig. 5. Measurement noise (dotted) and estimation error (solid) at scale 1

Fig. 2 shows a sequence of true state at scale 1. Fig. 3 shows the measurements at scale
1. Fig. 4 shows a sequence of the true state and the estimated state at scale 1. Fig. 5 com-
pares the measurement noise with the estimation error at scale 1. The noise compression
ratio of radial distance is 15.8dB, and the noise compression ratio of angle is 30.6dB.

Fig. 6 shows a sequence of the true state and the estimated state at scale 2. Fig. 7
compares the measurement noise with the estimation error at scale 2. The noise com-

pression ratio of radial distance is 11.7dB, the noise compression ratio of angle is
30.6dB.
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Fig. 7. Measurement noise (dotted) and estimation error (solid) at scale 2

It can be seen that, the estimation error is smaller than the measurement noise at

each scale because of the fusion of measurement information at two scales.

4 Conclusion

In this paper, modeling and fusion estimation of a class of nonlinear dynamic multis-
cale system is proposed. The measurement equation is nonlinear, and the system is
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observed by multiresolution multisensors. Haar wavelet is used to link the scales, and
a centralized model is built. Monte Carlo simulation results verify the validation of
our algorithm.
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Abstract. We present a method for a template matching and an effi-
cient cascaded object detection. The proposed method belongs to wide
criteria which can regard to the “feature-centric”. Furthermore, the pro-
posed cascade method has some merits to the face changes. The proposed
method for an object detection uses to find the object to most approach
better than to find the object to correspond completely. Therefore, this
method can use to detect the many faces mixed with different objects.
We expect that the result of this paper can be contributed to develop
more detection methods and recognition system algorithm.

1 Introduction

Traditionally, computer vision systems have been used in specific tasks such
as performing tedious and repetitive visual tasks of assembly line inspection[I].
Current trend in computer vision is moving toward generalized vision applica-
tions. For example, face recognition and video coding techniques etc.. Many of
the current face recognition techniques assume the availability of frontal faces of
similar sizes[I]. Most face recognitions are achieved practically in such condition.
Consequently, we must consider such condition for efficient face recognition. As
well, we must consider efficient recognition about various objects. However, in
computer vision is not easy. The solution to the problem involves segmentation,
extraction, and verification of faces and possibly facial features from an uncon-
trolled background[I]. To be concrete, the problem of such object recognition
uses a object image of two dimension normally to the input and use the output
to assort who that image is. For example, a face image of the three dimension is
to be reflected to the two dimension. Accordingly, the information deeply, magni-
tude, rotation etc. has the loss of important many information in the recognition.
The recognition comes to be difficult basically as the pattern due to the compli-
cation which the object has and illumination, background and the complication
of the environment etc.. The object recognitions of comprehensive concept must
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accomplish the course to find the location of the object in a two dimension image
of the random above all. Afterwards, preprocessing course of the back of a noise
removal is performed. And also, normalization course of a object image comes
to be continuously performed which set the size of the object or location with
inside the image’s size to want to the location. Figlll pictures are typical test
images used in face classification research. The background in Figlll images is
necessary for face classification techniques[I]. However, with the face of the Fig[2]
could exist in a complex background and in many different positions[I][2].

Fig. 1. Typical training images for face recognition

Fig. 2. A realistic face detection scenario

2 Detection Algorithm for Recognition

The active shape models can express which it appears in the FigBJ3]. They can
distinguish generally to three types. The first type uses a generic active contour
called snakes, first introduced by Kass et al. in 1987[4]. Deformable templates
were then introduced by Yuille et al.[5] to better the performance of snakes.
Cootes et al.[6] later proposed the use of a new generic flexible model which
they termed smart snakes and PDM to provide an efficient interpretation of the
human face.
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] Low-level

— Feature-based Feature

L Active shape

Face detection}—

— Eigenface

- Distribution-based

- Neural networks

L Image-based Support Vector Machine

— Naive Bayes Classifier

| Hidden Markov Model

- Information-Theoretical App.

Fig. 3. Schematic depiction of a the detection cascade

3 Cascaded Method Detection for Object Recognition

The cascaded method for object detection approach uses a novel organization of
the first cascade stage called “feature-centric” like the templates.

One of the point of detection is coping with variation in object size and lo-
cation. There are general two approach methods for this. The first is “Invari-
ant” methods. These attempt to use features or filters that are invariant to
geometry[7][8][9][L0] or photometric properties[11][12][13]. Another method is
“exhaustive-search”. This method finds the object by scanning classifier over an
exhaustive range of possible locations and scales in an image[I4]. But the defect
of this method has very time consuming to find the object to want. The method
to do the supplementation the defect of the “exhaustive search” is the method
that “the cascade of sub-classifiers” of Figll The algorithm for constructing a
cascade of classifiers achieves increased detection performance while radically
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reducing time consuming. Each sub-classifier stage makes a decision to reject or
accept the input window. The window to be accepted goes to a next stage(next
Sub-Classifier) and the window to be rejected goes to the classify as non-object.
The window to remain in the last goes via such course is classified as the object.
This is designed to remove many non-object windows to the computation of the
minimum.

[ Input Window J

¢ Accept
Sub-Classifier#1 | —» #2 | @ @ #n 4[ Further Processing}

' ' '

[ Classify as non-object ]

Fig. 4. Schematic depiction of a the detection cascade

The idea of using cascade-like methods has existed for several decades, and,
in particular, was used widely in the automatic target recognition techniques of
the 1970s and 80s[I5].

Each sub-classifier is represented as a semi-naive Bayes classifier[16].

P(Sl|w1) P(Sg|w1) P(Sm|w1)
H(Xy,....,.Xp)=log————4+log————=+...+ log————=
oo 0) =18 5 5110y + 18 P (S BPEu) ()
> A
Sty..., 80 C {Xl,...,Xn}
where X7,..., X, are the input variables within the classification window,
S1,...,S, are subsets of these variables, and w; and ws indicate the two classes.

If wy is the face and ws is the non-face, the classifier chooses class wi. Otherwise,
it chooses class wy (if f(X1,...,X,) <A).

Each stage in the cascade reduces the false detections rate and decreases the
detection rate. In most classifiers including more features will achieve higher
detection rates and lower false detections rates. At the classifiers with more
features require more time to compute[I7].

4 Template Matching Detection for Object Recognition

The template matching belongs to wide criteria which can regard to the “feature-
centric”. Minute explanation about this explains in a next section.

The template matching finds similar image pattern in the image inside to
check to be given beforehand when the image was given. At this time, template
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Search in scale

Search in location
Fig. 5. Exhaustive search object detection

is the kind of a model image. We overlap small template of the image at the
starting point on left corner which compare a template image with the part of the
overlapping image to check. This comparison standard amount can choose so that
it is suitable according to the purpose. After store comparison standard amount
to be calculated, We shift again a one pixel to left which does the template. And
we compare again a template image with the part of the overlapping image to
check.

The template matching is important to well select the comparison standard

amount. The determine the comparison standard amount has some kind of the
subject to consider. It must be insensible at an image noise and at intensity
variation. It must have also small computation quantity.
The current standard of template matching is based on computed in Fast Fourier
Transform(FFT)[I8]. This can be extended to shift of template by a suitable
sampling of the template[I8]. We can use generally two kinds method. The first
method is MAD(Mean Absolute Difference) by

1 M N

where M and N are width and length of template image, T'(x;,y;) is tem-
plate image, I(z;,y;) is the overlapping image to check. The second method is
MSE(Mean Square Error) by

MSE = <223 S IT (i) — 1 (o) 3)

i=0 j=0
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(c) (d)

Fig.6. (a) The image to set the template (The comparison standard amount) (b)
Template image (c) The image to search (d) The image to compare a template image
with the part of the overlapping image to check

If template and the overlapping image are similar each other, MAD or MSE
will become computation near to zero. The other way, if they are different each
other, the two value will grow bigger.

5 Experiments

The face image data and object data did not put the limit in the lighting for
a face detection. Also, we did not consider to wear glasses and the size of face
area. The data used to be holding at the laboratory and on MIT-CMU test set.
We experimented with the gray scale image of 256256 size on an pentium4,
1.7GHz processor.

5.1 The Environment of the Cascaded Method

The complete face detection cascade has 38 stages with over 6000 features[I7].
On a difficult data, containing 507 faces and 75 million sub-windows, faces are
detected using of 10 feature evaluations per sub-window. This system is about
15 times faster than an implementation of the detection system constructed by

Rowley et al.[17][19].

This experiments was processed also to two kinds as the template matching.
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5.2 The Result of the Cascaded Method

The detection probability of the cascade method is superior generally but the
template matching method fells off remarkably from the detection probability
of the nose and eye. Because, this regards the open mouth of the appearance
to smile wrong as the eye and is the experiment result of the case to wear
glasses.

1000 98.7 957 99 7

- 87.7 85.65
28_78.75 82.4

60 - 56.4

Eye Nose Mouth Ear Eye Nose Mouth Ear

Yield: ] Template Matching Cascade

5.3 The Environment of the Template Matching

Like formula (1)(2), if the template of (MxN) size and the image to check of
RxC size are given, the number to compare of the overlapping image happens
(R-M)x (C-N) times. If size of template is 100x 100 and size of image to check is
640640, the number of the overlapping image happens 540x380 times. This is
not little the number to overlapping. According to, it happens time complexity.
If the time complexity is high, the computation time to similar pattern takes
long.

We trained for finding the part of the face to want from image. The experiments
was processed to two kinds. The first, the image used male of 56 persons and
female of 51 persons including expression of four kinds. The template set in
the sequence of eye, nose, mouth and ear. The second, it applies the template
matching at the layer when the face of many people exists.

5.4 The Result of the Template Matching

This experiment’s detection probability is lower than the first experiment. we
can see high cascade method’s detection probability as the false detections come
to be high.
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100
90 1
80
704
60
50
40
301
204
104

75.3 76.42 77.31 78.3

73.2 73.8 72.4 71.8

50 100 150 200 50 100 150 200 Fylge Detections

Yield: [ ] Template Matching Cascade

6 Conclusion

We propose a method for a template matching and cascaded object detection for
an efficient face detection. The template matching method is superior to previous
methods for face detections. Since the template matching and cascade method
has an advantage to find the object better, it can find the object to correspond
completely. Therefore, the method can detect many faces mixed with different
objects better and can detect the various expressions of a face, provided that
the cascade method can maximize the face detection probability. This paper has
an advantage to detect many faces mixed with different objects better than to
detect the various expression of face. The proposed method can contribute to
more efficient detection methods and recognition systems.
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Abstract. Robot arms with redundant degrees of freedom (DOF) are crucial in
service robots where smooth trajectories and obstacle avoidance in the working
area are needed. This paper presents a closed form analysis on the joint limits,
and elbow movement minimization using the redundancy of a seven DOF ma-
nipulator based on a closed form inverse kinematics. Using the redundancy cir-
cle of the redundant arm, the NULL space, the motion planning has been per-
formed. The solution provided has the advantage of being exact with low com-
putational cost. Consequently, this method eliminates the need for trial-and-
error which takes times and may not result in a desirable solution. Experimental
results have been provided showing the advantages of closed form inverse
kinematics over the iterative methods.

1 Introduction

To be able to manipulate objects like humans, a robot arm needs to be kinematically
redundant. Consequently, many robot manipulator manufacturers build arms with 7
DOF to imitate human’s 7 DOF arm. This redundancy leads to infinite number of
solutions, which is called the NULL space, for each given hand pose. The NULL
space can be used to avoid joint limits [1], obstacles [2] and singular configurations
[3], [8]. Moreover, a subset of the NULL space can optimize the robot arm
dynamics [4].

To solve for the joint angles based on a given EEF (End EFector) pose, which is
called the inverse kinematics, several techniques exist. Iterative approach using Jaco-
bian matrix is one of these techniques. Basically for sufficiently small changes, the
changes in the joints and in the position are linearly related by the Jacobian matrix
(based on first order Taylor expansion):

Ax = J(0).A0 orao=r"'@)Ax . (1)

Although this looks a simple equation but requires calculating the inverse of the
Jacobian matrix which is not a simple task especially for redundant manipulators that
need pseudo-inverse since the Jacobian matrix is not square. There are also other
iterative methods which do not rely on the inverse of Jacobian but still need many
iterations to determine the inverse kinematics solution and the given solution may not
be optimal or even desirable.
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Dahm and Joublin [5] proposed an elegant method to solve the inverse kinematics
of a 7 DOF, which can be used for many DOF, in closed form. There are similar ap-
proaches that provide the closed form inverse kinematics for redundant arms, espe-
cially for the human’s arm like manipulators [6], [9]. All these studies show that for
any given EEF pose (position and orientation) the robot’s elbow would be free to
move along a circle which is called the Redundancy Circle. Thus a solution for the
inverse kinematics would be a solution from the Redundancy Circle.

Closed form solution provide many advantages to other techniques such as: a) no
approximation with Taylor expansion is needed, b) no Jacobian inversion needed so
no singularity treatment is necessary as far as the pure mapping is concerned, c) the
use of redundancy takes place in the Cartesian space rather than the joint space.

Using the closed form inverse kinematics provide us the Redundancy Circle, i.e.
the NULL space, in which the robot is free for a given hand pose. Any solution is
acceptable as long as there is no joint limit or other constraints. However the joints
are limited and a solution selected from the Redundancy Circle may not be valid
due to joint limits. Consequently finding a valid solution will be another trial-and-
error to resolve the joints’ limit problem. In this paper we address the joint limit
and elbow movement minimization using the closed form inverse kinematics de-
scribed in [5].

In the following section we review the closed form solution for a 7DOF manipula-
tor. In section 2 the joints’ limit analysis has been discussed. Section 3 addresses the
elbow movement minimization. In the results we show some example of using the
closed form method for a robot arm.

1.1 Closed form Inverse Kinematics Review

In order to better understand the notations and geometry involved in this analysis, we
review the closed inverse kinematics for a 7 DOF manipulator [5], with some minor
corrections. In this method, the location of the next joint is calculated w.r.t. the cur-
rent joint and the joint angles for the current joint are calculated using the following
formulas:

roll = atan2(qnjy, C]njx)
J - @)
pitch = a cos( ]njz /‘nj‘)

In which Ljnjx,cjnjy,cjnjz are the position values of the next joint (nj) w.r.t. cur-

rent joint (cj). In this paper we use: da; in which “b” shows the joint that “a” refers

to, “c” shows the axis (X, y or z) and “d” show the frame in which “a” is represented.
Figure 1 shows a 7 DOF manipulator that each joint consist of two rotary joints mak-
ing a spherical joint. The 7™ joint is along the EEF (End EFfector). For the sake of
simplicity the world frame is considered at the shoulder joint. As it can be seen from
this figure, if the EEF is fixed then the wrist’s position, not its orientation, is fixed.
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Elbow

Upper arm

Redundancy Circle

Fig. 1. The Redundancy Circle (RC) of a 7 DOF arm centered on the line connecting the shoul-
der and wrist

Consequently, the spherical motion of the upper arm and the forearm generate
spheres that their intersection would be a circle on which the elbow is located. If there
is no joint limit, then the elbow is free to move around this circle that is called the
Redundancy Circle. If the upper arm and the form arm spheres do not intersect, then it
mean that the desired EEF pose is out of the workspace.

It should be mentioned that pitch calculation using acos will return only one solu-
tion out of the 2 possible solutions. If the manipulator has the human arm restrictions,
i.e. it does not fold back the elbow or any other joint, then one solution it is enough.
However, if all solutions are needed, then the 2™ solution should be calculated based
on the sign of joint angle.

Figure 2 shows how the kinematics of the arm can be used to determine the radius

Shoulder —

and the center of the Redundancy Circle. 7, has been calculated using the

transformation matrices: Shg"lde;,T=Sh0"g§;TXEE$T . R, the radius of the RC, and the

center of it can be calculated as follows:

(3
2 2,2
Shoulder - _rU_rF+rW Shoulder - 4
hy= U ETW. iy )
2rW

Equation (3) is valid as long as EEF stays inside the workspace. Otherwise, equation

(3) becomes invalid since 7, would be bigger than |7, +r, | or smaller

thanl r,, — r,, | If equation (3) is valid, then the elbow position7;, is:
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Wrist
Shoulder

Fig. 2. The center and the radius of the Redundancy Circle and the elbow position can be calcu-
lated based on the EEF pose

Ry =(RY REW RS ¥ Ry Showlder, (5)

In which & is the Redundancy Angle (RA), 9 and @, are the spherical angles

Shoulder —-

for . R} RG‘V .R; determines the rotation to be applied toe”, a unit vector

. N . Shoulder =
along x axis, to align it with .. Having *"*"“’ 7., then the first and second joint
houlder —
values can be calculated based on *"*"*" ry
31 = atan 2(Shoulder x Shoulder y) (6)
Shoulder ..
6, =acos(""'r, rU|) @)

The same methodology is used to calculate the joint values for the elbow joints,
joint 3 and 4, and the wrist joints, 5 and 6. The following equations show calculation
of the wrist position w.r.t. elbow and the EEF position w.r.t. wrist

ElbawFF —( R;az . R;g‘ ) Shoutder P (8)
0, = atan 2"y ©)

0, =acos(""ril1r, ) . (10)
Wristi, —(r;% 1,9 k92 19S5, (1n
Os=atan 2V ) Wrist (12)
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Plane including the forearm, hand
and shoulder-wrist

EL: Elbow at
joint 6 limit

Yo = & values
that cannot be used
due to joint 6 limit. EM: Elbow at max joint

Fig. 3. Joint 6 will reach the maximum when the hand, the elbow and the shoulder-wrist are on
the same plane

0, =acos(""ry; I|ry]) - (13)

0, is calculated assuming that the Z axis of the EEF is along the hand. It is also

possible to calculate it using the orientation of EEF’s x axis (° Ry,  Ropp " Ropp )
w.r.t. the wrist.

Wrist _r 0 p=O5 =64 —03 =6 —6 S
REFF_(RY 'RZ "RY .RZ 'RY 'RZ ). REFF' (14)
97=atan2(W”‘”Rlz?};F,W”StRBpF) . (15)

2 Joint Limits in the Redundancy Circle

The previous section showed how a joint angle can be calculated based on the posi-
tion of the elbow on the Redundancy Circle, i.e. angle ¢ . However, a desired & may
not be feasible due to joint limits. In other words, the calculated joint angles are not
valid because they pass the joint limits. To avoid joint limits two methods can be
used: a) trial-and-error: try another ¢ and calculated joint values until a valid joint
value is calculated, b) map the joint limits to the redundancy circle and select & from
the valid region of the Redundancy Circle. There is no question that the 2! method is
preferable over the first one since it eliminates many unsuccessful trials and provides
a mean to calculate the joint angles directly and determine an optimal solution. More-
over, for real-time applications such as service robots, the trial-and-error method may
not be feasible due to the computation cost.
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To map joints’ limits to RC, we start with joint 4 (pitch angle for the elbow joint)
since it is constant in a given NULL space. In other words if joint 4 limit is violated in
a given configuration, then there is no solution at all for the desired configuration.
Equation (16) gives a direct way to calculated joint 4’s value w/o the need to go
through equations (3) to (10).

2,2 2

I +ro—R
Oy=rr-acos(UTTETW.)

5 (16)

w
If joint 4’s limit is not violated, then the other joints’ limits should be checked. We
start with joint 6. In a given hand configuration, joint 6’s maximum value would be

reached when?, , 7, and ry are all on the same plane. Consequently by projecting

r, on the Redundancy Circle, we can determine the region in which & is not valid.
First, the maximum value of joint 6 in the current configuration is calculated. In such
a case Iy , elbow to wrist link, can be represented by a vector from EM to the wrist

(Figure 3). Let’s assume a coordinate frame, called the RC coordinate frame, at the
center of Redundancy Circle with Z axis pointing toward the wrist.

RC RC_. x ,, RC xyl

P =R Ry
RCpy g RCy Y yRC 3 -
R =ty —m). Ry

RC RC. x RC. x RC. yRC. y
T Trp . + T

xy
I H I= sqrt( H 4T oy )

Then the max joint 6 angle is calculated from the dot product of ke fp and ¢ fH :

Hémax:acos(RCFF.RcfH) . (18)

EM=atan2(RCiy ¥ —RC, %y (19)

To calculate ¥, joint 6’s limit on the RC, the dot product of 7, projection on RC

with r, projection on RC is used:
vo=acos((RCip* RC i ¥ L RCyy RCa vy jRIRC i) (20)

. . RC—= X RC= X  RC= ¥ RC—= ¥ . )
inwhich " r." ., + 71, Fy isequal to:

cos(8_1im)-Grr iy )~(yy =g )-RCm %) 1)

Because of the similarity between joints 2 and 6, the same method can be used to
map joint 2 limits to the Redundancy Circle. In such a case, joint 2’s maximum for
the current configuration may be reached when the elbow, the wrist and the shoulder
link are on the same plane.



Joint Limit Analysis and Elbow Movement Minimization for Redundant Manipulators 429

Fig. 4. Depending on t9w , elbow may be in joint 1’s limit region

ORCNC XC)

(a) (b) (c) (d)

Fig. 5. Mapping joint 1 limit’s on the Redundancy Circle. a) No limit, b, ¢ and d show when
joint 1 limit is violated. ¢ and d show situation in which elbow can be on the right side of the
Redundancy Circle but cannot go to the left side.

Joints 1, 3 and 5 are all roll angles and their limits on the RC can be calculated
similarly. Thus we only present joint 1’s limit on the RC. Figure 4 shows the span of
elbow based on the RC. There would be 4 cases. Figure 5 shows all possible mapping
of joint 1’s limit violation on the RC. The maximum wrist angle would be calculated
based on equation:

gw_max =asin(R /(I |-sin(@y,))) | 22)

Angel related to the
change in the elbow
position

Current elbow position.

The change in the elbow position / wmow position

Fig. 6. Redundancy angle change based on the minimum elbow movement
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For case (b), the limit on the RC can be calculated using the following equations:

y=acos(h/R)

h=tan(J1_lim—6,,)lrys Lsin(g,,) * 23)
__ P,
a=—-ty

in which & represents the prohibited Redundancy Angle. As it was mentioned ear-
lier the same approach is used to calculate the joint limit mapping for joints 3 and 5.

3 Minimum Elbow Movement

One of the heuristics in motion planning of a 7DOF arm, to select a good plan from a
set of plans, is to minimize the elbow movement. This leads to less arm movement
that may be desirable for service robots. To calculate the joints values based on this
heuristic, the Redundancy Angle can be selected such that it includes this criterion.
Figure 6 shows the elbow movement from one Redundancy Circle to another one.

cos(y)="r, ., =r . +r .r +r .r
Ue Un ch an Uyc Uyn Uzc UZn

d%zy):[sin(&w)cos(a)+sin(a)cos(ew)cos((pw)].R.rUXC -

[sin(6yy)sin(e)cos(gy, )—cos(@)cos(By )Ry ¥ .~

sin(@)sin(gy,).R.1yy%,=0
cos(@)[sin(6y,)1* . ~cos(6,)y Y T (24)
$in(@)[—cos(By,) cOs(@yy)1* , ~sin(6y,)Os(y,).coS(Gyy) Y +sin(@y) 2]
a=sin(6y,).1* ,—cos(Gy) Y,
=—COS(6),))COS(Py 1, iy COS(@y,).COS( By ). 1Y  +5in( Ay )1 %,

a=atan2(a,b)

() (b) () (d)

Fig. 7. a) 3D point cloud, b) simulated scene showing object in dark blue and octree cells in
red, c) accessibility result showing the point and direction to be grasped, d) the motion planning
used the accessibility results to move the robot to the grasp point
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To minimize the elbow movement, the angle I between the current elbow and the
next elbow positions should be minimized. So the derivate of this angle with respect
to ¢ is calculated and set to zero. fU in equation 24 is replace by its equivalent from

equation 5.

4 Experimental Results

We have implemented and tested the proposed algorithm on Amtec’s lightweight arm
which is a 7 DOF robotic manipulator. We have also used RRG from University of
Texas at Austin [7] and compared the two. Although RRG is a general inverse kine-
matics package and can handle general form of manipulators based on the Denavit-
Hartenberg values, however, we found the closed form inverse kinematics more suit-
able for service robots in which real time performance is needed. RRG provides the
inverse solution using iterative approach which may not result into a good solution. In
such a case a desired solution should be determined using trial-and-error method.

We tested our approach on a service robot (Figure 7) in which the world model is
provided through a 3D Modeling engine [11]. The 3D Modeling engine determines
the location of the desired objects, that are already stored in a database, and registers
the objects in the 3D model. Then the poses of the planes around the scene are deter-
mined and the planes are registered into the model. Finally any remaining object in
the environment is represented using Octree representation.

Then an accessibility analysis [11] is used to determine the best direction for grasp-
ing which is used by the motion planning to determine the path using the above
method.

5 Conclusion

This paper presents a closed form analysis on the redundancy of a seven DOF ma-
nipulator using closed form inverse kinematics. Using the Redundancy Circle of the
redundant arm, the NULL space of the robot arm is determined and used for motion
planning. The solution provided has the advantage of being exact with low computa-
tional cost. The future work will be focused on more direct mapping for joints 1, 3
and 5 of the manipulator. Moreover, the singularity may be mapped to the Redun-
dancy Circle too.
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Abstract. This paper introduces the combined fuzzy-based approaches
to detect the anomalous network traffic such as DoS/DDoS or probing
attacks, which include Adaptive Neuro-Fuzzy Inference System (ANFIS)
and Fuzzy C-Means (FCM ) clustering. The basic idea of the algorithm is:
at first using ANFIS the original multi-dimensional (M-D) feature space
of network connections is transformed to a compact one-dimensional (1-
D) feature space, secondly FCM clustering is used to classify the I-
D feature space into the anomalous and the normal. PCA is also used
for dimensional reduction of the original feature space during feature
extraction. This algorithm combines the advantages of high accuracy
in supervised learning technique and high speed in unsupervised learn-
ing technique. A publicly available DRAPA/KDD99 dataset is used to
demonstrate the approaches and the results show their accuracy in de-
tecting anomalies of the network connections.

1 Introduction

With the explosive development in the last decade, Internet has been one of
the most important communication infrastructures and millions of people de-
pend heavily on it. Unfortunately, the global Internet infrastructure is under
great risks caused by network intrusions now. For example, in January of 2003
the SQL Slammer worm infected more than 90% of vulnerable hosts within 10
minutes [I], and the probing traffic overwhelmed the whole Internet during it’s
target selection; in April of 2004, a new worm named Sasser circulated on the
Internet and infected more than a million personal computers worldwide within
a few days, which caused them to repeatedly shut down and reboot [2]. Hence,
intrusion detection is of big importance in the field of Internet security research.
Generally network intrusions fall into four categories of attacks: DoS, Probing,
R2L, U2R [3], the first two are at network level while the last two are at host
level. In this paper only the DoS and Probing attacks are concerned, a simple
cause is that the harm done by them outweighed the host level ones greatly.
Pattern Recognition (PR) is the scientific discipline whose goal is the classifi-
cation of objects into a number of categories or classes, which is an integral part

D.S. Huang, X.-P. Zhang, G.-B. Huang (Eds.): ICIC 2005, Part II, LNCS 3645, pp. 433-E42] 2005.
© Springer-Verlag Berlin Heidelberg 2005
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in most machine intelligence systems built for decision making [4]. And intru-
sion detection is an important area of PR, which is a two-class or multi-class PR
problem. In this paper, we simply regard it as a two-class one, for our focus is on
how to discriminate the anomalous network traffic from the normal. However,
one assumption should be made to this two-class PR problem that the feature
vectors of the anomalies are distinct from the those of the normals. The theory
and techniques of PR have been widely applied to intrusion detection and many
literatures appeared in recent years, such as Support Vector Machine (SVM) [5],
Fuzzy Logic [6], Self-Organizing Map (SOM) [7], Hidden Markov Model (HMM)
[8], Bayes decision theory [10], clustering [9], etc.. Traditionally, PR is divided
into two types: supervised PR and unsupervised PR. If given a trained data with
known labels or priori known information, this type of problem is called as su-
pervised PR; and if given the feature sets only (without the labels), the goal
is to reveal the underlying clusters (groups) based on similarities, this type of
problem is known as unsupervised PR. To our knowledge, either the supervised
or the unsupervised (not both) was employed by most of the intrusion detection
researchers. However, here our focus is on combining these two types. The basic
idea of the algorithm is: at first using Adaptive Neuro-Fuzzy Inference System
(ANFIS), which is the supervised, the original multi-dimensional (M-D) feature
space of network traffic is mapped to a compact one-dimensional (1-D) feature
space having two distinct centroids, secondly Fuzzy C-Means (FCM) cluster-
ing, which is the unsupervised, is used to classify the 1-D feature space into
the anomalous and the normal. Additionally, during the preprocessing Principal
Component Analysis (PCA), which is a powerful data analysis tool and often
ignored by some researchers, is used to reduce the dimensions of the original
feature space.

The rest of the paper is organized as follows. In Section 2 the related works
such as Intrusion Detection, Principal Component Analysis (PCA), Adaptive
Neuro-Fuzzy Inference System (ANFIS) and Fuzzy C-Means (FCM) clustering
are introduced. Section 3 is the overview of Network Intrusion Detection System
(NIDS) using the combined fuzzy-based approaches. In section 4 an experi-
ment is carried out to demonstrate the approaches with the publicly available
DRAPA/KDDY9 dataset. Section 5 summarizes our conclusions and introduces
the future work.

2 Related Works

2.1 Intrusion Detection

Network anomalies typically refer to circumstances when network operations
deviate from normal network behavior, which can be broadly classified into two
categories: the first category is related to network failures and performance prob-
lems; and the second is related to security-related problems [I1]. Network intru-
sion, which is defined as any set of actions that attempt to compromise the in-
tegrity, confidentiality or availability of a resource [12], falls into the second major
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category. Intrusion detection system (IDS) detects automatically computer in-
trusions to protect computers and computer networks safely from malicious uses
or attacks [13]. According to the aspect of the target environment for detection,
Host-based IDS (HIDS) running on a individual computer detects possible at-
tacks into the computer, Network-based IDS (NIDS) monitors network behavior
by examining the content as well the format of network data packets [14]. An-
other categorization generally used is misuse detection and anomaly detection:
misuse detection can detect the known attacks defined in the knowledge base
accurately but is deficient in finding the novel intrusions outside the knowledge
base; while anomaly detection can detect the novel attacks but with high error
detection rates.

The techniques generally used in anomaly detection are statistical models,
immunity system approach, protocol verification, file checking, training checking,
neural nets and whitelisting, while the techniques generally used in misuse de-
tection are expression matching, state transition analysis, dedicated languages,
genetic algorithms and burglar alarms, the further information of these tech-
niques can be found in [I5]. For the time now the commercial IDSs mainly are
misuse-detection-based IDSs and the anomaly-detection-based IDSs are left to
the researchers in labs. In this paper, we discuss the anomaly-detection-based
NIDS only.

2.2 Principal Component Analysis (PCA)

In the real world, we have to understand some phenomenon of the system by
measuring it’s various quantities (e.g. spectra, voltages, velocities.). The dataset
containing the system’s various quantities is called feature space, which is always
high-dimensional, unclear and even with noise. PCA is such a way to reveal
the hidden dynamics and best expresses the feature space. Suppose the feature
space is m-dimensional and each feature vector is denoted by a row vector @ (1
To ...Tm), by linear transformation the new coordinate system formed by m
orthogonal Principal Components (PCs, which are basis vectors) is setup, then
the original row vector & can be projected to the new axes and the new feature
vector ¥y (Y1 Y2 - ..Ym) is the result. With an assumption that greater variance
means greater importance when working with zero-mean feature space in every
dimension, the PCs (from 1 to m) are ordered by the amount of data variances
that they capture, PC; (1 < i < m) represents the direction that captures the
maximum variance among the remaining m — ¢ + 1 orthogonal directions. But,
after transformation it is nearly impossible to interpret the physical meanings of
the new feature vectors. PCA is a very important method of multivariate data
analysis and has been widely applied to image compression, face recognition
etc., in this paper PCA is used to reduce the dimensions of the feature space.

2.3 Adaptive Neuro-fuzzy Inference System (ANFIS)

Adaptive Neuro-Fuzzy Inference System (ANFIS, also known as Adaptive
Network-based Fuzzy Inference System) combines the neural network with the
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fuzzy system, which implements the fuzzy inference system under the framework
of neural network and makes ANFIS have the self-learning ability in identifying
the system’s parameters. During the learning process either back propagation or
in a combination with a least squares method is used. The ANFIS used here is
a typical zero order Sugeno (or Takagi-Sugeno-Kang) fuzzy model with proper-
ties of single output, no rule sharing and unit-weight of each fuzzy rule, which
has good performance of nonlinear function approximation. Unlike the objective
probability-based inference system, ANFIS seems subjective and could employ
experts’ domain knowledge much more. The further discussion about ANFIS
can be found in [I7].

2.4 Fuzzy C-Means (FCM) Clustering

Clustering is the unsupervised classification of patterns (observations, data
items, or feature vectors) into groups (clusters) [I6]. Generally clustering can
be categorized into two classes: hierarchical clustering and partitional cluster-
ing. Compared with the partitional algorithms the hierarchical ones are more
versatile for their working well on non-isotropic clusters such as chain-like and
concentric ones besides the compact isotropic clusters, whereas the partitional al-
gorithms (such as the typical k-means algorithm) can only deal well with the data
set having compact isotropic clusters. However, the time and space complexities
of the partitional algorithms are typically lower than those of the hierarchical
algorithms [16], so they are more efficient.

FCM clustering is a type of soft clustering, which gives every feature vector
a degree of membership in several distinct clusters, while a hard clustering algo-
rithm (such as k-means clustering) assigns a feature vector to only one cluster.
In this paper, we use FCM clustering and convert it to a hard clustering by
choosing the cluster with the largest membership.

3 Overview of the Combined Fuzzy-Based Network
Intrusion Detection System (CFNIDS)

The overall structure and components of the Combined Fuzzy-based Network In-
trusion Detection System (CFNIDS) are depicted in Figlll Here we just describe
it briefly. First, training and test dataset are collected, which are the customized
subsets of KDD99 dataset for our specific purposes. Secondly, these sets are pre-
processed. In this progress, our domain knowledge of computer security is used
to select several comparative important features of a network connection, and
further, PCA is used to reduce the dimensions of the selected feature space in
order to enhance the efficiency of the classifier. Thirdly, using ANFIS, which
is the first Fuzzy-based approach, a transformation model mapping the feature
space from M-D to 1-D is learned. Fourthly, using FFCM clustering, which is the
second Fuzzy-based approach, the transformed 1-D feature space is divided into
the anomalous and the normal efficiently.
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Fig. 1. Structure of combined fuzzy-based NIDS

What are the situations that the CFNIDS is suitable for? What problems
can it solve and what limitations does it have? In order to answer such questions
we should introduce the design philosophy of CFNIDS. As mentioned above,
CFNIDS is a black box serving as a two-class pattern classifier, whose input is
the feature vector extracted from the observed network connection in the real
world, and the output is 0 or 1. Here 0 means normal and 1 means anomaly.
Thus, CFNIDS is such an intrusion detection system using anomaly detection
techniques only. CFNIDS could deal with network level intrusions with high
efficiency, especially the flooding attacks (DDoS, Probing) which would deplete
the limited resources of Internet. And three very important assumptions are
accompanied with CFNDIS, which are as following:

1. The feature space of the anomalous is distinct from that of the normal, which
was extracted directly from the observed network connections, and even after
the transformation from M-D to 1-D the distinction remains still.

2. The training dataset is large enough to model the normal network behavior
appropriately.

3. For any input feature vector in the test dataset, it statistically belongs to
the same distribution of that in the training dataset and has the same mean
and variance values, which is very important for the normalization of the
input of the learned ANFIS transformation model when testing.

The results will show that these three assumptions are useful and reasonable in
practice.

4 Experiment and Results

We now describe the processes of the experiment as three phases. In the first
phase, we introduce the publicly available KDD99 dataset, which is popular
among the intrusion detection researchers, and how the dataset preprocessed ac-
cording to our specific purposes and assumptions. In the second phase, CFNIDS
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is under learning and validating, several results are displayed. In the third phase,
we evaluate the detection rates (DRs) of the trained CFNIDS using the test
dataset especially the novel attacks in it.

4.1 Dataset and Preprocessing

Dataset Description The datasets used in this paper is from the 1999 KDD
intrusion detection competition [I8]. The task of the competition was to build a
network intrusion detector, a predictive model capable of distinguishing between
bad connections, called intrusions or attacks, and good normal connections. This
database contains a standard set of data to be audited, which includes a wide
variety of intrusions simulated in a military network environment, generally the
attacks fall into four main categories [3]:

— DOS: denial-of-service, e.g. ping-of-death, syn flood;

— Probing: surveillance and other probing, e.g. port scanning;

— R2L: unauthorized access from a remote machine, e.g. guessing password;

— U2R: unauthorized access to local root privileges, e.g. various buffer over-
flow attacks.

There are several data files in the database, in which we use two files: kdd-
cup.data_10_percent.gz, which is the training and validation dataset having ex-
actly 494,021 instances with 22 attack types; and corrected.gz, which is the test
dataset having exactly 311,029 instances with 37 attack types. Table[[land Table
list the attack types, instances, categories in each dataset respectively. It should
be noted that in prior literatures using KDD99 dataset such as [5] the number
of novel attack types in the test dataset is 14, but, according on our experi-
ment, we find it should be 17. The novel attacks in the test dataset are apache2,
hittptunnel, mailbomb, mscan, named, processtable, ps, saint, sendmail, snmpge-
tattack, snmpguess, sqlattack, udpstorm, worm, zlock, xsnoop, rterm, while spy
and warezclient do not appear in the test dataset and just in the training dataset.

Table 1. Attack distributions in the training dataset (with 97,278 normal instances)

Attack Type|Instances|Category || Attack Type |Instances|Category
back 2,203 dos buffer_overflow 30 ur
ftp_write 8 r2] guess_passwd 53 r2]
imap 12 r2] ipsweep 1,247| probing
land 21 dos loadmodule 9 u2r
multihop 7 r2] neptune 107,201 dos
nmap 231| probing [|perl 3 u2r
phf 4 r2] pod 264 dos
portsweep 1,040| probing [|rootkit 10 u2r
satan 1,589 probing [|smurf 280, 790 dos
Spy 2 r2] teardrop 979 dos
warezclient 1,020 r2] warezmaster 20 r2]
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Table 2. Attack distributions in the test dataset (with 60,593 normal instances)

Attack Type|Instances|Category || Attack Type |Instances|Category
back 1,098 dos buffer_overflow 22 ulr
ftp_write 3 r2l guess_passwd 4367 r2l
imap 1 r2] ipsweep 306| probing
land 9 dos loadmodule 2 ulr
multihop 18 r2l neptune 58, 001 dos
nmap 84| probing ||perl 2 ulr
phf 2 r2l pod 87 dos
portsweep 354| probing |[|rootkit 13 u2r
satan 1,633| probing |[smurf 164, 091 dos
teardrop 12 dos warezmaster 1,602 r2l
apache2 794 dos httptunnel 158 u2r
mailbomb 5000 dos mscan 1053 | probing
named 17 r2l processtable 759 dos
ps 16 u2r saint 736| probing
sendmail 17 r2] snmpgetattack 7741 r2]
snmpguess 2406 r2l sqlattack 2 u2r
udpstorm 2 dos worm 2 r2l
xlock 9 r2] XSNOop 4 r2]
xterm 13 u2r

There are 41 extracted features in each network connection, in which 38
features are continuous and the others are symbolic. And Stolfo et al. defined
higher-level features that help in distinguishing normal connections from attacks
[19]. There are four categories of derived features, which are 9 intrinsic features,
13 content features, 9 traffic features and 10 host features.

Preprocessing. The focus of this paper is on the network level intrusions,
according to it the preprocessing can be divided into three steps:

— First, pruning of the training dataset. We filter out the feature vectors of
U2R and R2L categories from the training dataset, meanwhile what labelled
as satan (probing) and neptune (dos) are removed also in order to inspect
the DRs of them (as the novel attacks) in the test dataset.

— Secondly, feature selection using our domain knowledge. Among 41 fea-
tures only 8 of them are selected here, which are src_bytes, dst_bytes, count,
srv_count, dst_host_count, dst_host_sru_count, dst_host_same_src_port_rate,
dst_host_srv
_diff-host_rate.

— Thirdly, feature extraction using PCA. After the above 2 steps, the feature
matrix for training X is gotten. Then PCA is applied to X and 8 PCs is the
result. Table [3 displays their variances and proportions. In order to reduce
the size of the training dataset, only 5 PCs are selected, which are from PC'1
to PC5 and account for more than 90% of the total variances.
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Table 3. Variances and proportions of the 8 principal components

PC1 | PC2 | PC3 | PC4 | PC5 | PC6 | PC7 | PC8
Variance |3.7657 | 1.0285 | 0.9955 | 0.9685 | 0.8082 |0.3706[0.0626 [ 0.0004
Proportion [47.07% |12.86%112.44%12.11%[10.10% | 4.63% | 0.78% | 0.01%

4.2 Training and Validating

The main goal of this process is to train a ANFIS-based transformation model,
by which the M-D feature space can be transformed to the 1-D feature space with
keeping the distinction between the anomalies and normals, also the validation
dataset is used to tune the model’s parameters. It is noted that the validation
dataset is the same as the training dataset. In this experimentation, all the
algorithms are implemented by Matlab 7.0.1 running on a IBM Thinkpad T.40
notebook with Intel Pentium 1.5GMhz CPU and 512M memory.

Table 4. Results of training and validating

Features PC1—-2{PC1-3|PC1—-4|PC1—-5|PC1—-6
Training Time(s) 2522 2776 4148 12092 61335
Detection Rate 98.04% | 98.85%| 99.05%| 99.13%| 99.25%
False Alarm Rate| 0.37%| 0.21%[| 0.15%| 0.14%| 0.20%

From Table [ it is inferred that: PCA is a powerful tool used to reduce the
dimensions of feature matrix, even using only two PCs (PC1 and PC2) the
Detection Rate (DR) and False alarm Rate (FR) of the CFNIDS is good; PC's
from PC1 to PC5 are chosen as the input of the transformation model for the
balance between the performance (DR, FR) and the cost (Training Time). If we
use 6 PCs from PC1 to PC6, the DR is the highest, however, the FR is the
middle and the training time is especially intolerable when in practice.

4.3 Testing

The test dataset consists of three classes of network connection instances: the
normals (60593), the anomalies appeared in the training dataset (166041) and
the novel anomalies (84395), Table Bl summarizes the overall results of testing,
while the DR of each novel anomaly is displayed in Table[6l DRs of the anomalies
appeared in the training dataset and the normals are comparatively high, but
those of the novel anomalies are low because their feature vectors aren’t distinct
from the those of the normals. With regard to the novel anomalies, the DRs of
DOS and Probing are rather higher than them about R2L and UZ2R, it is because
here our approaches mainly deal with the network level intrusions and content
features about host level intrusions were not included during feature selection.
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Table 5. Results of testing

Anomalies Trained | Anomalies Novel | Normals
Detection Rates 99.81% 73.01%| 96.94%

Table 6. Results of the novel anomalies in the test dataset

Attack Type |Instances|Detection Rate|[Attack Type [Instances|Detection Rate
buffer_overflow 22 22.73%||perl 2 50.00%
ftp_write 3 66.67%]||guess_passwd 4367 1.60%
imap 1 0.00%]|loadmodule 2 50.00%
multihop 18 33.33%]|neptune 58,001 99.70%
phf 2 0.00%]|rootkit 13 30.77%
satan 1,633 79.42%||warezmaster 1,602 50.06%
apache2 794 60.45%||httptunnel 158 67.72%
mailbomb 5000 0.00%]|mscan 1053 21.94%
named 17 23.53%||processtable 759 6.85%
ps 16 12.50%| [saint 736 96.88%
sendmail 17 17.65%]||snmpgetattack 7741 0.00%
snmpguess 2406 0.08%||sqlattack 2 0.00%
udpstorm 2 0.00%]|worm 2 0.00%
xlock 9 44.44%||xsnoop 4 0.00%
xterm 13 15.38%||overall 84395 73.01%

This paper focuses on the network level intrusions and the problem here
is a two-class PR problem, which is not like the multi-class problems of the
some prior literatures, so, it is unappropriate to compare our results with theirs
exactly. However, more correct verification, comparable method to our approach
is needed, which is the future work.

5 Conclusions and Future Work

In this paper, we propose the combined fuzzy-based approaches to detect the
anomalous network traffic, and demonstrate them through an experiment. The
results show the approaches can be an effective choice of implementing NIDS.
And PCA, as a mainstay of the modern multivariate data analysis, plays the
important role in the implementation of CFNIDS. Besides these, we point
out and redress the errors regarding the attack types and instances of the
DARPA/KDDY99 dataset in some prior literatures. However, the dataset used
here seems too old to reflect the current conditions of Internet, our approaches
should be expanded to the live Internet traffic collected using Passive and Ac-
tive Measurement (PAM) methods, such as the campus networks or the ISP
core links. Also, kernel methods such as kernel PCA can be employed as the
replacement of PCA in the future work.
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Abstract. In autonomous mobile robot industry, the landmark-based
localization method is widely used in which the landmark recognition
plays an important role. The landmark recognition using visual sensors
relies heavily on the quality of the image segmentation. In this paper, we
use seat numbers as the landmarks, and it is of great importance to the
seat number recognition that correctly segment the number regions from
images. To perform this assignment, the support vector machine method
is adopted to solve the color image segmentation problems because of its
good generalization ability. The proposed method has been used for the
mobile robot localization problems, and experimental results show that
the proposed method can bring robust performance in practice.

1 Introduction

To accomplish some designated tasks in indoor environment, such as send mails
and documents in the office, an autonomous mobile robot has to know where it
is. Localization, the ability that a robot can find its position, is fundamental to
autonomous mobile robots. Landmark-based localization method is most com-
monly used in which landmark recognition plays an important role. In recent
years, monocular vision-based localization method has been widely used since
we can obtain abundant information from visual sensors [1I2/3/4]. In 1988, Sugi-
hara presented one of the pioneering studies in the landmark-based localization
using monocular vision [I]. In his paper, the problem of the mobile robot lo-
calization was described as a geometric constraint satisfaction problem. Since
then, Krotkov [2], and Munoz and Gonzalez [3] extended this work. In [2], the
effects of observation uncertainty were also analyzed. In [3], the authors have
analyzed the effects of false positive (observed landmark that do not correspond
to a known landmark). In our previous work [4], we presented a neural network
based camera calibration method for the global localization of mobile robots
using monocular vision. We used the camera to measure the relative location
between the floor landmark and the robot, whereas in [II2/3], the camera was
used to measure the bearing of one landmark relative another. We made use
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of the different distance between every two neighboring landmarks to solve the
landmark match problem and the Kalman filter technique to deal with the un-
certainties. In these papers, the authors have solved the localization problems by
denoting the position of the robot as (z,y, ) and assumed that the task of the
landmark recognition had been accomplished a prior. However, in some cases,
we need not know the position of the robot in detail. In this paper, we use seat
numbers as the landmarks. Since the seat numbers can be used to distinguish
the landmarks, the problem of establishing matches between observed landmark
and a known landmark can be solved easily. Then the seat number recognition
plays an important role in the mobile robot localization applications, and it is
of great importance to the seat number recognition that correctly segment the
number regions from images. For a mobile robot while moving in the office, it
recognizes the seat number of the desk near it using visual sensor, and then
localizes itself in indoor environment.

Image segmentation is the process of division of an image into regions with
similar attributes [5]. The color image segmentation plays an important role in
many applications such as robot vision, object recognition, and medical imag-
ing. The methods for the color image segmentation can be roughly classified into
[6]: (1) Threshold-based; (2) Clustering; (3) Region growing; (4) Edge-based; (5)
Physics-based; (6) Fuzzy approaches; (7) Neural networks methods [7Ig]. Neural
networks offer two important properties in pattern recognition tasks: high degree
of parallelism, which allows for very fast computational time and makes them
suitable for real time applications, and good robustness to disturbances, which
allows for reliable estimates [9]. In [7], a Hopfield neural network is used to solve
the color image segmentation problems and two segmentation algorithms are
presented based on the idea that describes the segmentation problems as min-
imizing a suitable energy function for a Hopfield network. The first algorithm
consists of three different networks (each for one color feature considered), and
then combines the results. The second builds a single network according to the
number of clusters obtained by histogram analysis. In []], a three-layer neural
network is used to segment the medical stained images, where the possible classes
are three, nuclear cell, interstitium, and background represented by three differ-
ent colors. R, G, B, R?, G2, and B? of each pixel are used as the input layer and
the three desired classes as the output layer.

Support vector machine (SVM) is one of the most recent algorithms in arti-
ficial neural networks, and this new learning algorithm was proposed by Vapnik
and is based on the statistical learning theory [10]. An important characteristic
of SVM is that while “most classical neural network algorithms require an ad
hoc choice of system’s generalization ability, the SVM approach proposes a learn-
ing algorithm to control the generalization ability of the system automatically”
[11]. SVM has been used for pattern recognition, regression estimation, den-
sity estimation, and ANOVA decomposition [I2]. For pattern recognition prob-
lems, SVM has been used for handwritten digit recognition, speak identification,
charmed quark detection, face detection in images, and text categorization [12].
In this paper, to correctly segment the number regions from color images, SVM
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is adopted to solve the color image segmentation problems because of its good
generalization ability.

This paper is organized as follows. SVM is slightly described in Section 2.
The color image is segmented using SVM in Section 3. Experimental studies are
presented in Section 4 and conclusions are given in Section 5.

2 Support Vector Machines

The SVM implements the following idea [10]: It maps the input vector z into a
high-dimensional feature space F' through some nonlinear mapping. In this space,
an optimal separating hyperplane is constructed. In the simplest two classes
classification problem, SVM performs the classification by finding a decision
surface determined by certain points of the training set, termed Support Vectors
[12].

Let the linearly non-separable training set D be {(z;,y;)}1~,, where z; € R™
is the input vector, and y; € {—1,+1} is the corresponding class of pattern. The
SVM first maps x to z = &(x) € F, and then constructs an optimal separating
hyperplane w-z+b in the high-dimensional feature space by solving the following
quadric programming (QP) problem:

] -
minimize §(w-w)—|—C;§i, (1)
subject to yj(w-2z;+b) >1—-&,i=1,---,n (2)

where w is the weight vector; C' is the penalty term; &; is the non-negative slack
variable; b is the threshold, and w - z; is the inner product of vectors w and z;.
This QP problem is called the primal problem, which is difficult to be solved
directly. By the duality theorem, the dual optimization problem has the same
optimal value as the primal problem with the Lagrange multipliers providing the
optimal solutions. Thus, we convert the primal optimization problem to a dual
optimization problem, which is easier to be solved.
A Lagrange function for the primal problem is defined as follows:

Lp= ;(w w +CZ€Z Zaz{yzw Zz+b 71+£z Zulgl (3)

=1 i=1

where «; is the Lagrange multiplier, and p; is the Lagrange multlpher introduced
to enforce positivity of the &;.

By the optimality conditions and the duality theorem, we can obtain the
dual form of the primal problem as follows:

maximize Zaz Zzaza]yzyj x,,xj) (4)

i=1 j=1
subject to OgaigC, i=1,--,n (5)

n
Zaiyi =0 (6)
i=1
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where K(x;,2z;) = z; - z; is a kernel; o; is the Lagrange multiplier and C is
the penalty term. Therefore, we may use the kernel K(z;,z;) to construct the
optimal separating hyperplane in the high-dimensional feature space without
computing z; = &(z;) explicitly.

The kernels for SVM mainly include three classes: polynomial kernel, ra-
dial basis function (RBF) kernel, and two-layer neural network kernel, whose
expressions are given as follows, respectively:

K(z;,z) = (x; -+ 1)P, (7
K (wi,a) = exp (—q |lo; — ]*) ®)
K (x;,z) = tanh(vz; -  + ¢). (9)

In the solution of the dual QP problem, the x; for which «; # 0 are defined
as the support vectors, which are the critical elements of the training set [12],
and the SVM decision function is obtained by the support vectors:

!
f(z) = sign (Z oy K (z, ) + b) (10)

where x; is the support vector; x is the input vector to classify; [ is the number
of the support vectors and b is the threshold.

3 Color Image Segmentation Using SVM

Many color spaces may be used in image processing, such as RGB, YUV, YIQ,
YCrCb, HIS, etc. The most common is RGB space where colors are represented
by their red, green, and blue components in an orthogonal Cartesian space. YUV,
YIQ, and YCrCb spaces can be respectively obtained by linear transformation
of R, G, and B, and HIS space can be obtained by nonlinear transformation. The
RGB space is a natural choice for image processing since it avoids costly conver-
sions of images into a different color space. In this paper, we use seat numbers
as the landmarks, and it is of great importance to the seat number recognition
that correctly segment the number regions from images. Since the object of the
segmentation is that we have to correctly segment the number regions from im-
ages, we can take the images as two classes. One is the number region, i.e. the
object, and the other is the remaining region, i.e. the background. The image
segmentation can be taken as classification problems, which can be solved using
anyone of well-known classification techniques. Since SVM is one of the classifi-
cation techniques and good results of the SVM technique in pattern recognition
have been obtained, the SVM is chosen for solving color image segmentation
problems.

The SVM for color image segmentation is shown in Fig. 1. The inputs x!,
22, and 23 are obtained from the red, green, and blue components of each pixel,
respectively:

T = — (11)
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Fig. 1. Structure of the SVM for color image segmentation: x; is the support vector,

i=1,---,1; 1is the number of the support vectors; the input vector is z = (z', 2%, z*)7;
l
the output of the SVM is y = sign | > aiy: K (i, ) + b), if it is 1, then the pixel is
i=1
the object; otherwise the pixel is the background

G
2= 12
5E5 (12)
B
3
= . 1
255 (13)

Training of SVM requires the solution of a QP optimization problem, which
is a large-scale system optimization problem. Various algorithms have been pro-
posed to solve the optimization problem of large-scale system. In [13[14], re-
current neural networks are used to solve the large-scale system optimization
problems that have non-quadratic objective functions. For large QP optimiza-
tion problem, Vapnik presented “chunking” algorithms to solve the SVM QP
problems [15]. The chunking algorithm breaks the large QP problem into a series
of smaller QP sub-problems, whose ultimate goal is identify all of the non-zero
Lagrange multipliers and discard all of the zero Lagrange multipliers. Thus, the
chunking algorithm requires the memory to store a matrix that has a number of
elements approximately equal to the square of the number of non-zero Lagrange
multipliers; however, it is difficult to be satisfied. The decomposition method is
similar to chunking algorithm and this method breaks the large QP problem into
fixed-size QP sub-problems [16]. However, the decomposition method requires
the use of a numerical QP library, which can be costly or slow [I7]. Similar to
the decomposition method, sequential minimal optimization (SMO) decomposes
the overall QP problem into fixed-size QP sub-problems (each involves only two
Lagrange multipliers) and these sub-problems are solved analytically [17]. SMO
algorithm is one of the efficient algorithms for solving the large QP problem,
which is used to train the SVM.

4 Experimental Studies

In this Section, we will provide some experimental results using our proposed
algorithm. The mobile robot CASIA-T used in our experiment is shown in Fig. 2,
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Fig. 2. Mobile robot CASTA-I

which has a CCD camera, 16 ultrasonic sensors, 16 infrared range sensors, and
16 infrared touch sensors. The size of the captured image is 240x 360 pixels.

The experimental environment is shown in Fig. 3. We use the seat numbers
of 10 desks in our laboratory as the landmarks, which are from 1 to 10. When
the robot moves to the location near a desk, it uses the CCD camera to scan
the environment around itself for searching the seat number, and then uses the
proposed SVM-based method to segment the number region from the image
captured by the camera, and then recognizes the seat number. In this way, the
robot can localize itself in indoor environment.

In order to segment color images using SVM, the SVM has to be trained
first. The size of the original color image used to train the SVM is 240 x 360
pixels. In order to speed up the training of the SVM, the size of the training

Fig. 3. Experimental environment
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(a)
Fig. 4. The training images: (a) Original true color image; (b) Reduced image of (a),

whose size is 1/9 of that of (a); (c) Binary image of (b), which is obtained by threshold-
based method

Table 1. Number of support vectors and classification accuracy rate

C = 100 Number of support Classification
vectors accuracy rate
2 91 99.73%
Polynomial kernel P 3 80 99.73%
4 7 99.81%
0.5 113 99.73%
RBF kernel q 5 71 99.86%
10 59 99.91%

set is reduced to 1/9 of the size of original color image, then the number of the
training set is 9600. Fig. 4 shows the images used to train the SVM. Fig. 4 (b)
is the reduced image of (a), whose size is 80 x 120 pixels. Fig. 4 (c) is the binary
image of (b), which is obtained by the following threshold-based method:

(R — B) > threshold; and (R — G) > threshold; and |G — B| < thresholds.
(14)

If it is true, then the pixel is the object; otherwise the pixel is the background.
The values of thresholdy, thresholds and thresholds are determined by the
experiments, respectively.

Since an SVM is largely characterized by the choice of its kernel [12], we
compare the number of the support vectors and classification accuracy rates by
the algorithm using different kernels and different values of the parameters of
kernels as shown in Table 1. The value of the penalty term is 100. We can see in
the table that the SVM using RBF kernel with ¢ = 10 has fewer support vectors
and higher classification accuracy rate, which is chosen as the kernel of the SVM
for color image segmentation.
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In Table 2, we compare the number of the support vectors and classification
accuracy rates by the algorithm using different values of C'. We use the RBF
kernel with ¢ = 10 as the kernel of the SVM. C' is the penalty term; a larger C'
corresponding to a higher penalty to errors during learning [I2]. From the table
we can see that, the bigger the value of C' becomes, the fewer support vectors
and the higher classification accuracy rate are obtained.

Table 2. Number of support vectors and classification accuracy rate

RBF kernel C
(g = 10) 1 10 100 1000 10000
Number of 203 102 59 41 37
support vectors
Classification 99.61% | 99.80% | 99.91% | 99.92% | 99.92%
accuracy rate

The results show that the number of the support vectors can be reduced
obviously by the algorithm using different kernels, or different values of the
parameters of kernels, or different values of penalty term, while the classification
accuracy rate is high and is improved slowly. The SVM using RBF kernel with
q = 10 and C' = 10000 is chosen for the color image segmentation because by
which we can obtain fewer support vectors and higher classification accuracy
rate.

The proposed SVM-based method has been used for the mobile robot lo-
calization applications. Fig. 5 shows segmentation results using the proposed
SVM-based method. Though there is a quite apparent diversity between the
testing images and the training image, we are able to obtain good results using
the proposed SVM-based method. The results show that the proposed SVM-
based method can bring robust performance for the mobile robot localization.

5 Conclusions

In this paper, an SVM-based color image segmentation method is presented
for the mobile robot localization applications. We use seat numbers as the land-
marks, and it is of great importance to the seat number recognition that correctly
segment the number regions from images. To perform this assignment, SVM is
adopted to solve the color image segmentation problems because of its good gen-
eralization ability. We compare the number of support vectors and classification
accuracy rates by the algorithm using different kernels, different values of the
parameters of kernels, and different values of penalty term in order to choose
an appropriate SVM. The proposed SVM-based method has been used for the
mobile robot localization applications. The experimental results show that the
proposed SVM-based method can bring robust performance in practice. The
results also show that we are able to use seat number to localize the robot in
indoor environment.



SVM for Color Image Segmentation 451

(c) (d)

Fig.5. (a) and (c): True color images, which contain seat numbers in real indoor
environment; (b) and (d): Binary images of (a) and (c), which are obtained respectively
by the proposed method
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Abstract. The case where multiple control tasks share one embedded CPU is
considered. For various reasons, both execution times of these tasks and CPU
workload are uncertain and imprecise. To attack this issue, a fuzzy logic based
feedback scheduling approach is suggested. The sampling periods of control
tasks are periodically adjusted with respect to uncertain resource availability. A
simple period rescaling algorithm is employed, and the available CPU resource
is dynamically allocated in an intelligent fashion. Thanks to the inherent capac-
ity of fuzzy logic to formalize control algorithms that can tolerate imprecision
and uncertainty, the proposed approach provides runtime flexibility to quality of
control (QoC) management. Preliminary simulations highlight the benefits of
the fuzzy logic based feedback scheduler.

1 Introduction

Nowadays, embedded computing is playing an increasingly important role in the
engineering community. More and more real-time control applications are built upon
embedded systems. Due to economical and/or technical reasons, these systems repre-
sentatively have constrained resources like limited computing speed [1,2]. Such ex-
amples can be seen in many fields such as automotive electronics, aircraft, robotics,
etc. At the same time, practical control applications are becoming more and more
complex. It is not uncommon for several independent control and/or non-control tasks
to reside in one embedded CPU. In these cases, the limited CPU time becomes the
shared resource for which several tasks compete. The performance of embedded con-
trol systems will then depend not only on the controller design, but also on the effi-
cient scheduling of the shared computing resources [3].

Besides resource constraints, workload uncertainty is also unavoidable in today’s
embedded control systems. For a shared CPU, the workload may exhibit uncertain
characteristics [4,5] due to: 1) task activation or termination, and 2) non-deterministic
behavior of the underlying platforms. In a resource-constrained environment, this
workload uncertainty will cause the allowable CPU utilization for control purpose to
be limited and unexpectedly variable. Moreover, the computation time of a control
algorithm may vary significantly, e.g. due to the changes in the data to be processed.
This makes the requested CPU time of control task(s) also uncertain. Since noise
inevitably exists in the measurement of tasks’ timing parameters, the measured CPU
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utilization is imprecise, if not unavailable. As a consequence of separate concerns of
control and scheduling [1], the quality of control (QoC) may be significantly impacted
with traditional control systems design methodologies.

To address these problems, we follow the newly emerging methodology of feed-
back scheduling and suggest an intelligent approach based on fuzzy logic. Feedback
control and real-time scheduling are synthetically integrated in embedded control
systems. The motivation for using fuzzy logic for feedback scheduling of control
tasks is mainly raised from its inherent capacity to formalize control algorithms that
can tolerate imprecision and uncertainty [6]. Our goal is to provide runtime adaptation
and flexible QoC management in the presence of CPU resource constraint as well as
workload uncertainty. In our previous work [5], we have considered the case where
only one single control task competes for CPU resources with other non-control tasks.
Here we will instead focus on another typical case where multiple control tasks exe-
cute concurrently on the CPU. A fuzzy logic based feedback scheduler is developed
to dynamically adjust the sampling periods of all control tasks. Preliminary simula-
tions are conducted to evaluate its performance.

The rest of this paper is structured as follows. Section 2 observes related works as-
sociated with our study. The problem we consider here is described in Section 3. The
fuzzy feedback scheduler is presented in Section 4. Section 5 evaluates the perform-
ance of the proposed approach. Section 6 concludes this paper.

2 Related Work

In recent years, the emerging field of codesign of control and scheduling has received
considerable amount of attention, both from the control community and the comput-
ing community. The control and scheduling codesign problem has been stated in [1]
as follows: given a set of processes to be controlled and a computer with limited com-
putational resources, design a set of controllers and schedule them as real-time tasks
such that the overall control performance is optimized. Examples of integrated offline
design of control algorithms and scheduling algorithms include [7] and [8], etc. In
these works, the codesign problem is treated as a performance optimization problem,
and their strategies are static. On the contrary, what we concern is online integration
of control and scheduling theory.

In the literature, there is a special interest in the use of feedback in scheduling algo-
rithms for applications where the workload dynamics cannot be characterized accu-
rately. Cervin and Eker [9] present a feedback scheduling mechanism for hybrid con-
trollers where the execution time may change abruptly between different modes. The
proposed solution attempts to keep the CPU utilization at a high level, avoid overload,
and distribute the computing resources evenly among the tasks. Eker et al [10] design
an optimal feedback scheduler to distribute computing resources over a set of real-
time control loops in order to optimize the total control performance. Its approxima-
tion versions are exploited in [11], where feedback scheduling is performed by simple
rescaling of the task periods. In [3], we utilize neural network technique in feedback
scheduling of control tasks, and provide an almost optimal solution. Also in our pre-
vious work [5], we suggest an intelligent control theoretic approach to feedback
scheduling based on fuzzy logic control technology. The case with one single control
task that competes for CPU resources with other non-control tasks is considered,
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which is different from the scenario we consider in this paper. Feedback scheduling of
anytime controllers is the topic of [12,13,14]. Preliminary results on dynamic schedul-
ing of model predictive controllers in which a quadratic optimization problem is
solved iteratively in every sample are presented in [12]. A feedback scheduling ap-
proach is employed in [13] to attack the impact of resource constraints on a class of
iterative control algorithms. In [14], a fuzzy feedback scheduler is proposed to im-
prove the performance of iterative optimal control applications. As an anytime algo-
rithm, the execution time of the controller is dynamically adjusted while the sampling
period is assumed to be constant. In this work, not execution times but sampling
periods of control tasks will be adjusted by the feedback scheduler.

Lu et al [15] use a control theory based methodology to systematically design FCS
(Feedback Control real-time Scheduling) algorithms to satisfy the transient and steady
state performance specifications of real-time systems. Abeni et al [16] apply control
theory to a reservation-based feedback scheduler and provide a precise mathematical
model of the scheduler. An elastic methodology for automatically adapting the rates
of a periodic task set is proposed in [17]. Actual executions are monitored by a run-
time mechanism and used as feedback signals for predicting the actual load and
achieving rate adaptation. The applications of feedback scheduling in networked con-
trol systems are presented in [18,19]. Although without explicit declaration, the meth-
odology of feedback scheduling is also employed in other works, e.g. [20].Many
further references can be found in [21,22,23].

3 The Feedback Scheduling Problem

As shown in Fig.1, we consider an embedded control system where a set of control
tasks share one processor. Each of the tasks is responsible for controlling an individ-
ual plant. For convenience, all control tasks are assumed to be periodic, and they are
independent of each other.

Let each control task execute with a sampling period h; and an execution time C;.
According to basic real-time scheduling theory, the CPU utilization of the task set

will then be U = Z(C,. /h;), where n is the number of control tasks. In practical ap-
i=1

plications, the tasks’ execution times may be unexpectedly variable, and their avail-

able values are imprecise. This causes the actual (measured) CPU utilization to be

uncertain and imprecise.

—_—

Embedded CPU kernel

Control
task #n

Control
task #/

Plant #/ Plant #n

Fig. 1. An embedded control system with multiple concurrent control tasks
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In the control community, control algorithms are often designed without taking
into account computing resource availability. In the system considered, a new in-
stance of a control task is not allowed to start execution until the previous instance has
completed. It is common that the tasks are assigned fixed priorities. In this environ-
ment, when the computing resources become scarce, the time delay of low-priority
control tasks will be cumulated due to continuous preemption from high-priority
tasks. The control performance of the low priority loops will consequently be de-
graded, and even destabilized sometimes. Therefore, in order to achieve good QoC in
each control loop, task schedulability condition should not be violated. That is

Uzi(Ci/h,.)SUW (1)

i=1

where Uy, is the allowable (desired) CPU utilization, and it may change over time.

For a well-designed control algorithm, as we know, the QoC will highly depend on
the sampling period [24]. Generally speaking, smaller sampling period leads to better
QoC. Under the schedulability constraint in (1), the sets of smallest feasible sampling
periods, which result in best control performance, must imply maximum use of the
CPU. In this sense, the role of feedback scheduling will be to manipulate the sampling
periods with respect to computing resource availability variations so that the CPU
utilization U keeps as close as possible to the utilization setpoint U,

Ideally, the sampling periods can be determined by solving an optimization prob-
lem as in [10]. However, the solutions may not be so optimal as expected due to the
complex uncertain characteristics of task execution time and CPU workload. In ex-
treme cases, the schedulability constraint may be violated. Furthermore, such an op-
timization routine is too computationally expensive to be used online and will cause a
huge scheduling overhead. Instead, we refer to an intelligent control theoretic ap-
proach based on fuzzy logic.

4 Fuzzy Logic Based Feedback Scheduler

In this section, we propose a fuzzy logic based feedback scheduler for the system
given in Fig.1. As a formal methodology for representing, manipulating, and imple-
menting a human’s heuristic knowledge, fuzzy logic provides a simple and flexible
way to arrive at a definite conclusion based upon imprecise, noisy, or incomplete
input information [6]. The inherent simplicity of fuzzy logic further makes it suitable
for real-time applications like feedback scheduling.

4.1 Architecture

As mentioned above, the feedback scheduler is employed to dynamically adjust the
sampling periods of all control tasks. It is implemented as a periodic task that runs
concurrently with other tasks in the CPU. Instead of directly determining the sampling
periods as done in [3,5], here we utilize a simple rescaling approach. Let &; y denote
the period of control task i at the Nth sampling instance of the feedback scheduler.
Note that the period of the feedback scheduler is different from that of any control
task. At each time instance N, the sampling periods will be recalculated by
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by =Nyhy i=1..,n ?)
where 77 is the rescaling factor. The basic principle behind the simple rescaling algo-
rithm is similar to elastic scheduling [17].

In ideal cases where both execution times and CPU utilization are accurately
known, the rescaling factor can be obtained by 7, =U, /U,,, where Uy denotes
current CPU utilization of the task set. One can notice that 77 varies with Uy from
instance to instance. After all sampling periods are rescaled according to (2), the re-
quested CPU utilization will then be

1 U,
Uyo= Z(Ci /hi,N+1) = _z (& /hi,N) = _pUN = Usp 3)
My Uy

As we can see from (3), using the simple rescaling algorithm in (2), the requested
CPU utilization of all control tasks will be exactly the desired utilization. However,
this is only true for ideal cases. In this paper, the rescaling factor 77, will be deter-

mined using fuzzy technique. The architecture of the fuzzy feedback scheduling
methodology is given in Fig.2.

e h,
) > Fuzzy Task #1 U

feedback
scheduler

CPU —>

de h

Y

Fig. 2. Fuzzy feedback scheduling of a multitasking system

From the control perspective, the scheduler can be viewed as a feedback controller.
The controlled variable is the CPU utilization. The sampling periods of all control
tasks act as the manipulated variables. The fuzzy feedback scheduler attempts to con-
trol the CPU utilization to the desired level. It gathers the actual CPU utilization U
and current allowable utilization Uy,, compares them, and then decides in an intelli-
gent fashion what the rescaling factor should be. Finally, all sampling periods will be
rescaled with this proportional factor.

4.2 Design Methodology

The internal structure of the fuzzy feedback scheduler is given in Fig.3. Similar to
almost all fuzzy controllers [6], the fuzzy feedback scheduler consists of four main
components: fuzzifier, rule base, inference mechanism, and defuzzifier. The vast
amount of knowledge and experience of fuzzy applications in control community can
be borrowed in the construction of feedback schedulers. Following the methodology
of fuzzy control technology, we design the fuzzy feedback scheduler in the following.
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Fig. 3. Internal structure of fuzzy feedback scheduler
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Fig. 4. Membership functions for input and output linguistic variables

The first step is to identify the input and output variables, i.e. choice and scaling of
the linguistic variables. There are two input variables, the error between desired CPU
utilization and actual CPU utilization, e = U, - U, and the change in error, de =
e, -ey, . The input linguistic variables are denoted by E and DE, respectively. The

output of the scheduler is the period rescaling factor 77, and the corresponding lin-

guistic variable is denoted by RF.

Next, we specify meaningful linguistic values and the membership functions for
each linguistic variable. In this work, the linguistic values are the same for input lin-
guistic variables, which are NB (negative big), NS (negative small), ZE (zero), PS
(positive small), and PB (positive big). The linguistic values of RF are TN (tiny), VS
(very small), SM (small), MD (medium), BG (big), VB (very big), and HG (huge).
Fig.4 shows the membership functions of E, DE, and RF, respectively.

The rule base will then be set up. Since feedback scheduling is a relatively new re-
search area, we attempt to construct the rule base based on our experience in simula-
tion studies and the well-established knowledge both from the control community and
the real-time scheduling community. Table 1 describes all possible rules used in the
fuzzy feedback scheduler. Each of them can be expressed as: if E is E; and DE is DEj,
then RF'is RFy;, V i=1,...5, j=1,...5.
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Table 1. Rule base within fuzzy feedback scheduler

DE
NB NS ZE PS PB
NB HG HG HG VB BG
NS HG VB BG BG MD
E ZE VB BG MD MD SM
PS BG MD SM SM VS
PB MD SM SM VS TN

RF

The fuzzy sets representing the conclusions will be obtained using the max-min in-
ference mechanism. In the defuzzifization procedure, we employ the center of gravity
method to produce a crisp output.

Remark 1. In order to keep the scheduling overhead relatively small, one can employ
a look-up table scheme when designing the fuzzy feedback scheduler.

5 Example

In this section, we consider an embedded control system that consists of three inde-
pendent control loops. The transfer functions of these plants are given in (4). Each
plant is controlled using a well-designed PID [24] algorithm. The period of each con-
trol task is equal to the corresponding sampling period.

120 1000 980

G(s)=————— G,(s)= , G(s)=—
1(9) s2+355+216 2(5) $2+225+72 (8) s2+20s+60

“

In our experiments, the nominal sampling periods of three loops are set to be 10
ms, 8 ms, and 6 ms, respectively. We assume that all sampling periods are always
accurately known. The execution time of each control task varies according to the
normal distribution with the same mean of 3 ms. A fixed-priority real-time kernel is
utilized in the embedded CPU, and three control tasks are assigned rate monotonic
(RM) priorities. Accordingly, control task 1 has the lowest priority and control task 3
has the highest priority among them. Using the Matlab/TrueTime toolbox [1], co-
simulations of the controllers, the feedback scheduler and the plants are conducted as
follows. At the start of the simulation, i.e. t = 0, control task 1 and 2 are switched on.
Control task 3 remains off until time t = 1s. At t = 2s, an interfering task with a prior-
ity higher than that of control task 3 is released in the CPU. The requested utilization
of the interfering task is 0.3.

In the first experiment (Case I), three control tasks work with their nominal periods
all along. Before time t = 1s, there are only two tasks, and their average requested
CPU utilization approximates (3/10+3/8) = 0.675. Because it is below the schedulable
utilization of the RM algorithm for two tasks, which is 0.828, both plants perform
well, see Fig.5 and 6. From time t = Is, the average requested CPU utilization of the
task set becomes (3/10+3/8+3/6) = 1.175. This then leads to an overload condition. As
a result, control loop 1 becomes unstable, see Fig.5. Since control task 1 holds the
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Fig. 5. Control performance of plant 1 Fig. 6. Control performance of plant 2
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Fig. 7. Control performance of plant 3

lowest priority, it suffers the most during the overload. As shown in Fig.6 and 7, both
control loop 2 and 3 still exhibit good performance. After the interfering task is re-
leased at t = 2s, both control loop 1 and 2 turn to be unstable, only the third plant
performs well. Note that in Fig.5, the output of the first plant in this experiment
(dashed blue line) goes out of the figure’s scope after t = 2s.

In the second experiment (Case II), we implement the fuzzy logic based feedback
scheduler presented in Section 4. The sampling periods of control tasks are dynami-
cally adjusted in an intelligent fashion. The period of the feedback scheduler is set to
be 25 ms and the scheduling overhead is neglected. The PID parameters are online
updated with respect to control period adjustment. At time t = 1s, U, changes from
0.9 to 0.8, and then it changes to 0.5 at t = 2s. The resulting control performance is
also given in Fig.5, 6 and 7. As we can see, the QoC is improved with the help of the
fuzzy feedback scheduler, especially when the computing resources become scarce
after t = 1s. All plants remain stable and exhibit satisfactory performance throughout
the experiment. The results argue that the proposed approach can effectively handle
the uncertain characteristics of CPU resource availability and provides flexible QoC
management in multitasking embedded control systems.
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6 Conclusion

In this paper, we suggest an intelligent control theoretic approach to feedback sched-
uling of multitasking embedded control systems. The well-known fuzzy logic is em-
ployed in the construction of the feedback scheduler. Combined with a simple re-
scaling algorithm, the fuzzy feedback scheduler provides runtime flexibility to QoC
management of the whole system. The uncertain and imprecise behavior of the CPU
resource availability is also effectively mastered. The potential benefits of the fuzzy
feedback scheduler include: 1) graceful QoC degradation under overload conditions,
2) effectiveness in dealing with timing uncertainty inside CPU scheduling, 3) system-
atic design methodology, and 4) simple implementation.
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Abstract. The cable compensation system is an experiment system that performs
simulations of partial or microgravity environments on earth. It is a highly
nonlinear and complex system. In this paper, a network based on the theory of the
Fuzzy Cerebellum Model Articulation Controller (FCMAC) is proposed to
control this cable compensation system. In FCMAC, without appropriate
learning rate, the control system based on FCMAC will become unstable or its
convergence speed will become slow. In order to guarantee the convergence of
tracking error, we present a new kind of optimization based on adaptive GA for
selecting learning rate. Furthermore, this approach is evaluated and its
performance is discussed. The simulation results shows that performance of the
FCMAC based the proposed method is stable and more effective.

1 Introduction

Making microgravity on the ground would provide a very effective laboratory for space
robotic systems. In this microgravity laboratory, we can achieve the robot grabbing and
maintaining in outer space environment. The conducting earthbound research on
robotic applications for outer space environments includes the neutral buoyancy,
Air-bearing floors, Drop Towers and Tubes and passive counterweight, active motor
control [1]. The neutral buoyancy, Air-bearing floors introduce effects of fluid or air
dynamics and complexity of underwater or air operation but can be used with any
number of objects for complex simulations and can provide long time training[2][3].
Drop Towers and Tubes can provide high precision but its experimental time is very
short. The passive counterweight is simple and cheap, but brings additional inertia and
friction. The active motor control does not add inertia, but the controller is very
complex.

In this study, we propose to actively control the three-dimensional direction of the
gravity compensation system. This system will be an active motor control schemes.
The active control system is illustrated in Fig.1. This system includes a carriage, a
boom, a cable, and a payload. Our motivation for this work is the payload will be
always in microgravity when it contacts or collides with other objects.

D.S. Huang, X.-P. Zhang, G.-B. Huang (Eds.): ICIC 2005, Part II, LNCS 3645, pp. 463 -[71] 2005.
© Springer-Verlag Berlin Heidelberg 2005
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Fig. 1. The proposed active control system

This simulation system is a vertical microgravity control and mechanical motion
control. Gravitational force acting on the payload is canceled by suspension cable
following the motion of the carriage.

2 System Descriptions

The mechanical system of the microgravity simulation is shown as Fig.1. The system
consists of a driven system and the suspension system. The driven system consists of a
carriage with one degree of freedom and a boom with one degree of freedom. The
carriage driven by motor2 can move along the boom. The carriage weighs 50kg. The
boom can rotate around z axis. It is about 200cm long and has little kinetic friction. The
driven system include two direct drive motors as actuators named as motorl and
motor2. The suspension system consists of a four-degree-of-freedom(rotational angles
afy and z axis) cable which suspends the payload. When the payload collides with
other objects, the suspension cable follows the trajectories of the payload motion, the
motorl and motor2 work as to keep the payload perpendicular to cancel gravitational
force.

2.1 Sensor System

A tension sensor will be used to sense cable tension, and an angle sensor will sense the
angle of the cable. There are three DC servo motors. The motor3 can be used to drive
the cable, thereby adjusting the tension of cable. The DC servo motor2 can be used to
drive the carriage and the DC servo motorl can be used to drive the boom. The boom
can rotate. The DC servo motor3 actively control the vertical direction of this cable
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with payload. The DC servo motor2 actively control the horizontal direction of this
gravity compensation system. This motor2 drive the carriage so as the mobile can keep
up with the bounced payload. The boom is rotational so the motorl can drive it.

2.2 Modeling of System Dynamics

The system can be simplified to obtain approximations of the mathematical model[4].
In our paper, we only discuss the horizontal direction of this gravity compensation
system. This simpler horizontal direction system consists of a single rigid cable which
supports the masses of the payload as is shown in Fig.2.

zZ
fX
—d
>
X
On T
mg

Fig. 2. Simplified system

This simpler system consists of a single pulley over which a rigid cable supports the
payload’s masses, the motor2 and a controller which can give some signal to the
motor2. The motor2 can run based on the output of the controller. The carriage can
freely run along the boom.

The following assumptions were made to reduce the model order to a more
manageable degree: the mass of the cable is negligible compared to the mass of the
payload, the friction of the carriage contributes insignificantly to the system, and the
electrical time constant of the drive motor is considerably smaller than its physical time
constant. Not considering these higher order effects will reduce the model order and
make the controller design easier. Also, that the lengths of the cables change constantly
with the payload moving vertically should be considered and the rotation of the boom
will be taken in account when the payload is bounced. Controlling these effects are very
difficult and very interesting and will be discussed in other paper.

Without the force colliding on the payload, the payload is under microgravity, the
pulling force T is equaled to gravity G. When a force is collided on the payload, the
payload will make some movement and make an angle with vertical direction. Its
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principle is shown as: the angle sensor dynamically senses the angle 6 and gives this
angleBto the controller. The output of this controller is based on some algorithm and it
should be magnified so as to drive the motor2.

Let us see the collision of this system. At the first, the system is at rest and the three
motors are in work which can shorten starts time of the motor. When the collision
begins, the angle @ is given to the controller. The f, in Fig.2 is the drive power of

motor. The carriage can move based on f . If the f is large, the carriage will move
faster and if the f_ is small then the carriage will slower.

The simplified system model is given as:
For carriage:

M S(t)=f, —H(1) ()
For payload:
d> . . -V
H(t):m?(S+lSint9)=mS+mlCOSl9¢9—mlSinD(9) )
v(t)—mg =m%(lcosﬁ)=—mlsin09—mlcos€(9) 3)
H(t) siné6 4
V(t) " cos @ )

Introducing the equation (2) to the equation (1):
2
(M+m)§+mlcos99—mlsin9(9) =f. )
Introducing the equation (2) and (3) to (4):

2
§+lcost99—lsin¢9[9] o
_ sin (6)

: )  cos @
g—lsinHH—lcosH(Hj

Where:
H (t) = the cable horizontal tension
V (1) = the cable vertical tension

M = payload mass
M = carriage mass

S (¢) = acceleration of carriage
g =acceleration of gravity

L = the length of cable
6 = the angular position
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Because the 6 is too small, we can make an assumption that
sin@(t)=6(r),cos0(t)=1, then we get the linearization equation come from
equation (5):

(M +m)S+mlé=f, ()
S+10-g6=0 (8)
We assume that x, =S,x, =S,x, =6,x, =6
o mg 1 mg 1
X, =S=—""7Z0+—f =—Fx,+— ©
2 M M fx M 3 M fx
d? . .V
v(t)—mg :mF(lcose):—mlsiné’é’—mlcos@(&j (10)
t
Its state space equations are described as follows:
; [0 1 0 0] [0 ]
X1 (l‘)
. 0 0 m 0 x (1) 1
%2 (1) mé 0|, | M
= + . (1D
. 00 0 1| x(7) 0
X3 (t)
M+m x, (1) 1
: 00 0 -——
EAGIm ] A
y=(1 0 0 0)x(r) (12)
Where M =50Kg,m =20Kg,l =1.5m
0 1 0 0]
m
A= M (13)
0 0 0 1
0 0 M +m g
L Mi i
0
1
M
B= 14
0 (14
L
L Ml ]
c=[1 0 0 0] (15)

Because rank (B AB A’B A3B) =4, this system is controllable.
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3 Fuzzy Cerebella Model Articulation Controller

The Cerebella Model Articulation Controller (CMAC) [5, 6] is a neural network that
models the structure and function of the part of the brain known as the cerebellum.
CMAC fundamentally learn to estimate the output by system states as an index to refer
to a look-up table where the corresponding output derived from the sum of a set of
synaptic weights are stored. Therefore, the relationship between input and output of an
unknown system can be approximated by means of a CMAC if activated weights are
being updated evolutionarily.

In order to improve the generalization property of CMAC and solve the memory
questions for high dimension, FCMAC is proposed[7].It consists of five layers
including input layer, fuzzy layer, fuzzy association layer, fuzzy post association layer
and output layer [7].Fig.3 shows the structure of FCMAC.

Fig. 3. The structure of FCMAC

The input vector x = (x,---x, ) is transferred to the fuzzy layer. Each node at Fuzzy

Layer corresponds to a linguistics variable, such as Positive Big, Positive Middle,
Positive Small, Zero, Negative Middle, Negative Big. Fuzzy Association Layer links
fuzzy layer and accomplishes the matching of fuzzy logic rule. Fuzzy Post association
Layer will calculate the normalization of firing strength and prepare for fuzzy
inference.

The output layer is:

y=w-®(x) (16)
Where the parameter of the fuzzy CMAC weightis w, x is the input vector. ® (x) is

the Gaussian function.
In our paper, the output of FCMAC is one dimension variable that can drive the
motor. So the learning algorithm is shown as follows:
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E=(y(0)- 2 (0)) (1)
Aw:g_i:g—’j.g—vyv:(y(z)—yd (1))@ (x) ()
w(i+l) = w(i)+77.Aw(i) (19)

Where y(r) is the real output of FCMAC, y,(¢) is the desired output of
FCMAC, 7 is the learning rate. 77 is the most important parameter. Choosing

appropriate 77 can improve the convergence of FCMAC. 77 is determined by adaptive
GA.

4 Algorithms

The cable gravity compensation is very complex and nonlinear system, choosing PID
controller is feasible but determining the parameters of PID is difficult. FCMAC can
approximate nonlinear system. In our paper, the controller based FCMAC with PID is
proposed. Miller et al.[5,6]successfully implemented CMAC for the control of an
industrial

o/ ronc | UK
» Controller
4 U+ Uk Y (k)
- o tPDH —> Plant
Yd (k +1) _ ntroller +

Fig. 4. Architecture of a FCMAC controller

manipulator. Fig.4 depicts the control scheme proposed by Miller et al. In our work, we
use the FCMAC controller to replace the CMAC controller. It combined a conventional
constant gain PID controller with a FCMAC controller. These two controllers work in
parallel simultaneously. In the beginning, the PID controller is responsible for
stabilization of the system. Later, The FCMAC learns and compensates for the
nonlinearity. The procedure of learning cable gravity compensation based on FCMAC
is as follows:

Step 1. Initialize FCMAC neural network.
Step 2. Gather measured and desired value of process as training data.
Step 3. Run FCMAC neural network learning algorithm to achieve desired error.



470

X.-M. Lin et al.

Brrar

rin, yout

_D2 1 1 1 1 | | 1 1 |
n gos 01 015 02 025 03 03 04 045
time(s)
Fig. 5. The error based on FCMAC
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Fig. 6. The step signal response of simulation system
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5 Simulation

In this section, we describe the simulation in matlab language. We make the model
according to the analysis mentioned above. In this simulation, we generate all sensor
information via theoretical mathematic models (this model is inaccurate). In the
simulation, we select the step signal as reference command. Fig.5 shows the system
error based on FCMAC and Fig.6 shows the track of step signal.

From Fig.5, this system based on FCMAC possesses great capabilities for fast
learning.

6 Conclusions

According to these analyses, we can solve the problem of nonlinear system if we take
FCMAC into the experiment. FCMAC can raise the control precision when the system
model is nonlinear and complex, we can control the system according to angle position,
speed, tension of the object. Taking the training data as control signal of servo system,
the control system will get more stability.

This paper describes a nonlinear system offline, we should establish a nonlinear
model online in order to control real time. We will be do much research on it.
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Oscillation and Strong Oscillation
for Impulsive Neutral Parabolic Differential
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Abstract. In respect that, in practical systems, we usually merely con-
sider oscillation while strong oscillation is sometimes ignored which is
also of wide applied background, this paper presents some results of the
oscillation and strong oscillation of impulsive neutral parabolic differen-
tial systems with delays. Some criteria on the oscillation and strong os-
cillation are established by using analytical techniques. It is shown that,
for impulsive parabolic differential systems with delays, although strong
oscillation has more restriction than oscillation, the result of strong os-
cillation can be parallel to that of oscillation under certain conditions.

1 Introduction

As we all know, the term of impulsive control primitively came of evolution pro-
cesses, which are characterized by the fact that at certain moments of time they
experience a change of state abruptly because of short-term perturbations whose
duration is negligible in comparison with the duration of the processes consid-
ered. Subsequently, researchers also found that, in fact, such impulsive control
arises naturally in a wide variety of application, such as orbital transfer of satel-
lite, ecosystems management, and control of money supply in a financial marker,
pharmacokinetics and frequency modulated systems. Moreover, there are many
cases where impulsive control can give better performance than continuous con-
trol. Sometimes even only impulsive control can be used for control purpose. For
example, a central bank can not change its interest rate everyday in order to reg-
ulate the money supply in a financial market. Due to this important discovery, a
great attention was paid to impulsive control problems, which are well described
by impulsive differential systems. It is the reason for the development of the
theory of impulsive ordinary differential systems and impulsive partial differen-
tial systems. In the past few years, the theory of impulsive ordinary differential
systems [see 1, 2] and impulsive partial differential systems[see 3-11] has been
elaborated to a considerable extent. Recently, the oscillation for impulsive delay
parabolic differential systems [see 8] and the oscillation for impulsive hyperbolic
differential systems with several delays [see 4] were studied, respectively. How-
ever, up to now, nobody studied the oscillation and strong oscillation of systems
of impulsive neutral parabolic differential systems with delays, as far as we know.

D.S. Huang, X.-P. Zhang, G.-B. Huang (Eds.): ICIC 2005, Part II, LNCS 3645, pp. 472-E&TI] 2005.
© Springer-Verlag Berlin Heidelberg 2005
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In this paper, we study the oscillation and strong oscillation of impulsive
neutral parabolic differential systems with delays. Some criteria on the oscilla-
tion and strong oscillation are established by using analytical techniques. It is
shown that, for impulsive neutral parabolic differential systems with delays, the
oscillation will be parallel to the strong oscillation under certain conditions.

2 Problem Statements and Preliminaries

In this paper, we consider the following impulsive neutral parabolic differential
systems with delays

L lui(z,t) + 2 (t)ui(z,t — 0)]
=30 ain(t) Aug(x,t) + Y pe g b Aug (@, t — 7)—
gi(@, tyui(w,t = A) = ¢i(@, b, (un (@, 1))y, (un(z,t = 0)fy)) t# ¢ (1)
ui(:r,tj) —ui(w,t;) = pi(x, tj, ui(z, ;)
i€ Ln, j€EIw, (,t)ENXRL =G

where I,, = (1,2,---,m), I = (1,2,--), Ry = [0,00), {2 is a bounded

92
domain in R" with a smooth boundary 92, Au;(z,t) =Y, %(f’t), 1€ I,

ui(x,t;') — ui(z,t;) = pi(z,t;,ui(x,t;)) are the impulses at moments ¢; and
0 <ty <t; <---is a strictly increasing sequence such that lim ¢; = oo.

j—o0
Consider the following boundary condition:
a 7 at . .
%:0, (2,t) €002 X Ry, t#t;, i€ Lm, jE I 2)
and the initial condition
Ui(x7t) = ¢i(x7t)7 (m7t) €2 x [_67 0}7 (3)

where N is the unit exterior normal vector to 92, and
§ =max(0,7,0,)), ¢ € C*(2x [-5,0],R), i€ L.

Throughout this paper, we assume that the following conditions hold:

(C1) aik, bik, z; € PC[R+,Ry], i, k € I,,, where PC denotes the class of
functions, which are piecewise continuous in ¢ with discontinuous of first kind
only at ¢t = t; and left continuous at t # t;,7 € Io,

(C3) 0 >0, 7>0, 0 >0, and A > 0 are constants,

(C3) ¢i € PC[G x R®™, R] and

' _ ' >0 if & and 7; € (0,00)
C’("T’t’gl’m’5“'“’Em’m’m’m"“’nm){SO if & and 7; € (—00,0)
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Ci(xatagla"'7752','"3€m77713"'3*77i3"'777m)

= _Ci(x7t7§1a"'7§i7'"7§m7n1a"'7ni7"'7nm) XS Im
(Cy) q¢i € PC[G, Ry], qi(t) = Imréiblqi(x,t), 1€ Iy,

(C5)pi €EGXR— R, i€y, jeln
(Cg) for any function u; € PC|[G, R.], the following conditions are satisfied:

pi(w,tj, —ui(z,t5)) = —pi(w, tj, wi(z, ;)

and

/pi(x,tj,ui(x,tj))d:r:aij/ u;(z,t;)dx
10, 10,

where oy; > 0 is a constant, ¢ € Ip,, j € loo.
For convenience, we shall introduce the following notation:

U;(t) = / ui(z,t)de, t€ Ry, i€ I,
Q

3 Some Definitions

In this section, Let us state some definitions for later use.

Definition 3.1. The vector function u(x,t) = (uy(x,t), -+, um(z,t))T is said to
be a solution of problem (1) and (2) if the following conditions are satisfied:
(1) ui(x,t) is a first differentiable function for ¢, t #¢;, i € I, j € I,
(2) w;(z,t) is a piecewise continuous function with points of discontinuity
of the first kind at ¢ =t;, j € I, and at the moments of impulse the following
relations are satisfied:

ui(w,t;) = ui(w, b)), ui(x,t;-“) =ui(z,t;) +pi(z, tj,ui(x,t5)), i €1y, j€ I,

(3) w;(z,t) is a second-order differentiable function for x, i € I,
(4) u;i(x,t) satisfies (1) in the domain G' and boundary condition (2), ¢ € Iy,.

Definition 3.2. A nontrivial component u;(x,t) of the vector function u(z,t) =
(ur(2,t), - -+, um(x, 1)) is said to oscillate in £2 x [ug, 00) if for each p > g there
is a point (xo, %) € £2 X [y, 00) such that u;(zo,t9) = 0.

Definition 3.3. The vector solution u(z,t) = (u1(x,t), -+, um(z,t))T of prob-
lem (1) and (2) is said to oscillate in the domain G = 2 x R, if at least one of
its nontrivial components oscillates in G. Otherwise, the vector solution u(z,t)
is said to be nonoscillatory in G.

Definition 3.4. The vector solution u(z,t) = (uy(x,t), -+, um(x,t))T of prob-
lem (1) and (2) is said to strongly oscillate in the domain G = £2 x Ry, if each
of its nontrivial components oscillates in G.
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4 Some Lemmas

We shall introduce, in this section, some useful lemmas which play an important
role in the proof of our conclusions.

Consider the following linear impulsive neutral differential systems with de-
lays

(W) +p@)y(t —7)) +q(t)y(t —0) =0 >0, t #1, k€N

y(th —y(ty)) = bey(ty) k€N,

where 0 < t; <t < ---is a strictly increasing sequence such that lim;_,o tx =
00, p € ([0,00),R),q € ([0,00), R) are locally integratable functions, by (con-
stant) satisfies by > —1, kK € N. As usual in the theory of impulsive differential
systems, at the points of discontinuity ¢ we assume that y(tk)) = y(t, ).

Lemma 4.10121 Assume that

(1) q(t) =0,
(2)-1< I (Q+b) 'pt) <0,
(3) Jiminf [, TT (1+b) " g(s)ds > L.

s—o<trp<s
Then every solution of the following inequality

(y(t) +p@)y(t —7)) +q)y(t —0) <0 t >0, t#ty, kEN

y(th —y(ts)) = bry(ts) k€N

is oscillatory.

Lemma 4.21'2 Assume that
(1) q(t) =0,
2 II +b)'p(t) < -1,
t—r<tp<t
(3) Juinf [0 T1 (b tigyds >
Then every solution of the following inequality

(y(t) +p@)y(t — 7)) +qt)y(t —0) <0 t >0, t#ty, kEN

ZU(LL;r —y(tr)) =bry(tx) k€N

is oscillatory.

Lemma 4.31'% Assume that
(1) JI (1+bg)~p(t) =pis a positive constant,
t—r <ty <t
(2) I (1+bg)"tq(t) is a positive periodic function with respect to 7,
t—o<t,<t

(3) lim inf Jooor T (L 4b) g(s)ds > H2.
s—o<trp<s
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Then all solutions of the following inequality
W) +p@)y(t —7)) +q(t)y(t —0) <0 £ =0, t #t, kEN

y(ty —y(te)) = bry(te) k€N

is oscillatory.

5 Main Results

Based on the preparations made in section 3 and section 4, we shall obtain our
main results in this section.

5.1 Oscillation

Firstly , we shall establish three theorems which provide sufficient conditions for
oscillation of the solutions of problem (1) and (2).

Theorem 5.1.1. Assume that
(1)71 < H (1 + Ozij)ilki(t) <0,
t—0<tp<t
2) lim inf [ T]  (1+ay) ta(s)ds > L.
t—oo s—ALZtr<s
Then every solution of problem (1) and (2) is oscillatory in G.

Proof. Assume to the contrary that u(z,t) is a solution of problem (1) and (2)
and wu(z,t) is nonoscillatory in G. Then, each of its nontrivial components is
nonoscillatory in G. Hence, there must exists some ig € I, such that u;,(x,t)
is nonoscillatory in G. Alternatively, we suppose wu;, (x,t) is eventually positive,
which implies there is a number T' > 0 such that w;, (z,t) > 0, u;,(z,t — 6) >
0, wi,(z,t —0) >0, uiy(x,t —A) > 0in 2 x [T, 00).

Clearly, u;,(x,t) satisfies the following equation:

% [uio (x7 t) + Zig (t)uio (.’L‘, t— 9)]
= Tznj @iok (t) Aug (z,t) + i biok Aug(z,t — 7)—
k=1 k=1
oo (2 D)t (2, — A) — i (2,1, (i, )y, (it — o)) £ty (D

Uig (w’t;r) — Ui (xatj) = Pig (xvtjauio(xvtj))

j€Ilw, () ENXRL =G

Casel: t # t;. Integrating the first equation in (4) with respect to x over the
domain {2, we have
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%U}? Wio (2, t)dx + 24, ( fQ Uiy (x,t — 6)dx]
= 3 aigk(t) [ Aup(z,t)de + 37 bigr [, Aug(z,t — 7)do—
k=1 k=1

f_Q Gig ("Ta t)uio (fﬂ, t— )\)d$ - f_Q Cig (fﬂ, t, (uk(xv t))?:l? (uk(xv t— U)?:l))dx

t>T, t #t;, j€ o

(5)
Applying Green’s formula and boundary condition (2), we have
Oug(x,t)
Au x,tdx:/ ——22d5 =0 6
| Anar= [ 20 (©

and

tf
/Auk(x,t—T)dx:/ Q@ =T) oo T by, e (7)
2 982 ON

Noting that u;,(z,t) > 0, u;,(z,¢ — o) > 0, from assumption (Cs) , it is not
difficult to show that

Cig ((ﬂ,t, (uk(xat))?zla (uk(xvt - U)anl)) >0, t=>T,1 7£ tja JE Ioo. (8)
Therefore, combining (5)-(8) and using assumption (Cy), we have

[Uio (t) + Zig (t)Uio (t - 0)}/ + Qi (t)Uio (t - )‘) <0

t>T, t#tj, j€ly

Case2: t = t;. It follows from the second equation in (4) and assumption (Cg)
that

Ulo(tj = [, ui,(x )dx
= [ uiy (w, t Vdx + [, pio (@, 5, iy (2, t5))d (9)
= [ tio (xﬂfj)df + Qigj [ wio (2, t5)da
= (1+ aig)Ui (t;)  t=1;, j € L.

Thus,
(Ui (t) + 2io ()Uig (t = 0))" + qio (Ui (8 = A) <O ¢ > T, t#t5, j € Ioo (10)
Um(t;r) 1 +azw)U (tj) J € I,

where Uy (t) = [, ui,(x,t)dz is eventually positive, which contradicts with

Lemma 4.1.
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If w;y (x, t) is eventually negative, then —u;, (z,t) is eventually positive. Fur-
thermore, it is obvious that u;,(x,t) satisfies

5 [tio (2, 1) + zig (ui, (2, — 0)]
=Y aik(t)Aug(z, t) + . bigrAug(x,t —7)—
k=1 k=1

Gio (T, ) uiq (2,8 — ) — cip (2,8, (ur(@,8))7Ly, (un(z, t — 0)jly)) t# 1
Wig (@, 6F) = iy (2, 15) = Pig (2, £, i (2, 1))
jele, () EQxR.=G

that is

B[ty (2, ) + 24y (£) (— iy (2, — 0))]
= kij:l aiok(t)Auk(xa t) - kil biokAuk(:r, t— 7-)7

Gio (2, 8) (—uio (x,1 — X)) + cig (@, T, (ur (@, )3y, (un(z,t —0)iLy)) tF# 15
7uio(l”tj+) - (711,1'0(1’,15]')) = pio(w’tja 7uio(xatj))
Jj€Ily, () e xR =G

The remainder is similar to the case u;,(z,t) is eventually positive. we can still
arrive at the desirable contradiction. This completes the proof.

Analogously, According to Lemma 4.2, it is easy to establish the following
oscillation result of problem (1) and (2).

Theorem 5.1.2. Assume that
O I (O taiy) k() < -1,
t—<ti<t
t4+0—X i (:
(2) hm 1nff I (1 —&-aij)%ds > 1
s<tp<s+T—A
Then all solutions of problem (1) and (2) are oscillatory in the domain G.

Proof. We still adopt reduction to absurdity. Making use of the method which
is same as in Theorem 5.1.1, it is easy to derive the following conclusion:
The system of the following form

(Fi(t) + z:(t)Fi(t = 0)) + qi(D) Fi(t = A) <0 ¢t =T, t #1t5, j € o

Fi(t]) = (14 ai)Fi(t;) j € Lo (11)

will have a oscillatory solution, which suggests the solution is either eventually
positive or eventually negative. Obviously, This contradicts with Lemma 4.2.
The proof is complete.
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Similarly, according to Lemma 4.3, we can also obtain the following oscillation
result of problem (1) and (2).

Theorem 5.1.3. Assume that
(1) II (1 + i) tki(t) = p; is a positive constant,

t—0<t), <t
(2) II (1+4as)"tq(t) is a positive periodic function with respect to 8,
t—A<tp <t
. . t _ oF
(3) minf [7 0 T (L+ay)la(s)ds > B2

s—A<tp<s
Then every solution of problem (1) and (2) is oscillatory in the domain G.

Proof. The reduction to absurdity is yet adopted here. By the method in the
proof of Theorem 5.1.1, it follows that the system of the following form

(Vilt) + 2O Vilt — 0)) + @(O)Vi(t = N) <0 £ > T, t £ 15, j € Lo
(12)
Vit]) = (1 + i) Vi(ty) j € Ioo

must have a oscillatory solution, which means the solution is either eventually
positive or eventually negative. This contradicts with Lemma 4.3. The proof is
complete.

5.2 Strong Oscillation

Nextly, in view of the definition of strong oscillation in section 4, we also estab-
lish three theorems which provide sufficient conditions for strong oscillation of
problem (1) and (2).

By Lemma 4.1, it is easy to see the following strong oscillation result of
problem (1) and (2) is parallel to Theorem 5.1.1

Theorem 5.2.1. Assume that
1) -1< I (+ay) ki(t) <0,
t—0<t), <t
(2) tlim inf f;)\ [T (1+aij) " qi(s)ds > L. Then every solution of prob-
o0 s—A<tp<s
lem (1) and (2) strongly oscillates in G.

Proof. Suppose that there exists a solution u(z, ) of problem (1) and (2) which
does not strongly oscillate in the domain G. In view of the definition of strong
oscillation, we know that at least there is one of its nontrivial components is
nonoscillatory. For convenience, we let w;, (, t) denote this nontrivial component.
Through the proof of Theorem 5.1.1, it is easy to see that, in fact, u;, (z,t) will
satisfy the following system

(Qz(t) + Zz(t)QZ(t — 9))/ + q,'(t)Qi(t — )\) <0 t> T7 t 75 t]’, j € I
Qi(t]) = (1 + aiy)Qi(t;) j € I
However, According to Theorem 5.1.1, we also know the above system has no

nonoscillatory solutions, which contradicts with our assumption. This completes
the proof.

(13)
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Furthermore, from Lemma 4.2, we can achieve the following strong oscillation
result of problem (1) and (2) which is parallel to Theorem 5.1.2

Theorem 5.2.2. Assume that
(1) II (T4 auy) ki) < -1,
t—0<tp<t

t+0—x
(2) lim mff [T (A+aij)— (95—(3 3y @5 >3
s<tp<s+T—A

Then every solution of problem (1) and (2) strongly oscillates in the domain G.

Proof. Similarly, we assume that there exists a solution u(x,t) of problem (1)
and (2) which does not strongly oscillate in the domain G. Therefore, at least
there exists one of its nontrivial components is nonoscillatory. For convenience,
we let u;, (z,t) denote this nontrivial component. By the proof of Theorem 5.1.2,
we can see that, in fact, u;, (z,t) will satisfy the system of the form.

(Hi(t) + zi()Hi(t = 0)) + () Hi(t = A) <0 t =T, t #15, j € oo
HZ(tj_> (L+ o) Hi(ty) j €l

But, by Theorem 5.1.2, it follows that system (13) has no nonoscillatory solu-
tions, which contradicts with our assumption. The proof is complete.

According to Lemma 4.3, we obtain the following strong oscillation result of
problem (1) and (2) at last, which is parallel to Theorem 5.1.3.

Theorem 5.2.3. Assume that
(1)  TI (1 + ) tki(t) = pi is a positive constant,

t—0<tp<t
(2)  II (4 ai) tq(t) is a positive periodic function as to 6,
t—A<ty <t
. et _ 5
(3) Jim inf [y T (14 ag) ai(s)ds > =2

s—A<tp<s
Then every solution of problem (1) and (2) strongly oscillates in G.

Proof. Suppose that there exists a solution u(z,t) of problem (1) and (2) which
does not strongly oscillate in the domain G. Hence, there must exist one of its
nontrivial components which is nonoscillatory. For convenience, we let u;, (z,t)
denote this nontrivial component. By the proof of Theorem 5.1.3, it is not diffi-
cult to see that u;, (z,t) satisfies the following system.

(Si(t) + 2z (0)Si(t —0)) +qi(t)Si(t = A) <0 t =T, t #1;, j € lo
Si(t;r) (1 +aij)Si(ty) Jj€lx

While, through Theorem 5.1.2, we know system (13) has no nonoscillatory solu-
tions, which contradicts with our assumption. This completes the proof.

6 Conclusions

In this paper, we use some analytical techniques to study the oscillation and the
strong oscillation for impulsive neutral parabolic differential systems with several
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delays. A set of criteria are given for the oscillation and the strong oscillation of
impulsive neutral parabolic differential systems with several delays. Moreover,
if adding appropriate modification to the conditions of the above theorems, we
can also achieve some useful corollaries.
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Abstract. In this paper Monte Carlo Method (MCM) is used for tracking slow
or fast fading in one antenna communication channel and in multi-antenna
channels with space-time block coding (STBC), we compare it with Kalman
filter tracking method, discuss its tracking ability when the system has carrier
frequency offset, Simulation shows that MCM can be used as a blind method
for channel tracking, many research hot spots of MCM are given in the end.

1 Introduction

In the applications of communication channel estimation, the non-linearity of the
system and non-Gaussian noise become the main factor that baffles us to obtain
accurate estimation. In order to get the sub-optimal estimation, we can use extended
Kalman filter (EKF) method, but the EKF method is only suitable for the situation
that the filtering error and predicting error are both small, the initial estimation
covariance declining too rapidly will result in tracking instability, even algorithm
divergence and final tracking failure. The sequential importance sampling (SIS)
MCM (Particle Filter)l can be used to realize recursive Bayesian filter, this method is
applicable for any non-linear system expressed by state-space model and traditional
Kalman filter, the precision of the tracking estimation can approach the optimum([1].
Actually the sequential MCM principle is that adopting iteration operation of random
variable to approach the unknown distribution, such as Minimum Mean Square Error
(MMSE) and Maximum A Posterior (MAP) estimation[2]. Recently, due to the
continuous improvement of computer’s operation speed, the scheme based on the
MCM described above has drawn great attention and becomes a new research hot
spot, successful applications have been made in many fields: target tracking,
navigation, digital communication channel blind deconvolution[3], joint channel
estimation and survey in Rayleigh channel[4], time-varying spectrum estimation[5],
the estimation of sequential signals in unknown models[6].

! This work is supported by the National Natural Science Foundation of China (No. 60372030)
and the Key Project of Provincial Scientific Foundation of Shandong (No.Z2003G02).
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2 Sequential Monte Carlo Method

Consider the non-linear/non-Gaussian random state-space model, given by:

X, = (X )D)+V,, . ey
z, =h(x,))+n, . 2)

where X, € R" is the state sequence at time k, Z, € R” is the observation of the

state X, ke N is the set of natural numbers, v, ;€ R" , n, € R” are
independently identically distributed (i.i.d) process noise sequence and measurement
noise sequence, and f :R" — R", h:R” — R’ are non-linear mappings that
have boundaries respectively. Assume the initial probability density function (pdf)
p(X,1z,) = p(X,), the tracking problem is to recursively estimate the posterior

pdf p(x, | Z,,) of the system state by the measurements with two stages: prediction

and update. Suppose that the required pdf p(X, , |Z,, ) at time k-7 is available,

the prior pdf of the state at time k can be obtained via the Chapman-Kolmogorov
equation:

px 1z, )= Ip(xk Ix, Dp(x,, 1z, )dx, . 3)

Eq.(3) use the condition that p(X, |X, ,Z,,_,) = p(X, |X,_,). the one order
Markov process described in Eq.(1). At the time k, by Bayes’ rule:
Pz X )pX 1z, )

p(x; 1z, )= . €]
pz,z, )

where the normalizing constant p(z, | Z,, ) = Ip(zk Ix )px, Iz, )dx, is
determined by Eq.(2) and by the likelihood function p(z, |Z,, ;) with the known

statistics of noise I, .

2.1 Particle Filter

The key idea of MCM is to approach the actual posterior density function by a set of
random samples with associated weights and then estimate it based on these samples
and weights. If the number of samples is enough large, this estimation will

approximate the posterior pdf. Let {XO:k , w,i }fil denote random particles that
characterize the posterior pdf p(X,, | Z,, ), where {Xi):k ,1=0,...,N_} is a set of

states with associated weights {w]i,i =1..,N } and X, ={x;,j=0,.,k}is
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the set of all states up to time k. The weights are normalized as Zi w,i =1. The

posterior density at time k is approximated as [7]

Ng . .
P(Xoy 12,;) = Zwllca(x():k —Xpx) - ®)

i=1
suppose p(X) o< (X) is a probability density from which it is difficult to get
samples, but 77(x) can be evaluated, let X' ~g(x),i = L..., N be samples that are

easily obtained from a proposal g(-) called importance density function. Then a

weighted approximation to the density p(-) is

NS . .
p(x) =Y w'(x—x') . ©)
where
W o ”(xi) )
q(x")

Eq.(7) is the normalized weight of the i-th particle. If the sample Xé):k can be drawn

from an importance density function g(X,, |z, ;). then Eq.(5) and Eq.(7) can

define as

Wi o P(Xoy 121)

: . ®)
q(Xoy 12,4)
the importance density function g(X,, |z, ) is expressed as
q(Xoy 120, ) = q(X 1 Xy, 20, )Xoy 1 214y) (€))
then Eq.(4) can be derived as follows
p(x, 12,,) = P(Z, 1%, 20, ) P(Xoy 12 ,)
pz,lz,.)
(10)

_ Pz, X ) p(X, X, ) p(Xoy 1521 )
pz,lz, )

o< p(z; X )p(X, X ) p(Xoyy 12,4)) (11
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By substituting Eq.(9) and Eq.(11) into Eq.(8), the weight updating equation can be
shown as

Wi o p(z, |X2)p(X;€ |X271)p(xé):k71 1z, )
k

q(ch | Xé):k—l o )q(xé):k—l 1z, )
(12)

) | i i | i
Wi p(z, 1x)px, Ix;_)) '

= Wi i
q(X; 1 Xy 152Z1,)

If g(X, 1Xy,.2,,)=q(X, 1X,_,,Z,), then the importance density function is

only dependent on X, _; and Z, . The modified weight is then

i P X)) pxg X )

W, o< W, — (13)
q(x, 1%,.,2;)
and the posterior density p(X X | Z,, ) can be approximated as
N“‘ . .
p(x, Izl:k)zZW,’(é'(xk -X,) (14)
i=1

where the weights are determined by Eq.(13), it can be show that as N, — oo the
approximation Eq.(14) can approach the true posterior probability density
p(x x |z &) -A common problem of the particle filter is the degeneracy
phenomenon, it is discussed in [8].

2.2 Selection of Importance Density Function and Resampling

The Eq.(15) shows the method that selects g(X, | X|_,,Z ) which can minimize the
variance of the true weights,
p(z, 1x,,x;_)p(x, X}

p(z, | X;_l)

q(Xk |X;<—1’Zk)opz = p(Xk |X;<—1’zk) - (15)

substitute Eq.(15) into Eq.(13) ,then
wj o Wi p(z, X)) = wi [ pla, 1) p(x, X )dx, (16)

It is difficult to work out Eq.(16) directly, generally we choose the importance density
function as the prior pdf of the system state transfer, that is
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q(x, 1%,,2,) = p(x, 1x;,) (17)
substitute Eq.(17) into Eq.(14), the weights iteration formula in common is.

wy o< w,_ p(z, |X}) (18)

s
The resampling step involves generating a new set {X;c },Aii by resampling
N,
N, times to posterior pdf p(X, |Zl:k)z2w,i5(xk —X,) , so that
i=1

Pr(Xf =X ,Jc) = W,{ . The resampling obeys i.i.d in fact, and so the weights are now

resetto w, =1/ N .

3 Tracking of Sequential MCM over Time-Varying Channels

The channel tracking methods based on adaptive filter are important to obtain the
channel state information, but they have some problems[9][10][11]. With the increase
of computer’s operation speed, more attentions have been paid to the Sequential
MCM relying on computation. Assume that the expression of time-varying
channels[12] is

h(n)=aoh(n-1)+(1-a)v(n) . (19)

where the noise V(1) is complex Gaussian distribution, mean is zero and variance is

o°, which is statistically independent of channel state (1 —1) , the estimating
method of coefficient & is detailed in [13]

where J,(+) is the zero order Bessel function, f, is the maximum Doppler shift, f,,

is carrier frequency offset , and 7 is the information symbol duration.

In order to investigate the tracking performance of the Sequential MCM, we set up
a simple communications system as

y(n) = h(n)s(n) +u(n) . 21
where y(n) is the receive signal , s(n) is the BPSK modulation signal and u(n) is

additive Gaussian noise with zero mean and O, covariance. s(7) can be obtained

by least square estimation

§(n) = (h(n)" h(n)) " h(n)" y(n) . (22)
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Eq.(19) and Eq.(21) are the simplified form of system state space equations of Eq.(1)
and Eq.(2), and the estimated tracking value of channel /(7) can be obtained by the
Sequential MCM. The procedure of the scheme is as follows:

(1) From Eq.(19), initialize the particle set {hé :i=1...N}, set the weights W(i) to
1/N, and get a new particle set h; of h(n) with h:l_l )
(2) Calculate the particle weights using the likelihood function

lik, = f(y(m) | 1) = (0,527) " exp(=(267) (y(m) = B3 () 3,

(3) Normalize weights
lik!
w =———.
n N 24)
ijlhkn

i

4 If W:I is smaller than I\Af r» then resample[14], or take the mean of W:I as the

estimation of h(n) .

o
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— True channel
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Fig. 1. Sequential MCM tracking performance over time-varying channels

In the simulation of the single-input single-output time-varying channel, the
channel is initialized to be hy=1.2-0.8i, and the total number of particles N=100. If
commercial crystal oscillators are adopted, a normalized frequency offset will be

introduced in the simulation [15], suppose f,T, =0.01, set Doppler normalized

coefficients f,7 to 0.005 and 0.015 respectively (an equivalent of moving velocity
36 kilometers and 108 kilometers respectively in the IS-136 communication
environment). In the procedure (4), if W;il is smaller than the threshold ](7 7 =2N/3,

then resample, the channel tracking performances are shown in Figure.l respectively.
It is easy to get the conclusion that Sequential MCM can track the time-varying
channel with good performance.
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4 The Channel Tracking of Multi-antenna with STBC

4.1 Space Time Block Coding

To two transmit antenna and one receive antenna, the STBC’s scheme is: when the
time interval is 2n, the antenna 1 transmits the symbol §(27), and the antenna 2

transmits (27 +1) , when interval is 2n+/they transmit —s (2n+1) and

" (2n) respectively. The channels are assumed flat fading in [16], differently we
consider here time-selective fading channels i.e. time-varying channels. Let

h.(n),i =1,2 denote the channel response from the i-th transmit antenna to the
receive antenna over the time-varying channel, the received symbols are y(27) and

y(2n +1), the expressions are

y(2n) = h,(2n)s(2n)+ h,(2n)s(2n+1)+ w(2n) . (25)

yQ2n+1)=—h 2n+1)s" 2n+1)+h,2n+1)s" (2n)+w2n +1 26)

where the noise w(n) is complex Gaussian distributed with zero mean and 0 >, /2

variance per dimension.
The STBC’s decoding scheme is:

rcm)=H"(n)Y(n) . 27)

where H denotes conjugate transpose, the decoding symbol
r(n) =[r(2n),r(2n+1)]", and the channel matrix H(n)

[ h,(2n) h,(2n) }
Hn)=| . ' (28)
h22n+1) —hi1(2n+1)
the receive Y(n)
Y(n)=[y(2n),y Cn+D]" = H(n)s(n)+w(n) . (29)

where w(n) =[w2n),w 2n+1]" , s(n)=[s(2n),s@n+1]" , the final
§(n) is obtained by maximum likelihood decoding based on Eq.(27) [16].

4.2 Channel Tracking Based on MCM in Multi-antenna System

STBC transmits two codes in two time intervals as one group, and the
channel is considered to be invariable during the two intervals, ie
h'2n—-1)=h'2n),i =1,2 n=1,2... Now we suppose the channel is time-
varying , extended the Eq.(19)
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by, =ah,,  +(-a)nV (n),i=12 . (30)

where v(71) is a variable obeying the complex Gaussian (0, vz ) distribution.

When the channel is slow time-varying ( f,7 <0.01), H,k can keep its

orthogonality, the maximum likelihood decoding can be adopted. When the channel
h is fast time-varying, by least square decoding we can get

§m)y=H"H)'H"Y(n) . 31)
from the state equation Eq.(30) and Eq.(29) , we can estimate the change of channel’s
response based on the MCM, the procedures are as follows:

(1) Get the rough estimation / of the present channel using the prior channel £
with h,, =ah,, | and h,,, =a’h,, . From Eq.(28) and Eq.(31) we can
get the rough estimation of transmit signals by decoding scheme
§(n) =[5(2n),52n+1)]".

(2) Estimate h2n using hz"_l with MCM mentioned in above section, then

estimate £, ., using A, .

10 T T T T T T T T T
[3_—_———9———_._5_
= —H]
[«

'k .
Wtk 5
i

3 —B no pilot Kalman Filter
107 | —= Patticle Filter E
—4— pilot25 Kalman Filter +
—+ pilot? Kalman Filter
—— Known Channel i
10'4 1 1 1 1 1 1 1 1

1
o 2 4 B 8 10 12 14 16 18 20
SNR(dE)

Fig. 2. Performance comparison of particle filter and Kalman filter
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(3) Obtain the estimation H . of Eq.(28) using /’;2” and A

2n+1"
(4) Decode the transmit symbol s(n)=[s(2n),s(2n+1)]" using ﬁ” and

Y (n) by Eq.(31).
A simulation example: two transmit antennas, one receive antenna over time-

varying channel, the channel response of antenna 1-1 is initialized to hé: 1.340.8;,
and the one of antenna 2-1 is set to hg = -0.9+1.4j. The total number of particles
N=100, carrier frequency offset coefficient f,7 =0.01, and the Doppler normalized

coefficient f,T =0.01, the performance (Bit Error Rate and Signal-to-Noise Ratio) of

channel tracking is shown in Figure.2.

Blind tracking performance can be obtained based on particle filter scheme, it has
the advantage of no need for pilots and then can save frequency resource, but it has to
pay more computational cost. Kalman filter scheme has better performance, the figure
shows the simulations of no pilots, inserting one pilot symbol in every 7 and 25
symbols, but this scheme costs more frequency resource.

5 Conclusions

In this paper, the channel estimation and tracking based on MCM for multi-antenna
system with STBC which has carrier frequency offset is discussed. Compared with
Kalman tracking method, MCM has heavier computational burden, Kalman filter
method needs inserting pilots and known noise variance, while MCM does not need
these, so it can save frequency resource. In practice, the total number of particles is
chosen from 100 to 200, but the farther increase number of particles contributes little
to the performance of the method. How to improve the MCM has become a research
hot spot, it focuses on the following aspects: the comparison of different particle filter
methods, the design of importance function, the resampling method to decrease the
computational complexity, the sub-optimal algorithm to decrease the computational
complexity, the problem of convergence, the comparison of adopting different
resampling procedures, estimating errors and computational complexities.
Furthermore, the special processor integrated hardware and software better will have
more practical value in the tracking and navigation, etc.
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Abstract. In this paper, a new eye detection method is presented. The method con-
sists of three steps: (1) extraction of binary edge image (BEI) based on the multi-
resolution analysis of wavelet transform; (2) extraction of eye region and segments
from BEI, and (3) eye localization using light dot or intensity information. An im-
proved face region extraction algorithm and a light dot detection method are pro-
posed to improve eye detection performance. Experimental results show that our
approach can achieve a correct eye detection rate of 98.7% on 150 Bern images
with variations in view and gaze direction and a rate of 96.6% on 564 AR images
with different facial expressions and lighting conditions.

1 Introduction

In face image analysis, one fundamental problem is to automatically detect human
eyes since localizing eyes is a necessary step for face image normalization, face detec-
tion and facial feature extraction [1-4]. Eyes can provide very useful information for
face discrimination [1] than other face components such as nose and mouth. Phillip et
al. [5] used whether the centers of eyes can be automatic located as a criterion to clas-
sify a recognition system into fully automatic or partially types.

A number of methods have been proposed for eye detection. Yuille et al. [6] used a
deformable template to perform this task. The advantage of their method is that it can
provide not only the location of an eye but also the contour of the eye. But the method
is computationally expensive. Another commonly used method is the eigenspace
approach proposed by Pentland et al. [7]. The method is easy to implement, but it
requires the normalization of a face image in size and orientation. In addition, the
method can only correctly detect those eye patterns that are similar to the sample eye
images used as eye models. Brunelli and Poggio [8], and Beymer [9] located eyes
using template matching. The method also faces the same problem as the eigenspace
method. Chow and Li [10] employed the Hough transform to locate eyes.

Although some progress has been made, the problem of automatic eye detection is
still far from being fully solved due to the problem complexity. Many factors, such as

D.S. Huang, X.-P. Zhang, G.-B. Huang (Eds.): ICIC 2005, Part II, LNCS 3645, pp. 492 2005.
© Springer-Verlag Berlin Heidelberg 2005



Locating Human Eyes Using Edge and Intensity Information 493

facial expression, face rotation in plane and depth, occlusion, lighting conditions, and
so on, will affect the performance of eye detection algorithms. Unfortunately, most of
the existing methods mainly focus on eye detection from frontal-view face images
without specifically taking into consideration of the above-mentioned factors that
affect the eye detection. Kawaguchi and Rizon [11] tried to develop an eye detection
method with good robustness to gaze directions and reflected light dots. They used
images from two databases, the Bern database [12] and the AR database [13], to
evaluate the validity of their algorithm, achieving a correct iris detection rate of
95.3% for 150 Bern face images and 96.8% for 63 AR images. But there are two
drawbacks with their method. Firstly, they did not show how to automatically detect
the light dot in the iris. In other word, whether there is a light dot in the iris cannot be
determined by the system. Secondly, the face region extraction method used is image
dependent. For the images without light dots, such as Bern images, the simple integral
projection based technique used works well, but for images with light dots, such as
AR images, the technique is not applicable, and a color based method has to be
adopted.

In this paper, a new eye detection method is presented. We address the problem of
eye detection in images with variations in pose, gaze direction, face expression, and
lighting condition. Furthermore, because there are often reflected light spots in the
face images captured using camera with flash
and these light spots often locate near the center 'd N
of the iris, we try to use the light dot for eye N
localization. A light dot detection algorithm is t\ 5
therefore proposed in our study. - (

The remaining of this paper is organized as
follows. In Section 2, a method for the extrac-
tion of the binary edge image (BEI) is briefly Fig. 1. Example of BEI. Left:
discussed. The proposed eye detection method  a grayscale image; Right: BEI
is presented in Section 3. In Section 4, experi-
mental results on the Bern [12] and AR [13] face database are reported and discussed.
Finally, concluding remarks are drawn in Section 5.

e ———p

2 Extraction of Binary Face Image Edges

The first step of our proposed eye detection method is to segment the face image. It is
realized by firstly producing the binary edge image (BEI) from a grayscale face image
using the algorithm presented in [14]. Making use of the multi-resolution analysis
property of Wavelet Transform, the BEI extraction algorithm includes two binariza-
tion steps and a noise removing step. The generated BEIs are shown in Figure 1. We
can see clearly various face components including eyebrows, eyes, nose and mouth in
BEIs. These components were all extracted with sufficient details and without touch-
ing neighboring face components in most cases. Furthermore, the BEI is of good
robustness to light conditions. The BEI is suitable for face component segmentation
and the extraction of some key feature points in the face image.
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Fig. 2. Flowchart of our proposed eye detection method

3 Eye Localization Method

The images under investigation are supposed to be head and shoulder images with
plain background. The flowchart of our method is illustrated in Fig. 2.

3.1 Face Region Extraction

Firstly we use the method proposed in [11] to roughly locate the face region and nor-
malize the cropped face image into the size of M*N (Figure 2 (b)). Here M and N
denotes the height and width of the normalized face image, respectively. Obviously,
when hair occupies large regions in both sides of the face, the left, right and lower
boundaries of the face determined using this method may be far from the actual face
boundaries. In this case, hair, neck, and even shoulder regions may be included in the
extracted face region, increasing the difficulty in eye block detection. We propose a
face region refinement algorithm to solve this problem.

The face boundaries are refined using the information containing in the BEL. We
first define two measures to characterize the property of a foreground pixel in a BEI,
Horizontal Connection Length (HCL) and Vertical Connection Length (VCL).

The HCL of pixel P, HCLp, is defined as the maximum number of pixels which
are horizontally connected to pixel P. The VCL of pixel P, VCLp, is defined similarly
except for pixels vertically connected. Furthermore, we define
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_VCL,

" HCL,

It is obvio