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Preface

At the start of the 21st century, we are now well on the way towards a knowledge-
intensive society, in which knowledge plays ever more important roles. Thus,
research interest should inevitably shift from information to knowledge, with
the problems of building, organizing, maintaining and utilizing knowledge be-
coming central issues in a wide variety of fields. The 21st Century COE program
“Framework for Systematization and Application of Large-scale Knowledge Re-
sources (COE-LKR)” conducted by the Tokyo Institute of Technology is one
of several early attempts worldwide to address these important issues. Inspired
by this project, LKR2008 aimed at bringing together diverse contributions in
cognitive science, computer science, education and linguistics to explore design,
construction, extension, maintenance, validation and application of knowledge.

Responding to our call for papers, we received 38 submission from a variety of
research areas. Each paper was reviewed by three Program Committee members.
Since we were aiming at an interdisciplinary conference covering a wide range
of topics concerning large-scale knowledge resources (LKR), each paper was
assigned a reviewer from a topic area outside the main thrust of the paper.
This reviewer was asked to assess whether the authors described the motiva-
tion and importance of their work in a comprehensible manner even for readers
in other research areas. Following a rigorous reviewing process, we accepted 14
regular papers and 12 poster papers.

While the technical program covered a broad range of application areas, pa-
pers can be roughly classified into four major areas. First, some authors reported
on their experience building large-scale resources, with a particular emphasis on
language resources and ontologies. Second, a major focus was in the extraction
of knowledge from large sets of data, ranging from mining of text data to seman-
tic analysis of content such as images and video. Third, some papers reported
on experiences with operating actual LKR systems, including question and an-
swer systems, inductive reasoning systems, etc. Finally, several papers focused
on infrastructure problems to enable efficient LKR systems to be deployed.

We would like to thank the Program Committee members for their hard
work. In addition to these technical papers, this volume includes six papers by
the invited speakers. We hope the conference and this volume will contribute to
opening up a new interdisciplinary research area on LKR.

Antonio Ortega
Tokunaga Takenobu
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From Information to Intelligence:  
The Role of Relative Significance in Decision Making and 

Inference 

Biing-Hwang Juang 

Georgia Institute of Technology, Atlanta, GA 30332, USA 
juang@gatech.edu  

Abstract. The growth of the amount of information accessible to people is 
phenomenal in recent years. In one estimate, the amount of digital information 
created, captured, and replicated in 2006 was 161 exabytes, approximately three 
million times the information in all the books ever written [1]. The issue of 
finding or discovering intelligence from a sea of information thus becomes ever 
more important and challenging. Although computational algorithms have been 
developed to aid the user in search of information that may be deemed useful, 
automatic discovery of intelligence (ADI) beyond simple information matching 
is still beyond the reach of conventional search methods. In this paper, we 
address one important component, namely relative significance which is 
essential in forming the paradigm of intelligence beyond a simple recognition of 
pattern of information. We further formulate the concept of relative significance 
in the framework of Bayes decision theory so as to enable computational 
optimization and algorithmic development. We believe processing of true 
computational intelligence must include capabilities in dealing with non-
uniform significance and cost issues.  

Keywords: Intelligence, inference, decision theory, relative significance, non-
uniform cost, pattern recognition, information extraction, knowledge discovery. 

1   Introduction 

The growth of the amount of information accessible to people is phenomenal in recent 
years. In one estimate, the amount of digital information created, captured, and 
replicated in 2006 was 161 exabytes, approximately three million times the 
information in all the books ever written [1]. And it is also estimated that this annual 
addition of information will increase at a compound annual growth rate of 57% to 988 
exabytes in 2010. The issue of deriving the necessary knowledge or discovering the 
otherwise hidden intelligence from a sea of information thus becomes ever more 
important and challenging.  

Deriving knowledge or discovering intelligence from a vast pool of information of 
course is related to human’s desire in automating the process of finding relevant 
solutions to the problem at hand, be it to increase the yield of investment or to 
uncover unlawful conspiracies. Historically, automation mostly means mechanization, 
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to replace manual labor with machinery, and may include the notion of robotization 
and programmed control of a physical process (perhaps in the form of a work flow as 
well). Today, computerization plays a dominant role in automation due to digitization 
of information which gives birth to informatics (use and processing of information) 
and which spawns the possibility of intelligence discovery. The driving force, aside 
from the availability of affordable and powerful computers, is obviously the need to 
customize or personalize the process of automation as the particular situation may call 
for. A simple example cited by Friedman in [2] is about the use of a GPS-coordinated 
data of the soil condition and the harvest of a farm at a resolution down to the level of 
individual acreage or finer; the individualized data or information facilitates local 
optimization of irrigation and the use of fertilizer to maximize the yield. As we 
continue to push the automation process further, the next frontier will be thus the 
automatic discovery of knowledge and intelligence that offers the user ever more 
immediate benefits. In our view, advances in information and communication 
technologies in the last couple of decades (e.g., the advent of Internet) may have made 
the fulfillment of this desire a lot closer to reality, but not without some major 
hurdles. 

Computational algorithms have been developed to aid the user in search of 
information that may be deemed useful. Nevertheless, discovery of intelligence 
beyond simple information pattern matching is still beyond the reach of conventional 
search methods. As we contemplate on constructing large knowledge resources for 
effective use of the organized information through proper search and information 
retrieval methods, we may also ask the question: How can we satisfy the need for the 
discovery of relevant intelligence by and from the knowledge resources? 

In this paper, as we make attempt on this rather broad question, we introduce and 
focus on one important component, namely relative significance, which is essential in 
forming the paradigm of intelligence beyond a simple pattern of information. We 
discuss the role of relative significance in intelligence and further formulate the 
concept of relative significance in the framework of Bayes decision theory so as to 
enable computational optimization and algorithmic development. We believe 
processing of true computational intelligence must include capabilities in dealing with 
non-uniform significance and cost issues.  

2   Informatics and Intelligence 

Informatics integrates the concept of information and automation. It is commonly 
accepted that it includes the science of information, the practice of information 
processing and the engineering of information systems. It in essence studies the 
structure, behavior, design and interactions of information as well as natural and 
artificial systems that store, process and communicate information. 

Generally speaking, elements in informatics as being enunciated by most 
practitioners include: data acquisition (and conversion of data into information), 
processing of information, and optimization of decision (or optimization of objective 
in the use of information). Processing of information involves such tasks as 
information representation (digitization and coding), classification (or clustering) and 
indexing, recognition and identification, verification and authentication, search and 
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association, query interface, and retrieval. In spite of the fact that most of these tasks 
touch on some aspects of intelligence as discussed below, they aim conventionally at 
processing of information (only) which is different from intelligence and inference as 
the latter often are left to the human user of the results from informatics tasks. 

It may be necessary to bring the differentiation between information and 
intelligence to light in order to better articulate for the need of an extended paradigm 
for informatics. Intelligence is a property of mind that encompasses many related 
abilities such as the capability to plan, to reason, to think abstractly beyond physical 
existence, to understand and generalize ideas, to comprehend and use language, to 
learn, and to solve problems. Conventional informatics as a processing paradigm has 
not yet been extended to encapsulate the notion of intelligence, although the term 
“intelligent processing” has been widely (and liberally) used without rigorous 
justification. 

A few philosophical definitions of intelligence found in on-line encyclopedia [3] 
entry page for “intelligence” may also be stimulating in the current context. 
According to Carolus Slovinec, intelligence is the ability to recognize connections 
[among individual events or pieces of evidence]. Jean Piaget: “Intelligence is what 
you use when you don’t know what to do.” A more detailed pronunciation of 
intelligence may be due to Howard Gardner: “To my mind, a human intellectual 
competence must entail a set of skills of problem solving … and must also entail the 
potential for finding or creating problems—and thereby laying the groundwork for the 
acquisition of new knowledge.” 

We can summarize the elementary manifests of intelligence as: the capability of 
handling informatics (i.e., conducting informatics tasks including use of references, 
context-dependent association, semantic generalization, etc.), the capability of 
constructing and testing hypothesis—“connecting dots” and verifying relationships—
to solve problems, the capability of differentiating varying (non-uniform or relative) 
significance of events and pieces of evidence, and the capability of self-learning, self-
critiquing, and self-evaluation (e.g., knowing where not to make mistakes or learning 
from fatal errors). Obviously, a thorough discussion of these capabilities is way 
beyond the scope of this paper. Here we focus on the element of differentiating 
significance, particularly in terms of the non-uniform cost or penalty in intelligent 
decision making, and discuss its role in intelligent informatics.  

3   Non-uniform Significance in Intelligence 

The idea of non-uniform significance has two somewhat different meanings. 
Intuitively it may be rather easy to envisage the existence of non-uniform relative 
significance with regard to a piece of information or evidence. For example, in 
deriving intelligence about the weather, the appearance of overcast cloud may be far 
more important than the wetness caused by sidewalk sprinklers. We consider a piece 
of information or evidence more significant if it, when compared to other information 
or evidence, is more likely to help us accomplish our objective or to reach the solution 
to the problem at hand. This is the conventional type of relative significance. The 
other type of relative significance has the following interpretation: if we do NOT use 
the particular piece of information, or if we MISUSE the particular piece of 
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information, it will be more costly to us, the user of information, to reach our 
objective. This situation is often due to the uncertainty in the presented evidence. 
Since our discussion in the following will concentrate on the task of information 
recognition (a critical task of intelligent informatics), we use the example of 
automatic speech recognition to illustrate this type of non-uniform significance. 

A spoken sentence containing the sequence of words “AT N.E.C. THE NEED 
FOR INTERNATIONAL MANAGERS WILL KEEP RISING” is recognized as the 
following sentences by two different recognizers: 

 
S1:  “AT ANY <del> SEE THE NEED FOR INTERNATIONAL MANAGERS 

WILL KEEP RISING” 
S2: “AT N.E.C. <del> NEEDS FOR INTERNATIONAL MANAGER’S WILL 
KEEP RISING”. 
 
The acoustic evidence corresponding to the spoken portion of “N.E.C.” obviously 
contains substantial amount of uncertainty which led to the possible misrepresentation 
(e.g., “ANY <del> SEE”) and thus misuse of the evidence. However, for many 
purposes, S1 may be considered an inferior result to S2 because the particular entity, 
the name of a corporation, in the context is of critical importance, even though both 
sentences have the same amount of recognition errors according to a commonly 
accepted evaluation criterion. If one is to derive intelligence about the financial 
performance of a particular corporation (which is the objective of the problem at 
hand), missing the report in which the name is mentioned is likely to be rather costly. 
Most automatic speech recognition systems are designed with the assumption that all 
errors are equal, and only the amount of error counts. But can a recognizer be 
designed particularly to avoid certain errors that may be considered fatal or 
detrimental in the process of inferring intelligence?  

The question may find answers from several different perspectives, which we’ll not 
be able to thoroughly elaborate in the paper. Rather, we’ll focus on the notion of non-
uniform cost for making erroneous decisions. In other words, unlike traditional error 
counting in recognition tasks, we reflect the non-uniform significance of evidence in 
the cost of error—some errors are more costly than others—in hope of making fewer 
errors of significance. The following development has been extracted from [8]. 

3.1   The Rise of Non-uniform Cost 

In the context of many pattern recognition problems, the rise of non-uniform cost 
manifests in at least two key scenarios. One relates to the observation of the so-called 
confusion matrix and the other involves composite or hierarchical modeling.  

The performance of many conventional statistical pattern recognition systems can 
be tabulated in a confusion matrix, the element of which signifies the number of test 
tokens of class i (ith row) recognized as class j (jth column). These numbers may also 
be normalized by the total number of tokens (for each class) so that the entries are 
bounded in [0, 1]. From the confusion matrix, the performance of the system can be 
envisioned rather clearly in terms of its effectiveness towards any particular pair of 
classes. This confusion matrix is most likely non-uniform, displaying some class-pairs 
that are especially easy to be confused by the recognizer thus providing a diagnostic 
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view for the system design. One can then contemplate on making the cost matrix non-
uniform (i.e., not a 0-1 cost function), with heavier costs assigned to those confusing 
pairs or to those with particular significance, to “drive the errors away from them.” 
(The relationship between the confusion matrix and the cost matrix is an interesting 
subject but few analytical results exist.) The assignment of non-uniform cost is 
obviously done in an ad hoc manner in this scenario. 

The earlier example of misusing the spoken utterance of “N.E.C.” in the search for 
financial intelligence about a corporation falls into the second category. In 
hierarchical modeling, the discriminant functions for the classes are built upon a layer 
of sub-class models or functions, which may be shared by a number of classes. One 
example again in the context of automatic speech recognition is the use of 
phone/phoneme modeling in automatic speech recognition with the word accuracy as 
the system objective. Many words in the recognition vocabulary may share some 
phonemes, each being represented by a model function. In this situation, mis-
recognition of some phonemes (represented by the phone models) may cause more 
errors in word recognition than that of other phonemes. Therefore, as one uses labeled 
data to train these phone models, some carry more significance than others and this 
needs to be reflected in the training process for best results. 

3.2   Incorporation of Non-uniform Cost in Statistical Pattern Recognition 

The classical Bayes decision theory [4] is the foundation of statistical pattern 
recognition. Bayes’ analysis of the pattern recognition problem is based upon the 
notion of an expected system performance. Consider a pattern recognition task 
involving M classes of events or patterns. An unknown pattern, say X, is observed and 
recognized by a recognizer as one of the M classes. Thus, a recognizer is a function C 
that maps X to a class identity denoted by Ci, where i∈IM = {1, 2, …, M}. We call this 
a decision function C(X). Obviously, some decisions are likely to be correct while 
others wrong, and correct decisions are usually preferred over wrong decisions. Thus, 
every decision is associated with a cost which is defined as an entry ijε  in an M×M 

matrix where i, j∈IM, signifying the cost of identifying a pattern of the jth class as one 
of the ith class. Suppose the knowledge of the a posteriori probabilities 

Mi IiXCP ∈∀),|(  is available at our disposal. Then, following Bayes, given X, the 

conditional cost of making a decision of C(X) = Ci can be defined as [4] 

∑
=

=
M

j
jiji XCPXCR

1

)|()|( ε             (1) 

and the system performance in terms of the expected loss is 

∫== dXXpXXCRXXCRE )()|)((}|)(({L          (2) 

Traditionally, a simple error count is used as the cost of recognition decision with  

⎩
⎨
⎧

=
≠

=
ji

ji
ij ,0

,1
ε              (3) 
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The cost of (3) is the most intuitive and prevalent performance measure in pattern 
recognition as it is related to the probability of error in simple terms. With the cost 
function of (3), (1) becomes 

)|(1)|()|( XCPXCPXCR i

M

ij
ji −==∑

≠

          (4) 

and if we institute the decision policy as 
 

)|(maxarg)}|(1{minarg)|(minarg)( XCPXCPXCRXC i
i

i
i

i
i

=−==        (5) 

the expected cost of (2) will be minimized due to the fact that p(X) is non-negative. 
This is the ubiquitous maximum a posteriori (MAP) decision that guarantees 
minimum system cost, or Bayes risk [4]. 

Note that the above Bayes decision theory requires that the a posteriori distribution 
be available to the system. In practice, the knowledge of a posteriori distribution 
needs to be “learned” from labeled data, so as to embed the knowledge of “ground 
truth” in the parameters for the recognition system to use. The result of (5) thus has 
led to the conventional paradigm of distribution estimation as a fundamental step 
towards the design of a working pattern recognition system. However, the functional 
form of the distribution is often prescribed and not necessarily consistent with the true 
distribution. As a result, true implementation of MAP usually cannot be achieved.  

The cost function of (3) is not the only choice for evaluating a pattern recognition 
system. When the cost function is not uniform, the best decision policy may not be the 
one that achieves maximum a posteriori probability. For example, consider a 3-class 
case with the following cost matrix, a posteriori probability and conditional risk 
vectors: 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
=

01.01.0

5.001.0

5.01.00

][ ijε ,  

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
=

25.0

4.0

35.0

)]|([ XCP j
 ,  and    

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
=

075.0

16.0

165.0

)]|([ XCR i
. 

The MAP rule would have resulted in C(X) = C2 , but 

∑
===

==
M

j
jij

i
i

i

XCPXCRC
13,2,13,2,1

3 )|(minarg)|(minarg ε . 

Clearly, from the cost matrix, one can see that a mistake on a third-class pattern 
costs five times that of any other errors. That leads to the discrepancy between a MAP 
decision and a decision that attempts to minimize the non-uniform risk. This non-
uniform or asymmetric error cost function is quite common in real world applications. 
For example, a handwritten digit 1 mistaken as a digit 7 may cause more concern than 
7 as 1 in financial transactions. Thus, it is necessary to revisit the Bayes decision 
theory and discuss the validity of the conventional MAP policy when a non-uniform 
error criterion is employed.  

The conditional risk of (1) and the expected loss of (2) are general expressions of 
the system performance without any particular conditions imposed on the error cost 
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function, ijε . Again, since p(X) is non-negative,  

∫== dXXpXXCRXXCRE
CC

)()}|)(({min}|)(({minminL         (6) 

and to achieve the minimum risk, the recognizer function must implement the 
following policy, 

∑
=

==
M

j
jij

C
i

C

XCPXCRXC
ii 1

)|(minarg)|(minarg)( ε .          (7) 

We called this the minimum risk (MR) or minimum cost (MC) rule. In practice, we 
generally require that jiji ijij ≠≥== for    0  and  for    0 εε . 

The MR rule of (7) does not lead to the MAP policy of (5) even if the knowledge 
of the true distribution (a posteriori probabilities) is available to the recognizer. 
Implementation of the MR rule requires multiplication of the cost matrix and the 
posterior probability vector, a direct result of the non-uniformity of the cost function. 

Note that the MR rule can be re-written as 

∑∑
==

==
M

j
jjij

C

M

j
jij

C
CPCXPXCPXC

ii 11

)()|(minarg)|(minarg)( εε         (8) 

for ease in applying some empirical knowledge in choosing the form of distribution. 

4   Machine Learning with Non-uniform Cost of Error 

As discussed, when the error cost function is not uniform, the MAP policy no longer 
leads to optimal Bayes decision and the paradigm of distribution estimation as a 
fundamental system design methodology is no longer applicable. This is mainly 
because during system training, it is necessary not only to know which class a training 
token belongs to but also which class the token may be misrecognized as, in order to 
allow proper association of the error cost. The only framework that can be extended to 
handle non-uniform cost, to the best of our knowledge, is the method of Minimum 
Classification Error (MCE) [5], which optimizes the system parameters based on the 
evaluated error for each and every individual token in the training set.   

4.1    The Minimum Classification Error Method 

In this section we review the method of minimum classification error [5] as an 
alternative to the distribution estimation paradigm for pattern recognition system 
design. Machine learning algorithms based on MCE are then developed for pattern 
recognition system design. For more detailed development of the method, see [6, 7]. 

The method of Minimum Classification Error for pattern recognition system 
training [5] is built upon a fundamental concept in which the system’s recognition 
decision on a given pattern/token is evaluated as part of the estimate of the overall 
system performance, which is defined as a smooth function of the system parameters 
that can be optimized.  
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Let 0);( ≥ΛXgi
 be the discriminant function for the ith class, i=1, 2, …, M where 

Λ is the parameter set that defines the function. If the a posteriori probability (as a 
function of X) is available, );( ΛXgi

 can be chosen as )|( XCP i
. Assume that the 

usual (uniform) error count of (3) is used as the cost function. The recognition 
decision is reached according to 

);(maxarg)( Λ= XgXC i
Ci

            (9) 

That is, the recognizer chooses the class that leads to the largest value among all 
discriminants evaluated on X. This decision rule has to be embedded in a performance 
function for parameter optimization over the given training set of data. 

Suppose 
iCX ∈  and );(maxarg

,
Λ=

≠
XgC k

ikC
j

k

; i.e., class j is the most competitive 

class, given the training token X with a label for class i. (Note that 
iC  is used  

to denote the class label as well as the class set without ambiguity.) If 
);();( Λ≥Λ XgXg ji

, no error is made; otherwise, an error has occurred. Define a 

misclassification measure for an ith class token: 

);();();( Λ+Λ−=Λ XGXgXd iii
         (10) 

where 

[ ]
η

η
/1

,

);(
1

1
);(

⎭
⎬
⎫

⎩
⎨
⎧

Λ
−

=Λ ∑
≠ijj

ji Xg
M

XG          (11) 

represents a “smoothed” combination of the discriminants other than that of the label 
class (i). Note that when η→∞,  

);(max);(
,

Λ→Λ
≠

XgXG j
ijj

i
.          (12) 

With this definition, 0);( >ΛXdi  implies a misclassification or misrecognition 

and 0);( ≤ΛXdi
 means a correct decision. When the misclassification measure is 

cast in a sigmoid function, a token-based performance evaluation in the form of a 
smoothed error count is obtained: 

));(();( Λ=Λ XdSXl ii           (13) 

where the function S may take the form of a smooth 0-1 function: 
1)( )1()( −+−+= βα dedS           (14) 

with a smoothing parameter α and a threshold parameter β properly chosen. Finally, 
the system performance is defined as the expected cost of error 

)};({ Λ= XlEL            (15) 

which is estimated empirically as 

∑
=

Λ=←
N

n

nXl
N

L
1

)( );(
1

L .          (16) 
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In the above expression, n denotes the token index in the training set, { }N

n
nX 1

)(
==Ω , 

and the identity label has been made implicit. The empirical loss L is a smooth 
function in Λ which can be optimized over the training set using the generalized 
probabilistic descent (GPD) algorithm or its variants [5]. This method has been used 
extensively, with good result, in automatic speech recognition applications where the 
data distribution is considered difficult to model. 

It is important to note that the method of MCE/GPD directly evaluates the 
recognition system’s decision on each presented token, while the conventional 
distribution estimation approach to pattern recognition attempts to learn the 
probability distribution function from the given data, without specifically knowing if 
a token will be misrecognized or not, not to mention which class the token may be 
incorrectly assigned to. Therefore, the conventional distribution estimation approach 
will find it impossible to incorporate a non-uniform class-dependent error cost in the 
design of a pattern recognition system. The MCE method nonetheless offers a 
possible solution to the problem of pattern recognizer design with non-uniform cost. 

4.2   MCE with Non-uniform Error Cost 

The incorporation of a class-dependent non-uniform error cost function incurs two 
factors that require careful consideration. First, the system needs to implement the 
MR rule defined in (7). Following the development of a smoothed error function in 
MCE, we need to embed this decision rule in a functional form so that optimization 
can be performed to obtain the values of the system parameter set. Second, as the 
overall system performance is defined over a non-uniform, weighted error cost, the 
particular decision for each of the training token becomes an integral part of the 
performance measure and has to be included in the objective function for 
optimization. The second factor is unique because once a decision is rendered by the 
recognizer, what matters is not only if the decision is right or wrong but how much 
error cost the decision actually incurs, a quantity that depends on the pattern of error. 
We shall see how these factors are taken into account in the proposed embedding 
schemes for non-uniform error cost minimization. 

4.2.1   Construction of Design Objectives with Non-uniform Error Cost 
Recall that 

Mij Iji ∈,,ε , signifies the cost or loss in identifying a jth class pattern as 

one of the ith class. Given a general set of cost ijε , we can explicitly write the optimal 

decision rule as (7) which leads to the optimal result of (6) which we continue to 
name the Bayes risk. Execution of (7) obviously requires the knowledge of the a 
posteriori probability 

Mj IjXCP ∈∀),|( . As stated in [5], however, the true a 

posteriori probability is rarely available for a number of reasons. We approach the 
problem of constructing a system design objective with non-uniform cost in two steps, 
embedding of decision cost and prescription of the operating (discriminant) functions. 

a. Embedding of Decision Cost 

To overcome these difficulties in system training, the expected system loss of (2) 
needs to be expressed in terms of the empirical loss (yet to be defined) with the 
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decision rule embedded in it. For clarity, let 
Xi  be the class identity index as decided 

by the recognizer and 
Xj  be the true identity index of X. A single token realized cost 

is defined as 

Ω∈=Λ XXl
XXX jii  allfor );( ε .         (17) 

Therefore if the empirical system loss is defined over the realized token-based 
costs (rather than the expected cost), an empirical non-uniform cost will result: 

∫∑ →=
Ω∈

dXXpL
XXXX ji

X
ji )(εε .         (18) 

Suppose each class is prescribed a discriminant function jXg j ∀Λ),;( . Define the 

recognizer function as  

);(maxarg)( Λ== XgCXC i
C

i
i

X
.         (19) 

The empirical system loss of (18) based on Ω  is then, 

[ ]∑ ∑ ∑
Ω∈ ∈ ∈ ⎭

⎬
⎫

⎩
⎨
⎧ Λ===

X Ii Ij
k

C
iXij

M M k

XgCjjL );(maxarg11ε .       (20) 

Note that in the above the indicator function [ ] [ ]jX CXjj ∈== 11 . 

b. Prescription of Operating Functions 

What is the proper choice of the operating or discriminant function for each class? 
Obviously, if the true a posteriori probability is available, a monotonically decreasing 
function of the conditional risk of (1) (to switch min into max operation) would be 
appropriate. For example, 

⎭
⎬
⎫

⎩
⎨
⎧
−=−=Λ ∑

∈ MIj
jijii XCPXCRXg )|(exp)}|(exp{);( ε .       (21) 

In general, since )}|({ XCP j
 are not available, one would use 

)(
~

/)(
~

)|(
~

)|(
~

XPCPCXPXCP jjj =  based on approximate and parameterized models 

in lieu of the true a posteriori distribution. This form of the discriminant function is 
appropriate in many simple pattern recognition tasks where good approximations to 
the conditional probabilities and the prior may be relatively easy to obtain. If one is 
confident about the approximation, the discriminant function of (21) will have the 
advantage of being closely (but inversely) related to the conditional risk. 

When the above approximation of the a posteriori distribution cannot be ensured, it 
is not particularly advisable to insist on using the weighted summation form of (21) as 
the discriminant function. For other applications where the form of the a posteriori 
distribution (as a function of X) may be complex or hard to ascertain (such as those of 
speech signals), one may opt for other choices of the discriminant function based on 
some convention. One example is the use of hidden Markov models as the 
discriminant functions. 
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c. Smoothing of the Empirical Cost for Parameter Optimization 

The remaining challenge in designing a discriminative training algorithm with non-
uniform error cost is to turn the objective functions, L in (20) into an appropriate 
smooth function of the parameter so as to allow numeric optimization. Consider 

∑
∈

=
MIj

jLL ;            (22) 

[ ]j
X Ii

k
C

iijj CXXgCL
M k

∈⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

⎭
⎬
⎫

⎩
⎨
⎧ Λ== ∑ ∑

Ω∈ ∈

1);(maxarg1ε .       (23) 

That is, 
jL  is the empirical error cost collected over all training tokens in Ω with 

jjX = . The approximation then needs to be made to the summands. This can be 

accomplished by 

∑∑
∈∈ Λ

Λ≈
⎭
⎬
⎫

⎩
⎨
⎧ Λ=

MM k Ii

i
ij

Ii
k

C
iij XG

Xg
XgC

);(

);(
);(maxarg1

η

εε        (24) 

where 

∑
∈

Λ=Λ
MIi

i XgXG );();( η  .         (25) 

Note that as η→∞, 

⎩
⎨
⎧ Λ=Λ

≈
Λ
Λ

              otherwise                 ,0

);(max);(,1

);(

);( XgXg

XG

Xg k
k

ii
η

        (26) 

Finally, the smoothed empirical system cost becomes 

[ ]j
X Ij Ii

i
ij CX

XG

Xg
L

M M

∈⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

Λ
Λ≈ ∑ ∑ ∑

Ω∈ ∈ ∈

1
);(

);(η

ε         (27) 

which is a continuous function of the parameter set Λ. Similarly, the hyper-parameters 
can be chosen tradeoff between approximation and smoothness. 

d. Empirical Bayes Risk 

Given a labeled training set Ω , it is possible to compute the empirical Bayes risk: 

∑ ∑
Ω∈ ∈

=
X Ij

jjjB

M

X
XCPL )|(ε           (28) 

which is obtained when the correct labels are used to compute the conditional risk. 
The empirical Bayes risk is expected to be identical to the Bayes risk when N, the size 
of the training set, is infinite. 
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e. Implementation 

We have implemented the above methods for pattern recognition with non-uniform 
cost and demonstrated their validity. References [6-8] contain details of such 
implementations for pattern recognition and speech recognition. 

5   Conclusion 

We have pointed out an important factor in the construction of a framework for 
accomplishing the goal of automatic discovery of intelligence (ADI), namely the issue 
of non-uniform significance in recognition error (or contaminated evidence). The 
conventional decision theory of Bayes which led to the paradigm of probability 
distribution estimation as a fundamental methodology in pattern recognition was 
revised such that incorporation of non-uniform error costs becomes feasible. We 
propose an extension of the Minimum Classification Error (MCE) method for 
machine learning as the framework for pattern recognition system design that allows 
incorporation and optimization of the system over non-uniform error cost functions. 
We have implemented the method and related algorithms and demonstrated their 
effectiveness (published in separate articles). The issue of non-uniform significance of 
contaminated evidence and non-uniform error cost in the identification of information 
marks a unique departure from the conventional view of informatics, from simple 
information to intelligence. 
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Abstract. In this paper, we compare latent Dirichlet allocation (LDA)
with probabilistic latent semantic indexing (pLSI) as a dimensionality
reduction method and investigate their effectiveness in document clus-
tering by using real-world document sets. For clustering of documents,
we use a method based on multinomial mixture, which is known as an
efficient framework for text mining. Clustering results are evaluated by
F-measure, i.e., harmonic mean of precision and recall. We use Japanese
and Korean Web articles for evaluation and regard the category assigned
to each Web article as the ground truth for the evaluation of cluster-
ing results. Our experiment shows that the dimensionality reduction via
LDA and pLSI results in document clusters of almost the same qual-
ity as those obtained by using original feature vectors. Therefore, we
can reduce the vector dimension without degrading cluster quality. Fur-
ther, both LDA and pLSI are more effective than random projection, the
baseline method in our experiment. However, our experiment provides
no meaningful difference between LDA and pLSI. This result suggests
that LDA does not replace pLSI at least for dimensionality reduction in
document clustering.

1 Introduction

Document clustering is a classic problem of text mining. In recent years, cluster-
ing is proved to be effective in summarizing a search result or in distinguishing
different topics latent in search results [29][7][5]. With respect to this type of
application, clustering is expected to provide a result at query time. In contrast,
enterprise documents stored in the intranet or the patent documents relating to
a specific technical field form a document set which is not so small as a search
result and, simultaneously, not so large as those targeted by open Web search
services [12][15][18]. In this paper, we consider applications managing this type
of document set, i.e., a document set of middle-range size and focus on latent
Dirichlet allocation (LDA) [10] along with probabilistic latent semantic indexing
(pLSI) [17], which are applicable to such document sets in realistic execution
time. These two methods share the following special feature: topic multiplicity
of each document is explicitly modeled. Therefore, we can consider topic mix-
ture for each document. This feature makes LDA and pLSI differentiate from
multinomial mixture model [24] and also from Dirichlet mixture model [21][19].
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However, LDA employes a Bayesian inference framework, which makes LDA
more theoretically attractive than pLSI.

In this paper, we use LDA and pLSI for dimensionality reduction of feature
vectors in document clustering and check if LDA can replace pLSI for this task.
Our original feature vectors have frequencies of words as their entries and thus
are of dimension equal to the number of vocabularies. Both LDA and pLSI
reduce the dimension of document vectors to the number of topics, which is far
less than the number of vocabularies. Roughly speaking, we can regard each
entry of the vectors of reduced dimension as a topic frequency, i.e., the number
of words relating to each topic. We investigate the effectiveness of dimensionality
reduction by conducting a clustering on feature vectors of reduced dimension.

Our experiment uses four different sets of Japanese and Korean Web articles.
Each article set consists of tens of thousands of documents, i.e., a document set
of middle-range size. We use a clustering method based on multinomial mixture
with EM algorithm for parameter estimation. Multinomial mixture is well-known
as an effective framework for text mining applications, e.g. junk e-mail filtering
[26]. While we have also tested k-means clustering method, this does not give
clusters of satisfying quality in comparison with multinomial mixture. Therefore,
we do not include those results in this paper. In evaluating cluster quality, we
compare the quality before and after dimensionality reduction via LDA and pLSI.
Further, we compare these two methods with random projection [9], which we
regard as the baseline method in this paper. We use the category assigned to
each article as the ground truth for evaluating cluster quality. Therefore, we try
to recover document categories based on the topic frequencies obtained by the
two multi-topic document models, LDA and pLSI. While the inference of the
correct number of clusters is important, this is beyond our scope. We have used
the true number of clusters as an input.

The rest of the paper is organized as follows. Section 2 gives previous work
concerning applications of LDA to real-world data. Section 3 includes a short
description of LDA. Since pLSI has already become more widely accepted than
LDA, we omit the details about pLSI from this paper and refer to the original
paper [17]. The results of evaluation experiment is presented in Section 4. Section
5 draws conclusions and gives future work.

2 Previous Work

Recently, many applications of LDA to real-world problems are proposed, e.g.
multimodal information integration [8][20], topic-author relationship analysis
[16], expert finding [22] and subject extraction from digital library books [23].
However, these researches do not compare LDA with other probabilistic model.
Sadamitsu et al. [28] conduct intensive experiments comparing LDA with pLSI
and Dirichlet mixture. While we can learn important things about the applica-
bility of LDA and other document models, their work compares these document
models not from a practical viewpoint, but from a theoretical one, because the
authors use perplexity as a measure for evaluation. Perplexity tells how well a
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document model can generalize to test data, but does not tell how well a docu-
ment model can solve text mining problems, e.g. information retrieval, document
classification or document clustering.

In this paper, we employ LDA as a dimensionality reduction method in docu-
ment clustering and evaluate its effectiveness by inspecting the quality of docu-
ment clusters. Although Blei et al. [10] use LDA for dimensionality reduction, the
authors compare LDA with no other methods. Further, their evaluation task is a
binary classification of Reuters-21578 corpus, a slightly artificial task. Elango et
al. [14] also use LDA to reduce the dimension of feature vectors. However, their
feature vectors are obtained from image data, and LDA is not compared with
any other methods. In this paper, we use LDA as a dimensionality reduction
method to clarify its applicability to the document clustering task by comparing
it with pLSI. Futher, we compare LDA and pLSI with random projection [9], the
baseline method in our experiment. Since LDA is proposed as a sophistication
of pLSI, it is worthwhile to check if LDA can provide better results than pLSI.

Recently, LDA has been extented to enable an automatic determination of
the number of clusters. This method is based on a probabilistic model, called
Dirichlet process mixture (DPM) [11]. With DPM, we do not need to conduct
dimensionality reduction first and then execute a clustering, because DPM can
provide a far smaller number of probability distributions over topics than the
number of documents. Each of these topic distributions, in turn, can be regarded
as the feature of a cluster. In contrast, LDA gives as many topic distributions as
documents, where we can observe no clustering effects. If LDA do not give better
results than pLSI in our evaluation, we can conclude that LDA is not a good
choice at least for dimensionality reduction in document clustering, because we
can use pLSI when the efficiency in execution time is required, or can use DPM
when high computational cost is allowed.

3 Latent Dirichlet Allocation

3.1 Details of Model

Latent Dirichlet Allocation (LDA) [10] is a document model which explicitly
models topic multiplicity of each document. This feature differenciates LDA
from multinomial mixture [24] and also from Dirichlet mixture [21]. Probabilistic
latent semantic indexing (pLSI) [17] shares the feature of topic multiplicity mod-
eling with LDA. However, pLSI requires heuristic computations for obtaining the
probability of unknown documents and is also likely to result in overlearning.

We denote a document set by D = {d1, . . . , dI}, the set of vocabularies (i.e.,
word types) appearing in D by W = {w1, . . . , wJ} and the set of topics included
in D by T = {t1, . . . , tK}. Formally speaking, topics are the values of hidden
variables of a document model. With respect to each topic, we have a multinomial
distribution defined over W . Namely, the topic difference is represented by the
difference of word probabilities.
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In LDA, with respect to each document, we select a multinomial distribu-
tion defined over T according to the following Dirichlet distribution: P (θ; α) =
Γ (
�K

k=1 αk)
�

K
k=1 Γ (αk)

∏K
k=1 θαk

k . In generating documents, we regard each document di as
an empty array of length equal to the document length ni. We fill this array
as follows. First, we select a multinomial over T from the Dirichlet distribution
shown above. Second, we select a topic for each array element according to this
multinomial over T . The topic assigned to the lth array element of document
di is denoted by zil. The entire topic sequence of di is referred to by zi. Third,
we select a word to fill this array element according to the multinomial over
W which corresponds to the topic zil. The word filling the lth array element of
document di is denoted by xil. The whole word sequence of di is referred to by
xi. As we repeatedly select a topic for each word, we can explicitly model the
topic multiplicity within the same document. Let βkj be the probability of vo-
cabulary wj in the multinomial distribution corresponding to topic tk. Note that∑

j βkj = 1 holds for all k. The model parameters of LDA are αk(k = 1, . . . , K)
and βkj(k = 1, . . . , K, j = 1, . . . , J). The total number of parameters is K +KJ .
The probability of the word sequence xi of document di can be written as

P (xi; α, β) =
∫ ∑

zi

P (θ; α)P (zi|θ)P (xi|zi, β)dθ. (1)

The probability of the word sequence of the whole document set D is equal to∏
i P (xi; α, β). By maximizing the log of this probability, i.e., log

∏
i P (xi; α, β)=∑

i log P (xi; α, β), we can determine model parameter values.

3.2 Variational Inference

In this paper, we employ variational inference method [10], where two proba-
bility distributions, Q(θ; γi) and Q(zi; φi), are introduced with respect to each
document as follows:

log P (xi; α, β)

= log
∫ ∑

zi

P (θ; α)P (zi|θ)P (xi|zi, β)dθ

= log
∫ ∑

zi

Q(θ; γi)Q(zi; φi)
P (θ; α)P (zi|θ)P (xi|zi, β)

Q(θ; γi)Q(zi; φi)
dθ

≥
∫ ∑

zi

Q(θ; γi)Q(zi; φi) log
P (θ; α)P (zi|θ)P (xi|zi, β)

Q(θ; γi)Q(zi; φi)
dθ (2)

We can move from the third line to the fourth by applying Jensen’s inequality
and obtain a lower bound of log P (xi; α, β) for each di. In variational inference,
we maximize this lower bound in place of log P (xi; α, β). Q(zi; φi) is equal to∏ni

l=1 Q(zil; φil) where φilkis the probability of the assignment of topic tk to
the lth word of di.

∑K
k=1 φilk = 1 holds for all i and l. Further, Q(θ; γi) is a
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Dirichlet distribution defined over topic multinomials. While Q(θ; γi) plays a
role similar to P (θ; α), Q(θ; γi) is introduced separately for each document. The
details of variational inference for LDA is described in [10]. Here we only present
the resulting update formulas.

φilk ∝ βkjil
exp{Ψ(γik) − Ψ(

∑

k′

γik′ )} (3)

γik = αk +
∑

l

φilk (4)

βkj ∝
∑

i

∑

l

δiljφilk (5)

αk = α̂k + fk(α̂) +
∑

k′

fk′(α̂)
/{ Ψ1(α̂k)

Ψ1(
∑

k′ α̂k′)
−

∑

k′

Ψ1(α̂k)
Ψ1(α̂k′ )

}

where

fk(α) =
Ψ(

∑
k′ αk′ )

Ψ1(αk)
− Ψ(αk)

Ψ1(αk)
+

∑
i{Ψ(γik) − Ψ(

∑
k′ γik′)}

NΨ1(αk)
(6)

In Eq. 3, jil is the index of the lth word of document di. Thus, the lth word
of document di is wjil

∈ W . In Eq. 5, δilj is equal to 1 if the lth word of di is
wj (i.e., jil = j), and 0 otherwise. In Eq. 6, α̂k is a value for αk obtained in
the previous iteration. Ψ and Ψ1 stand for digamma and trigamma functions,
respectively. As Eq. 6 is an update formula only for αk, we repeatedly use this
formula until convergence. Our implementation in C language for this paper
terminates this update iteration when

∑
k αk changes by less than 0.000001 of

the previous value. After executing Eq. 3, 4 and 5, we use Eq. 6 repeatedly and
then return to Eq. 3. Our implementation terminates the entire iteration ranging
from Eq. 3 to Eq. 6 when

∑
k αk changes by less than 0.005 of the previous value.

In this paper, we regard γik as a “pseudo-frequency” of topic tk in document
di. Roughly speaking, γik is the “number” of words relating to topic tk in docu-
ment di. We have called γik “pseudo-frequency,” because this is not necessarily
an integer. We use a K-dimensional vector (γi1, . . . , γiK) as a feature vector of
di after dimensionality reduction via LDA. This vector can be used as a feature
vector by the following reason. By taking the sum of the both sides of Eq. 4 for
all k, we have

∑
k γik =

∑
k αk +

∑
k

∑ni

l=1 φilk. Further,
∑

k

∑
l φilk is equal to

ni, the document length of di, because
∑K

k=1 φilk = 1. Consequently,
∑

k γik is
of the same order with document lengths.

In estimating parameters of LDA, we have also tried a collapsed variational
Bayesian inference [27] only for one of the four datasets in the evaluation experi-
ment. As for the details, please refer to the original paper. This inference gives a
probability that a topic is assigned to a vocabulary appearing in a document for
all K ×J × I combinations of topics, vocabularies and documents. Therefore, by
taking a summation of these probabilities over the vocabularies appearing in a
document with respect to a fixed topic, we can have a value of the same meaning
as γik shown above, i.e., a “pseudo-frequency” of a topic in each document.
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4 Evaluation Experiment

4.1 Document Sets

In the evaluation experiment, we use one document set of Japanese Web news
articles, one document set of questions from a Japanese Q&A Web site and two
sets of Korean Web news articles.

The first set consists of news articles published at Japan.internet.com [1] from
2001 to 2006. Every article is uniquely labeled by one of the following six cate-
gories: mobile phone, Web business, e-commerce, Web finance, Web technology
and Web marketing. We use MeCab morphological analyzer [3] to split every
document into a sequence of word tokens. Then we count the frequencies of all
vocabularies and eliminate the vocabularies of low frequency and those of high
frequency. The resulting document set, denoted by JIC, includes 28,329 articles.
The sum of the lengths of all documents in JIC amounts to 4,108,245. The num-
ber of vocabularies is 12,376. As the number of categories is six, we subdivide
this set into six disjoint subsets by clustering. The number of documents and
the document length sum for each category are included in Table 1.

The second set includes the queries submitted to a Japanese Q & A Web site,
called “OKWave” [4]. In this experiment, we have not used the answers to each
query, because we think that some of them explicitly introduce noisy information
for document clustering. Every question is uniquely labeled by one of the fol-
lowing 11 categories: information for computer engineers, regional information,
entertainment, digital life, business and career, money, daily life, education, soci-
ety, hobbies, health and beauty. Here we also use MeCab morphological analyzer
and eliminate the vocabularies of low frequency and those of high frequency. This
document set, denoted by OKWAVE, includes 70,555 articles. The sum of the
lengths of all documents is 2,511,221, and the number of vocabularies is 13,341.
We split this set into 11 disjoint subsets by clustering. Note that the average
document length of this document set is far shorter than the other three sets.
Table 2 provides the number of documents and the document length sum for
each category. We have used a collapsed variational Bayesian inference only for
this set, because this inference method shows an advantage in computational
cost when the number of documents is large.

Table 1. JIC dataset

category # of docs sum of doc lengths
mobile phone 3,049 499,368
Web business 9,059 1,214,335
e-commerce 2,522 327,264
Web finance 2,994 398,995
Web technology 6,109 922,164
Web marketing 4,596 746,119
total 28,329 4,108,245
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Table 2. OKWAVE dataset

category # of docs sum of doc lengths
info. for comput. engineers 7,055 333,624
regional info. 4,103 128,800
entertainment 8,241 206,832
digital life 11,909 410,648
business and career 5,985 236,157
money 4,150 180,271
daily life 7,672 342,287
education 7,149 232,377
society 4,589 170,617
hobbies 6,725 159,666
health and beauty 3,030 109,942
total 70,555 2,511,221

Table 3. S2005 dataset

category # of docs sum of doc lengths
economy 6,172 461,592
international 3,048 216,462
politics 3,608 286,375
society 9,221 590,190
total 22,049 1,554,619

Table 4. S2006 dataset

category # of docs sum of doc lengths
administration 1,503 124,657
culture 4,870 347,438
economy 6,745 549,081
entertainment 1,710 125,787
international 2,498 186,753
policitics 3,806 324,076
region 3,923 280,676
society 8,946 607,158
sport 3,016 185,054
total 37,017 2,730,680

.

Two Korean document sets are obtained by gathering articles published at
Seoul newspaper Web site [6] from 2005 to 2006. One set consists of the articles
published in 2005. The articles of this set belong to one of the following four
categories: economy, international, politics and society. Another set includes the
articles published in 2006. The articles of this set belong to one of the following
nine categories: administration, culture, economy, entertainment, international,
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politics, region, society and sports. We use KLT version 2.10b [2] for Korean
morphological analysis. For each of the two sets, we eliminate the vocabularies
of low frequency and those of high frequency. We denote the resulting document
sets S2005 and S2006, respectively. S2005 includes 22,049 articles and 14,563
vocabularies. The sum of the lengths of all documents in S2005 amounts to
1,554,619. We conduct a clustering on this set and obtain four disjoint clusters,
because the number of categories is four. S2006 includes 37,017 documents and
25,584 vocabularies. The document length sum is 2,730,680. We split this set into
nine disjoint subsets by clustering. The number of documents and the document
length sum for each category are given in Table 3 and Table 4 for S2005 and
S2006, respectively.

4.2 Clustering Method

To obtain document clusters, we use a clustering based on multinomial mix-
ture, an effective framework for text mining [26][24]. While we have also tested
k-means method, no better results are obtained. Therefore, we do not include
those results in this paper. In conducting a clustering with multinomial mixture,
we randomly initialize model parameter values and execute EM algorithm [13]
20 times for each document set. We also use a smoothing techinque [24] and
an annealing technique [25]. In applying a smoothing, we linearly mix the back-
ground word probability (i.e., the word probability in the entire document set)
to the cluster-wise word probability. We test the following four mixture ratios
for smoothing: 0.0, 0.01, 0.1 and 0.3. The ratio of 0.0 corresponds to the case
where we have no smoothing effect. When the ratio is 0.3, for example, we use
(1−0.3)×(cluster-wise word probability)+0.3×(background word probability)
in place of the cluster-wise word probability when updating parameter values in
EM algorithm. Only for OKWAVE dataset, which includes many short articles,
we use the mixture ratio 0.5 instead of 0.01 and consequently use the following
four mixture ratios: 0.0, 0.1, 0.3 and 0.5. This is because large smoothing is likely
to give clusters of good quality for a set of short documents.

4.3 Evaluation of Cluster Quality

We evaluate the quality of clusters by F-measure, the harmonic mean of precision
and recall. Precision and recall are computed as follows. We call the category
assigned to the largest number of articles in a given cluster dominating category
of the cluster. The precision of a cluster is defined to be the ratio of the number
of the articles of dominating category to the size of the cluster. The recall of a
cluster is the ratio of the number of the articles of dominating category to the
number of articles of that category from the entire document set.

To obtain a precison and recall for each clustering result, we compute the sum
of the numerators and the sum of the denominators used for computing precisions
and recalls for different clusters included in the clustering result, and divide the
former sum by the latter sum. Consequently, we have two evaluation measures
called microaveraged precision and microaveraged recall. For example, when we
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Fig. 1. Comparison of microaveraged F-measure for S2005 dataset

have a clustering result consisting of three clusters whose precisions are 2/3, 5/8
and 4/7, microaveraged precision of this clustering result is (2+5+4)/(3+8+7).
Microaveraged recall is also computed in the same manner. From definition,
when there are at least one categories which do not dominate any clusters,
microaveraged precision can be different from microaveraged recall. Therefore,
we use the harmonic mean of microaveraged precision and microaveraged recall
as an integrated evaluation for a clustering result. In this paper, we simply call
this harmonic mean F-measure in the rest of the paper.

In our experiment, we run a clustering algorithm 20 times on a document
set from randomly initialized parameter values. Consequently, we obtain 20 F-
measures for each document set. We use the average and the standard deviation
of these 20 F-measures for evaluating the performances of different dimensional-
ity reduction methods. Since we use four mixture ratios (i.e., 0.0, 0.01, 0.1 and
0.3, or, 0.0, 0.1, 0.3 and 0.5 only for OKWAVE set) for smoothing as is described
in Section 4.2, we have four evaluation results for each document set with respect
to each dimentionality reduction method.

4.4 Evaluation Results

The evaluation results for S2005 and S2006 are provided in Fig. 1 and Fig. 2,
respectively. For JIC, we obtain the results shown in Fig. 3. Finally, Fig. 4
shows the results for OKWAVE dataset. The horizontal axis represents mixture
ratio of smoothing. The vertical axis represents F-measure. Each graph shows
the average of 20 F-measures obtained from 20 executions of clustering. The
width of each marker indicates plus/minus one standard deviation of the 20 mi-
croaveraged F-measures. In all figures, the graph labeled with RAW shows the
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Fig. 2. Comparison of microaveraged F-measure for S2006 dataset
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Fig. 3. Comparison of microaveraged F-measure for JIC dataset

average of 20 F-measures when we use no dimensionality reduction. Without
dimensionality reduction, the quality of clusters gets better when we apply
smoothing by choosing a non-zero value for mixture ratio.

The graphs labeled with LDA16, LDA32 and LDA64 present the averages of 20
microaveraged F-measures obtained when we reduce the vector dimension to 16,
32 and 64 via LDA, respectively. For any of these three cases, smoothing does not
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Fig. 4. Comparison of microaveraged F-measure for OKWAVE dataset. We do not
include the cluster quality for the case of random projection, because this case almost
always gives heavily degenerated clustering results where all input vectors are put into
one or two clusters.

improve the quality of clusters. This seems because the dimensionality reduction
implies a smoothing effect. Further, LDA provides F-measures comparable with
RAW. We can say that LDA can reduce the dimension of feature vectors without
degrading the cluster quality.

The graphs labeled with PLSI16, PLSI32 and PLSI64 indicate the results
when we use pLSI for dimensionality reduction by setting the number of topics
16, 32 and 64, respectively. The standard deviation markers for pLSI intersect
with those of LDA. Namely, LDA is not superior to pLSI as a dimensionality
reduction method in document clustering.

However, both LDA and pLSI provide clusters of far better quality than ran-
dom projection. The graphs having labels RAND128, RAND256 and RAND512
give the averages of 20 F-measures obtained by conducting a clustering on the
feature vectors of dimension 128, 256 and 512, respectively, where dimensionality
reduction is realized by random projection. When we reduce the dimension to
16, 32 or 64 by random projection, the cluster quality gets disastrous. Hence,
only for random projection, we provide the evaluation results of clustering by
using the vectors of dimension 128, 256 and 512. Further, for OKWAVE dataset,
the reduced vectors obtained by random projection always give quite small F-
measures (0.1181˜0.1331). Therefore, we do not include these results in Fig. 4.
This fact suggests that random projection is not applicable to the feature vectors
of short documents, i.e., document vectors with many zero entries.
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The cluster quality obtained for S2005 is better than that for S2006, because
the number of categories of S2005 is far less than that of S2006. Although the
number of categories of JIC is a little larger than that of S2005, clusters of
better quality are obtained for JIC than for S2005. This seems due to the fact
that the average document length of JIC (≈ 145.0) is far larger than that of
S2005 (≈ 70.5). Longer documents may result in document clusters of higher
quality. The results of OKWAVE dataset are comparable with those of S2006
due to the similar number of categories.

As for LDA, we have an issue of computational resources. Our experiment is
conducted on a desktop PC equipped with Intel Core2 6600 2.40GHz CPU and
with 2G byte main memory. For the dataset S2006 including 37,017 articles and
2,730,680 word tokens, the variational inference has required nearly 40 minutes
(resp. 90 minutes) for the case of 16 topics (resp. 32 topics). When the number
of topics is 64, the execution time has amounted to nearly five hours due to
swapping. This issue can be addressed by splitting a document set into several
subsets and parallelizing the computation as is described in [23]. However, our
results show that pLSI is more favorable when computing resource is a severe
problem. Further, even when the resource problem is not severe, we can use DPM
[11], a more sophisticated version of LDA, at least for document clustering.

5 Conclusion

This paper provides the results of an evaluation experiment concerning dimen-
sionality reduction in document clustering. We use LDA and pLSI to reduce the
dimension of document feature vectors which are originally of dimension equal
to the number of vocabularies. We conduct a clustering based on multinomial
mixture for the set of the feature vectors of original dimension and for the set of
the vectors of reduced dimension. We also compare LDA and pLSI with random
projection. The results show that LDA can reduce the dimension of document
feature vectors without degrading the quality of document clusters. Further,
LDA is far superior to random projection. However, our experiment tells no
significant difference between LDA and pLSI. When we consider the issue of
computational cost, we have no positive reason to promote LDA beside pLSI for
dimensionality reduction in document clustering.

The variational inference for LDA, however, gives a wide variety of results.
In this paper, we only use a part of the results, i.e., “pseudo-frequencies” of
topics with respect to each document (γik in Eq. 4). In addition to this, we can
obtain topic probabilities with respect to each word token (φilk in Eq. 3), word
probabilities with respect to each topic (βkj in Eq. 5) and αk in Eq. 6 which
can be regarded as an importance of each topic in the entire document set.
These information cannot directly be obtained by Gibbs sampling, an alternative
inference framework for LDA [16][22][23]. Our future work is to propose better
applications of LDA to various text mining problems by utilizing the above
parameters effectively.
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Abstract. For clustering problems, many studies use just MAP assign-
ments to show clustering results instead of using whole samples from a
MCMC sampler. This is because it is not straightforward to recognize
clusters based on whole samples. Thus, we proposed an identification al-
gorithm which constructs groups of relevant clusters. The identification
exploits spectral clustering to group clusters. Although a naive spectral
clustering algorithm is intractable due to memory space and computa-
tional time, we developed a memory-and-time efficient spectral clustering
for samples of a MCMC sampler. In experiments, we show our algorithm
is tractable for real data while the naive algorithm is intractable. For
search query log data, we also show representative vocabularies of clus-
ters, which cannot be chosen by just MAP assignments.

1 Introduction

Clustering is one of the most widely used methods for data analysis. In re-
cent years, non-parametric Bayesian approaches have received a great deal of
attention especially for clustering. Unlike traditional clustering algorithms, non-
parametric Bayesian approaches do not require the number of clusters as an
input. Thus, they are very useful in practice especially when we do not have any
information about the number of clusters a priori. More specifically, the Dirich-
let process mixture models[1,2] have been used for machine learning and natural
language processing[3,4].

The Markov chain Monte Carlo (MCMC) sampler, e.g. the Gibbs sampler, is
typically utilized to estimate a posterior distribution[3,4,5] while deterministic
inference algorithms have also been proposed[6,7]. Since the MCMC sampler is
unbiased, we can estimate the true posterior distribution by collecting many
samples from a sampler. Inference on test data is done using collected samples.
However, when a task is clustering, many studies use just maximum a poste-
riori (MAP) assignments to show clustering results. This is because it is not
straightforward to show clustering results with whole samples instead of just
MAP assignments.

Figure 1 shows an example. The left figure shows MAP assignments by a
Gibbs sampler of a Dirichlet process Gaussian mixture. The middle figure shows
all of the collected samples by the sampler. It is easy to see each cluster and
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Fig. 1. MAP assignments (left), posterior samples from a MCMC sampler (middle)
and identified groups of clusters (right)

the number of clusters, which is four, in the left figure. However, clusters over-
lap each other in the middle figure, hence it is not clear any more to distin-
guish clusters. Our goal of this study is to obtain the right figure from the
middle one. This is done by identifying clusters from samples. In the right fig-
ure, each color represents one identified group consisting of clusters relevant to
each other.

This identification is more informative for clustering than MAP assignments.
For example, when a task is vocabulary clustering, we can estimate the proba-
bility of a vocabulary assigned to a group based on clusters in the group. This
allows us to rank vocabularies in the group. On the other hand, such ranking is
impossible only with MAP assignments.

In this paper, we propose an identification algorithm. To make it tractable,
we also develop an efficient spectral clustering algorithm for samples. This pa-
per is organized as follows. In Section 2 and 3, we briefly review the Dirichlet
process mixture models[1,2] and the Gibbs sampler, which we use as a clustering
algorithm. In Section 4, we propose an identification algorithm. Section 5 shows
experimental results. We discuss and conclude this study in Section 6 and 7.

2 The Dirichlet Process Mixture Models

We briefly review the Dirichlet process mixture models[1,2] here. Finite mixture
models consist of finite components, and the number of components is constant.
On the other hand, the generative process of the Dirichlet process mixture models
draws a new object from either one of existing components or a new component.
Thus, the number of components may grow as the number of objects grows.

Let Z be an n by K assignment matrix where n is the number of objects and
K is the number of clusters. Note K grows as n grows, thus it is not constant.
When object i is assigned to cluster c, Zi,c = 1 and Zi,c′ = 0 for c′ �= c. We
denote the i-th row and the j-th column of Z by Zi and ζj , respectively. An
example of assignments with notations, Z, Zi and ζj , are presented in Figure 2.
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Fig. 2. Matrix and graphical representations of assignments. Object 1 and 2 are clus-
tered into one cluster, and 3 is clustered into another.

When (Z1, ..., Zi−1) is given, the i-th object would be assigned to the c-th
component with probability,

p(Zi,c = 1|Z1, ..., Zi−1) =

{
n¬i

c

i−1+α if n¬i
c > 0

α
i−1+α otherwise

(1)

where n¬i
c is the number of objects currently assigned to component c, i.e. n¬i

c =∑
j �=i Zj,c and α is a hyperparameter. Every object can be assigned to a new

component with probability α
i−1+α . Given n objects, the probability of Z is,

p(Z) =
Γ (α)

Γ (n + α)

k∏
c=1

αΓ (nc) (2)

where nc is the number of objects assigned to cluster c.
After Zi is drawn, when Zi,c = 1, data point xi is sampled as xi ∼ p(xi|θc)

where θc is the parameter of component c. Each θc is drawn from G0 called base
distribution. Thus, the joint probability of X = (x1, ..., xn) and Z is,

p(X, Z) = p(Z)
K∏

c=1

∫
dθc G0(θc)

∏
i;Zi,c=1

p(xi|θc). (3)

In the next section, we derive a Gibbs sampler for the Dirichlet process mixture
models based on (3).

3 Gibbs Sampling for the Dirichlet Process Mixture
Models

When a task is clustering, our goal is to infer p(Z|X) = p(Z, X)/p(X). Although
p(X, Z) is given in (3), p(X) =

∑
Z p(X, Z) is intractable due to

∑
Z which re-

quires exponential order computation. Instead of directly computing p(Z|X),
people use MCMC samplers including the Gibbs sampler, or variational algo-
rithms. In the case of MCMC samplers, Z is drawn from p(Z|X) many times.
The true posterior, p(Z|X), is approximated by the collection of Z.

The Gibbs sampler for the Dirichlet process mixture updates one assignment,
Zi, in a step. Let Z¬i be a matrix consisting of rows of Z except for the i-th row,
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Algorithm 1. Gibbs sampler for the Dirichlet process mixture models
1: Initialize Z randomly with K.
2: repeat
3: Choose i ∈ {1..N} uniformly.
4: Update Zi based on probability given by (4).
5: until convergence

and X¬i
c be {xj ; Zj,c = 1}. Since p(Zi|X, Z¬i) ∝ p(X, Z) holds, p(Zi|X, Z¬i) is

derived from (3) as,

p(Zi,c = 1|X, Z¬i) ∝ p(Zi,c = 1|Z¬i)p(xi, X
¬i
c )/p(X¬i

c )

=

{
n¬i

c p(xi, X
¬i
c )/p(X¬i

c ) if n¬i
c > 0

α p(xi, X
¬i
c )/p(X¬i

c ) otherwise.
(4)

Note that p(xi, X
¬i
c ) and p(X¬i

c ) have closed forms when G0 is a conjugate prior.
We summarize this Gibbs sampler in Algorithm 1.

4 Identification of Samples

4.1 Preliminaries

Before we propose an identification algorithm, we introduce notations. We distin-
guish the following notations, sample Z(i), collection of samples S ≡
{Z(1), ..., Z(S)}, cluster ζi, collection of clusters C(S) and group of clusters Gj =
{ζj1, ζj2, ...}. Figure 3 shows an example of these notations. Note C(S) is a mul-
tiset.

S is collected by a MCMC sampler, i.e. Z(i) ∼ p(Z|X). People typically
use only MAP assignments, ZMAP, to show clustering results where ZMAP =
argmaxZ∈S p(Z|X). This is because it is very straightforward (see the left figure
in Figure 1). Instead, we propose to use whole samples, S, by identification (see
the middle and right figures in Figure 1).

4.2 Identification by Clustering

Our task is to find groups {Gc}k
c=1, s.t.

⋃k
c=1 Gc = C(S)1. Each group, Gc,

consists of relevant clusters. To find such groups, we propose an identification
algorithm, which group all clusters, C(S), i.e. clustering on clusters. The right
figure in Figure 1 is an example of the identification. Clusters which have the
same color are clustered into one group by the identification method.

The identification leads to better interpretation of clustering results. For ex-
ample, when data is discrete, e.g. vocabularies, showing vocabularies contained
by one cluster is a typical way to see clustering results. However, when we use

1 Note Gc and C(S) are multisets. Thus, regard
�

as a union operator for multisets.
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Fig. 3. Collection of samples S, collection of clusters C(S) and group of clusters
{Gc}k

c=1. Note that Gc is a multiset.

only MAP assignments, ZMAP, we cannot estimate the probability of a vocabu-
lary assigned to a cluster.

We exploit spectral clustering[8] to find the groups of clusters, {Gc}k
c=1. Many

studies have shown that spectral clustering outperforms traditional clustering
algorithms. When we apply spectral clustering to C(S), a problem is the number
of clusters in C(S), i.e. |C(S)|, can be very large. For example, when the number
of samples, S, is 200, and the average of the number of clusters in each sample
is 50, then |C(S)| is roughly 10,000. This is too large for spectral clustering.
Spectral clustering can handle up to thousands objects on typical PCs. The
computational time and memory space of spectral clustering is the order of
|C(S)|2. This is because spectral clustering requires to solve eigenvectors of a
|C(S)| by |C(S)| affinity matrix.

4.3 Unique Spectral Clustering

We ease the problem by using the fact that C(S) contains many identical clusters,
but we can still solve the exact problem. For example, in the case of Figure 4,
C(S) contains both of

�

�

�

�

�

�

�

	
2 and

�

�

�

�

�

�

�

	
3 twice. We denote unique clusters in C(S)

by C̃(S). Let n be |C(S)| and ñ be |C̃(S)|. We show that the eigenvalue problem
in spectral clustering can be solved in O(ñ2 + n) time and memory instead of
O(n2). In our experiments, we actually observe ñ ≡ |C̃(S)| becomes just 34.0%
of n ≡ |C(S)|.

Algorithm 2 is the pseudo code of spectral clustering with the normalized cut
algorithm [8]. In step 3 of Algorithm 2, we need to solve an eigenvalue problem.
This requires O(kn2) computational time and memory space in a naive way
where k is the number of eigenvectors. But, we can reduce it to O(k(n + ñ2))
using the following theorem.
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Fig. 4. Collection of all clusters C(S) and unique clusters C̃(S)

Algorithm 2. Spectral Clustering with the Normalized Cut
1: Construct affinity matrix W , s.t. Wi,j is the similarity of object i and j, which

takes a value between 0 and 1.
2: Calculate a normalized graph Laplacian, L = I −D− 1

2 WD− 1
2 where I is the iden-

tity matrix, and D is a degree matrix which is diagonal with Dii =
�n

j=1 Wij .
3: Obtain the k smallest eigenvectors, {u1, ..., uk} of L. Let Y be a k by n matrix

where Yi,j = ui,j/(
�k

i′=1 u2
i′,j)

1
2 .

4: Find assignments by k-means on Y assuming each column of Y is a mapped data
point.

Algorithm 3. Proposed Algorithm
1: Collect samples S from a MCMC sampler.
2: Find unique clusters of C(S).
3: Construct M and L̃.
4: Apply spectral clustering as if MT LM is a normalized graph Laplacian to find

identified groups {Gc}k
c=1 where

�k
c=1 Gc = C(S).

Theorem 1. Finding the k smallest eigenvectors of normalized graph Laplacian
L requires O(k(n+ñ2)) time and memory space where n = |C(S)| and ñ = |C̃(S)|.

Proof. L is a n by n normalized graph Laplacian. L has a ñ by ñ submatrix L̃
where L = MT L̃M . M is a sparse binary matrix s.t. Mi,j = Mi,j′ = 1 if and only
if ζj = ζj′ where ζj and ζj′ ∈ C(S). Thus, Lv = MT L̃Mv holds. This calculation
requires O(n + ñ2). Typical algorithms for the eigenvector problem, e.g. the QR
algorithm, just repeats the calculation. Clearly, memory space required the above
computation is O(k(n + ñ2)) as well. ��

Directly from Theorem 1, the computational time of spectral clustering is also
reduced to O(k(n + ñ2)). We call the efficient spectral clustering unique spectral
clustering. Again remember a solution given by the unique spectral clustering is
the same as a solution given by a naive spectral clustering. In our experiments,
in Section 5, we only use spectral clustering proposed by [8], but we can reduce
computational complexity of other spectral clustering algorithms [9,10] as well.

Spectral clustering requires affinity matrix W in step 1 of Algorithm 2. Thus,
we need to define a similarity between cluster ζi and ζj . Although we can use any
similarities, we use cosine in this paper, i.e. Wi,j = cos(ζi, ζj) = ζT

i ζj/||ζi||||ζj ||.
Algorithm 3 summarizes the proposed algorithm.
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Fig. 5. A toy example of the proposed algorithm. The left figure shows input data, and
the right is identified clusters, where ellipses that have the same color are assigned to one
group. The identified groups are consistent with the five original crowds in the left plot.

5 Experiments

In this section, we show how the proposed identification works. We apply the
proposed algorithm to two data sets, where one is synthetic and the other is real.
We use the synthetic one for the evaluation of the proposed algorithm, and we
show the tractability and identified groups by using the real one.

5.1 Quality of Identification

In general, it is not trivial to evaluate clustering results because data to be
clustered does not typically have labels. It is also non-trivial to evaluate the
proposed algorithm for the same reason. In this paper, we only use an ideal
synthetic data set for which we easily evaluate the quality of identification done
by the proposed algorithm. The data set is shown in the left plot of Figure 5,
which consists of five crowds of points. Thus, the ideal grouping of clusters will
find groups consistent with the five crowds.

We first collect samples with the Gibbs sampler for a Dirichlet process
Gaussian mixture [3], then apply the identification algorithm to find groups
of clusters of the sampler. In this experiment, we know the ideal number of
groups is five. Thus, we use five as the input of the identification algorithm to
identify five groups. Ellipses in the right plot in Figure 5 are clusters sampled
by the sampler. Ellipses, i.e. clusters, that have the same color are assigned to
one group. For example, the sampler drew many clusters, shown as ellipses, for
the right-bottom crowd in the right plot in Figure 5. The algorithm grouped the
clusters into one group, which is actually an ideal grouping.

As the right plot in Figure 5 shows, the discovered groups are completely
consistent with the five crowds. From this experiment, it seems the proposed
algorithm works well on an ideal case.

5.2 Tractability of the Identification Algorithm on Real Data

In this section, we apply the identification algorithm to a real data set. First
of all, we show the proposed algorithm can handle much more samples than a
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Fig. 6. Computational time and memory space of spectral clusterings (left and mid-
dle, respectively) and the percentage of unique clusters in C(S) (right). The standard
deviations are shown on these figures although they are too small to be visible.

naive algorithm on a real data set. Next, we apply the identification algorithm to
vocabulary clustering. We estimate the probability of a vocabulary assigned to
an identified cluster, and show representatives of each cluster, which is impossible
without identification.

The data we use is search query log data. The analysis of query data has
become very important. It is clearly useful to improve search quality. Another
example is the improvement of advertisement on the web. As the market of ad-
vertisement on the web grows, advertisers need to choose word on which they put
advertisements, to maximize benefits from advertisements. In many cases, each
query consists of couple words instead of a single word, e.g. “weather Tokyo”.
Thus, analysis of pairs of words in a single query is expected to discover infor-
mative structure of words.

We collected the data on SearchSpy http://www.dogpile.com/info.dogpl/
searchspy from January 2007 to April 2007, In this period, we observed more
than million vocabularies, but we omit vocabularies which are not used more
than 1,600 times for our experiments. Finally, we use 4,058 vocabularies for
clustering.

We apply a relational clustering to the data. We construct a binary matrix, R,
where Ri,j = 1 if and only if vocabulary i and vocabulary j are used in the same
query. We use the infinite relational model (IRM)[11,12] as a relational clustering
algorithm, which utilizes the Dirichlet process. We run a Gibbs sampler for the
IRM, which is described in Appendix A.2.

Tractability. We first compare the unique spectral clustering proposed in Sec-
tion 4 with a naive spectral clustering because the tractability of spectral clus-
tering leads to the tractability of the identification algorithm. The results are
shown in Figure 6. We vary the number of samples, |S|, from 40 to 160 in the
left and middle figures, and from 150 to 600 in the right figure. For each |S|, we
run two spectral clustering algorithms 10 times. Figure 6 shows the average and
the standard deviation of 10 trials. The left and middle figures in Figure 6 show
the computational time and memory space of two spectral clustering algorithms.
When the number of samples is 160, the unique spectral clustering is 5.5 times
faster than the naive algorithm, and needs only less than 10% memory space
of the naive one. The right figure in Figure 6 depicts the percentage of unique

http://www.dogpile.com/info.dogpl/searchspy
http://www.dogpile.com/info.dogpl/searchspy
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Table 1. 10 representative vocabularies in identified clusters, G7 and G39. It seems
G7 consists of the names of places and something relating to places, and G39 includes
possible properties of G7.

G7 ca, atlanta, carolina, alabama, nc, kansas, nj, colorado, fort, pennsylvania, ...
G39 owner, lakes, lottery, avenue, zoo, landscape, camping, comfort, flights, hilton, ...

samples in C(S). When the number of samples is 600, it is 34.0%. At this point,
n (≡ |C(S)|) reaches 24,000. Thus, the naive spectral clustering needs to solve
the eigenvalue problem of a 24,000 by 24,000 matrix, which does not even fit into
4 GB memory even when the matrix is constructed in a sparse representation.
On the other hand, unique SC only need to solve approximately 8,200 by 8,200
matrix, which is still tractable, i.e. ñ ≡ |C̃(S)| = 8200. In this paper, we show
the tractability only by experiments. Unfortunately, it does not seem very easy
to show the reduction of ñ from n in theory.

Identified Clusters. We applied the proposed algorithm to 300 samples drawn
from a Gibbs sampler to identify clusters. The gross number of clusters and the
number of unique clusters in 300 samples are approximately 12,000 and 4,800,
respectively. Since the average number of clusters in the 300 samples is 40, we
identify 40 groups, i.e. 40 is the input parameter of the spectral clustering. Pro-
posed unique spectral clustering takes two minutes for this data. As an example,
we pick up G7 and G39. Their representative vocabularies are listed in Table 1.
These vocabularies have probability one to be assigned to either of G7 or G39.
The assignment probability can be estimated by the identification of a number
of samples of p(Z|X). In other words, the probability cannot be estimated only
by ZMAP.

The inference by the IRM tells that they likely to make co-occurrences, i.e.
vocabularies in G7 and G39 are used in the same search query with relatively
high probability. Actually, one can imagine situations to use these vocabularies
simultaneously as a search query.

6 Discussion

We have proposed unique spectral clustering which is efficient for samples of a
MCMC sampler. One may think we can also apply k-means, which has linear
computational time and memory space. In this case, ζi is used as a feature vector
of the i-th cluster. However, k-means does not necessarily fit to {ζi}n

i=1. This
is because ζi is represented as a binary vector, while k-means is derived from a
mixture of spherical multivariate Gaussians.

We have used cosine as a similarity measure for clusters. But, we can use other
similarities as well. For example, similarity(ζi, ζj) ≡ 1 − HammingDist(ζi, ζj)/d
is also available where d is the length of vector ζi. We leave the study of other
similarities as future work.
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7 Conclusion

For clustering problems, we have pointed out many studies use just maximum
a posteriori (MAP) assignments even when they use MCMC samplers. This is
because it is not straightforward to recognize clusters with many samples from
p(Z|X). Thus, we have proposed an identification algorithm which constructs
groups of clusters. Each group is recognized as the distribution of a cluster. We
apply spectral clustering to group clusters. Although a naive spectral clustering
algorithm is intractable due to memory space and computational time, we de-
veloped a memory-and-time efficient spectral clustering for samples of a MCMC
sampler. In experiments, we have first applied the proposed algorithm to an ideal
data set, and seen it works well. Next, we have shown the proposed algorithm is
tractable for real data, search query log, although the naive algorithm is actually
intractable. For the query log, we have also exhibited representative vocabularies
of clusters, which cannot be chosen by just MAP assignments.
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Appendix

A Infinite Relational Models

Kemp et al. [11] and Xu et al. [12] independently proposed infinite relational
models (IRMs). IRMs are a general model for clustering relational data. For
example, when we have relational data consisting of people and relation “like”,
the IRM clusters people based on relation “like”. People in one cluster share the
same probability to “like” people in another cluster. In the following section, we
describe a special case of the IRM, which we use in our experiments.

A.1 Generative Model of the IRM

The generative model of the IRM is given in (5)–(7). It samples assignment Z first
of all. Next, η is sampled from the beta distribution for 1 ≤ s ≤ t ≤ K. Finally, R
is observed from the Bernoulli distribution with parameter η. R(i, j) = 1 means
word i and word j are used in the same query, and R(i, j) = 0 means they are
not used in the same query. This process is summarized as,

Z|γ ∼ DP(Z; γ) (5)
ηs,t|β ∼ Beta(ηs,t; β, β) for 1 ≤ s ≤ t ≤ K (6)

R(i, j)|zi, zj , η ∼ Bern(R(i, j); η(s, j)) for 1 ≤ i ≤ j ≤ W. (7)

Marginalizing out η, we obtain the marginal likelihood of the IRM as,

p(R, Z) =
∏

1≤s≤t≤K

B(ms,t + β, NsNt − ms,t + β)
B(β, β)

DP (Z), (8)

where ms,t = |{(i, j)|Rij = 1, Zi,s = 1 & Zj,t = 1}| and Ns =
∑

i Zi,s.

A.2 Inference for the IRM

Our task is clustering. Thus, what we want to do by the IRM is to infer Z given
R. We use the Gibbs sampler for the inference. To utilize the Gibbs sampler, we
need a posterior distribution of Z for each word, p(Zi,u = 1|Z¬i, R) where Z¬i

is assignments except for word i. We notice p(Zi,u = 1|Z¬i, R) ∝ p(R, Z). Thus,
we can use (8) for the Gibss sampler2,

p(Zi,u = 1|Z¬i, R) ∝

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

∏
1≤s≤t≤K B(ms,t + β, NsNt − ms,t + β)(Nu − 1)

(if u is an existing cluster)∏
1≤s≤t≤K B(ms,t + β, NsNt − ms,t + β)γ

(if u is a new cluster).
(9)

2 For efficiency, it should be better to simplify p(Zi,u = 1|Z¬i, R) than (9).
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Abstract. Finding Association Rules is a classical data mining task. The most
critical part of Association Rules Mining is about finding the frequent itemsets
in the database. Since the introduction of the famouse Apriori algorithm [14],
many others have been proposed to find the frequent itemsets. Among all the al-
gorithms, the approach of mining closed itemsets has arisen a lot of interests in
data mining community, because the closed itemsets are the condensed represen-
tation of all the frequent itemsets. The algorithms taking this approach include
TITANIC [8], CLOSET+ [6], DCI-Closed [4], FCI-Stream [3], GC-Tree [15],
etc. While the above algorithms are trying to improve the performance of finding
the Intents of Formal Concepts (in anther word, the closed itemsets), they missed
another important information: the Extents of Formal Concepts. In this paper,
we propose an online algorithm, TGC-Tree, which is adapted from the GC-Tree
algorithm [15], that could be used to trace the closed itemsets(Intents) and the
corresponding transaction sets(Extents) simultaneously in an incremental way.

1 Introduction

Frequent closed itemsets is a complete and condensed representation for all the frequent
itemsets. It is an application of the FCA(Formal Concept Analysis) in data mining. The
following gives the definitions of Formal Context, Formal Concept, Closed Itemset, etc.:

A triple (G, M, I) is called a Formal Context if G and M are sets and I ⊆ G × M
is a binary relation between G and M. We call the elements of G Objects, those of M
Attributes, and I the Incidence of the context (G, M, I). For A ⊆ G, we define

f(A) = {m ∈ M | (g, m) ∈ I, ∀g ∈ A}
and dually, for B ⊆ M ,

h(B) = {g ∈ G | (g, m) ∈ I, ∀m ∈ B}
A pair (A, B) is called a Formal Concept if and only if

A ⊆ G, B ⊆ M, f(A) = B, h(B) = A

A is called the Extent and B is called the Intent of the concept (A, B).

T. Tokunaga and A. Ortega (Eds.): LKR 2008, LNAI 4938, pp. 38–50, 2008.
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In Data Mining, the elements of G is termed Transactions and those of M is termed
Items. Each A ⊆ G is called Transaction Set, each B ⊆ M is called Itemset, and the
support of an itemset B is the number of transactions that contains B.

Definition 1. An itemset X is said to be closed if and only if C(X) = f(h(X)) =
f ◦ h(X) = X where the composite function C = f ◦ h is called a Galois operator or
a closure operator.

We could see that the closed itemset is actually the Intent of a specific Formal Concept.
We consider the closed itemsets as a condensed representation of all the frequent

itemsets because the closure operator C defines a series equivalence classes in the
search space, each of which contains many frequent itemsets, however, only one of
of them, the ”biggest” one, is Closed Itemsets and it contains all the information about
the specific equivalence class. Extensive researches have been carried out in this area,
in the following they are split to four categories :

Both A-Close [12] and TITANIC [8] exploit a level-wise process to discover closed
itemsets through a breadth-first search strategy. In each iteration, they try to search
for candidates of MGs (Minimum Generators) with the help of search space pruning
technique, and then verify them. Finally the MGs are used to generate all the closed
itesmsets . Usually these algorithms are required to scan the whole dataset many times.

For CLOSET [13] and CLOSET+ [6]. With the help of high compact data structure
FP-Tree, they try to project the global extraction context to some smaller sub-contexts,
and then apply FCI mining process recursively on these sub-context. Better perfor-
mance can be achieved than the adoption of A-close and TITANIC algorithms.

CHARM [7] and DCI-Closed [4] exploit hybrid techniques which try to use the
properties of both previous mentioned techniques. Due to a data structure called IT-
Tree, CHARM simultaneously explores both the closed itemset space and transaction
space, with the depth-first search strategy, and generates one candidate each time, then
with tidset intersection and subsumption checking, it will see whether the candidate is
closed. DCI-Closed could be considered as an improvement of CHARM.

FCI Stream [3] and GC-Tree are online algorithms which performs the closure
checking over a data stream sliding window. FCI Stream uses a in memory data struc-
ture called DIU-tree to store all the Closed Itemsets discovered so far. With a specific
search space pruning technique, it tries to perform the time consuming closure checking
operation only when it’s really needed. GC-Tree maintains a tree like structure in the
memory. All closed itemset is represented as a node in the tree, and every path from
the root to a node in the tree is an order preserving sequence, the definition of ”order
preserving” could be found in DCI-Closed [4], of closed itemsets.

All the above researches are focused on the Intents of the Formal Concepts. As far
as we know, there’s no algorithms paying attention to the Extents so far. So, in this
paper, we propose an algorithm, TGC-Tree, that could trace the Intents and the Ex-
tents simultaneously and incrementally. This algorithm is potentially useful for many
applications. For example, in addition to find association rules, it could answer another
interesting question: to which users could these rules be applied? Another example is,
this algorithm could be adapted to be a two-mode clustering algorithm.
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The rest of this paper is organized as follows. Section 2 introduces the GC-Tree,
which is the basic of TGC-Tree, and describes the notations to be used throughout the
paper. Section 3 gives a simple example. Section 4 presents the proposed TGC-Tree
algorithm. The performance evaluation is depicted in Section 5. Finally, section 6 gives
the conclusion of this paper.

2 GC-Tree

GC-Tree is a tree like structure maintaining all the closed itemsets in the current slid-
ing window as nodes. The idea of GC-Tree is based on the following theorem which is
introduced by Claudio Lucchese et al [4]:

Theorem 1. For each closed itemset Y �= C(∅), there exists one and only one sequence
of n(n ≥ 1) items i0 ≺ i1 ≺ . . . ≺ in−1 such that {gen0, gen1, . . . , genn−1} =
{Y0 ∪ i0, Y1 ∪ i1, . . . , Yn−1 ∪ in−1} where the various geni are order preserving gen-
erators, with Y0 = C(∅), Yj+1 = C(Yj ∪ ij)∀j ∈ [0, n − 1] and Y = Yn.

When we say a generator is order preserving, we mean:

Definition 2. A generator X = Y ∪ i, where Y is a closed itemset and i /∈ Y , is said
to be order preserving one iff i ≺ (C(X) − X).
All through this paper, we’ll use the concept ”preset” and ”posset” everywhere. The
following is the definition:

Definition 3. Let gen = Y ∪ i be a generator of a closed itemset where Y is a closed
itemset and i /∈ Y . preset(gen) is defined as {j ≺ i|j /∈ gen}. posset(gen) is defined as
{j ∈ I|j /∈ preset(gen) and j /∈ C(gen)}.

And the following rule is a shortcut used to check whether a generator is order preserv-
ing:

Lemma 1. Let gen = Y ∪ i be a generator of a closed itemset where Y is a closed
itemset and i /∈ Y . gen is not order preserving iff ∃j ∈ preset(gen), such that
h(gen) ⊆ h(j).

GC-Tree works under the data stream sliding window environment. This algorithm uses
an in memory data structure called GC-Tree (Generator and frequent Closed itemsets
Tree) to store all the frequent closed itemsets in the current sliding window. Each el-
ement in The GC-Tree has the following format: < gen, eitem, clo >1. Where gen
is the closure generator, eitem is the extension item with which gen used to extend
another closed itemset2, clo is the corresponding closed itemset3.

GC-Tree is lexicographically ordered, for each closed itemset, there exists a path
in GC-Tree from the root to the specific node which represents the closed itemset.
All the elements in this path compose the order preserving generator sequence
{gen0, gen1, . . . , genn−1} mentioned in Theorem 1.

1 For the concision of representation, we omit the links between the parents and children, and
the support of the closed itemsets.

2 eitem is the item i in Definition 2.
3 The GC-Tree Node may be written in the compact way in the rest of this paper: < gen, clo >.
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GC-Tree also introduces a series of Stopping Rules, Node Generation Rules and
Node Pruning Rules to avoid redundant computations, so that the tree could be main-
tained efficiently.

3 A Simple Example

In this section, we demonstrate a simple example, which based on a synthetic movie
database that displayed in Table 1.

Table 1. Movie Database

Customer Id Die Hard 007 Indiana Johns Matrix Star War A.I. E.T.
1 1 1 1 1 1
2 1 1 1 1 1
3 1 1 1 1 1
4 1 1 1 1
5 1 1 1 1
6 1 1 1 1
7 1 1 1 1 1 1 1
8 1 1 1 1 1 1 1
9 1 1 1 1 1 1 1

10 1 1
11 1 1
12 1 1

In this synthetic database, there’re two types of movies: sci-fi and action. ”Die Hard”,
”007” and ”Indiana Johns” are assumed to be purely action movies, ”A.I.” and ”E.T.”
are purely sci-fi movies, ”Matrix” and ”Star War” are action and sci-fi movies.

If we give id ”1,2,3,4,5,6,7” to the movies ”Die Hard, 007, Indiana Johns, Matrix,
Star War, A.I., E.T.” respectively. Then, by the definition of Formal Concept, there’re 4
formal concepts in this movie database(See Table 2).

Table 2. Formal Concepts

Formal Concept Comment Extent Intent
action movie 1, 2, 3, 7, 8, 9 1, 2, 3, 4, 5
sci-fi movie 4, 5, 6, 7, 8, 9 4, 5, 6, 7

action and sci-fi movie 7, 8, 9 1, 2, 3, 4, 5, 6, 7
action or sci-fi movie 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12 4, 5

The Extents are customer id sets, and the Intents are movie id sets. Now, Let’s take a
look at the result of GC-Tree algorithm running on the synthetic movie database:

The first part of each node is the generator, and the second part is the closed itemset.
Through Table 2 and Figure1, it’s reasonable to make the assumption that each closed
itemset is actually the intent of a formal concept. The dual assumption is each closed
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Fig. 1. GC-Tree

transaction set is the extent of a formal concept. In the following section of this paper,
we will prove the assumptions, and give an algorithm to maintain both the intent and
extent of the formal concept simultaneously.

4 The Tgc-Tree Algorithm

4.1 Algorithm Overview

In this section, we will first give the definition of the closed transaction sets, then prove
that there exists a one-to-one mapping from the closed itemsets to the closed transaction
sets.

Definition 4. An transaction set A is said to be closed if and only if h(f(A)) =
h ◦ f(A) = A .

Theorem 2. There’s a one to one mapping from Closed ItemSets to Closed Transaction
Sets.

Proof:
First, we proof there’s a one to one map from closed itemsets to formal concepts:

For each closed itemset B, it satisfies f(h(B)) = f ◦h(B) = B. Let A = h(B),
we have: h(B) = A and f(A) = B, that is, (h(B), B) is a formal concept.

For each Formal Concept (A,B), we have, f(A) = B and h(B) = A, that is
f(A) = f(h(B)) = B, so the intent of the formal concept is the closed itemset.

This finishes the proof that there’s a one to one map from closed itemsets to formal
concepts.

Similarly, there’s a one-to-one map from closed transaction set to formal concepts.
Finally, there’s a one-to-one map from the closed itemsets to the closed transaction

sets, the mapping function is actually the formal concepts (A,B), if we treat them as
binary relations. The closed itemsets are the intents of the formal concepts while the
closed transaction sets are the extents of them.
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From the discussion above, we could find that there’s a dual tree of GC-Tree, which
is composed of closed transaction sets. For the example given in Section 3, the dual
tree and the relation between the dual tree and the origin tree could be demonstrated in
Figure 2.

Fig. 2. TGC-Tree

The tree with blue nodes is the GC-Tree of closed itemsets and the one with red nodes
is the GC-Tree of closed transaction sets. The red dashed lines connect the Intents and
the Extents of the specific formal concepts.

Definition 5. TGC-Tree is composed of three components: First, the GC-Tree of closed
itemsets, which we called I-Tree. Second, the GC-Tree of closed transaction sets, which
we called T-Tree. Third, a bidirectional mapping function(the formal concepts) con-
nects nodes in both tree.

The construction and maintenance of I-Tree is described in detail in [15]. In the follow-
ing sections, we give the rules how to construct and maintain the T-Tree efficiently.

4.2 Add a Transaction to the Database

When a new transaction is added into the database, both I-Tree and T-Tree need to be
updated. The rules about how to update I-Tree is introduced in [15]. In this paper, we
focus on how to update the T-Tree.

When a new transaction is added, there’re two kinds of changes will happen in T-
Tree: One is adding new nodes into the tree which represent the new closed transaction
sets; the Other is updating the existing nodes in the tree.
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4.2.1 Add New Nodes
Following we give the rule of how to add a closed transaction set4 to T-Tree.

Lemma 2. Let P be a node in GC-Tree, C be an child node of P, then, C.clo - P.pos =
P.clo

Proof:

C.clo = C.gen ∪ E

Here, C.gen = Pos.clo ∪ i, and i is the extension item that belongs to P.pos, E =
{j ∈ P.pos|h(j) ⊇ h(C.gen)}. So we have

i ∈ P.pos

E ⊂ P.pos

Thus

C.clo − P.pos = (Pos.clo ∪ i ∪ E) − Pos.pos = Pos.clo − Pos.pos = Pos.clo

Lemma 3. Let P be a node in GC-Tree, C be an offspring node of P, then, C.clo - P.pos
= P.clo

Proof: We use mathematical induction to prove this lemma. The ancestor of a node with
n midway nodes is called n-depth ancestor.

The basic step:
If P is 0-depth ancestor of C, i.e. P is the parent of C. For this situation, we have

proved it in Lemma 2.
The inductive step:
Let M be the m-depth ancestor of C, and the statement of Lemma 3 holds for M .

Let P be the (m+1)-depth ancestor of C, i.e. P is the parent of M . Then, we have:

M.clo = C.clo − M.pos

P.clo = M.clo − P.pos

M.pos ⊂ P.pos

Thus
P.clo = (C.clo − M.pos) − P.pos = C.clo − P.pos

Proof Done.

Lemma 4. Let clo set be a closed set in the database, for any given node N in GC-Tree,
there’s at most one child of N, denoted C, satisfies C.clo = clo set - C.pos

Proof:
If there exist two children of N , denoted C1 and C2, let’s say, C1 is a left sibling of
C2, that satisfy the statement of Lemma 4, then we have:

4 Actually, this rule is applicable for I-Tree as well.
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C1.clo = clo set − C1.pos

C2.clo = clo set − C2.pos

Since C1.eitem ∈ C1.clo, thus

C1.eitem ∈ clo set

From the definition of posset, we have C1.eitem /∈ C2.pos, thus

C1.eitem ∈ C2.clo

Because C1 is the left sibling of C2, so that C1.eitem ∈ C2.pre, thus, C2.gen =
N.clo ∪ C2.eitem is not order preserving according to Lemma 1. But C2 is a node in
GC-Tree, so that C2.gen must be order preserving, this is a contradiction.

This finishes the proof.

According to Lemma 2,3 and 4, we have the following conclusion: Given a node C,
if and only if a node N is an ancestor of C, that it satisfies the condition N.clo =
C.clo − N.pos. This observation leads to the following rule.

Rule 1. Let clo set be a new closed set, tree be the GC-Tree contains all the closed sets
found so far. In order to add a new node into the tree for the clo set, we identify all the
ancestors of clo set by the following rule

N.clo = clo set − N.pos

The test begins from the root of the tree, if the root passes, then test all its children,
and so on. The last N passes the test is the parent of the new node, denoted P , and the
attributes of the new node are

NN.gen = P.clo ∪ eitem(eitem = min{clo set − P.clo})

NN.clo = clo set

NN.pre = {i ∈ M |i ≺ NN.eitem, i /∈ clo set}

NN.pos = {i ∈ M |i /∈ NN.pre, i /∈ NN.clo}

4.2.2 Update Existing Nodes
Following we give the rule of how to update existing nodes in the T-Tree.

When a new transaction is added, if the transaction contains a specific Intent of a
formal concept which is represented as a node in I-Tree, the corresponding node in the
T-Tree represents the Extent should be expanded with the id of the new transaction.

Lemma 5. Let N be the node that is expanded with transaction id tid, then, if tid ≺
N.eitem, N.gen remains order preserving.
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Proof:
The proof is obvious, since tid /∈ N.pre

Lemma 5 leads to the following rule:

Rule 2. When a new transaction is added to the database, the updating of the nodes in
T-Tree begins from the root of the tree. If the new transaction contains the corresponding
Intent of a given node N , then expand N.clo with the id of the new transaction tid. If
tid ≺ N.eitem, then keep on looking its children, else, relocate N to the tree according
to Rule 1.

According to Lemma 6, If Y � t, and t ∈ T1 Y will remain closed/un-closed in T2
as in T1. So, we simply omit this situation, too.

4.2.3 Pseudo Code
The pseudo code is composed of three parts, the first part in Table 3 is the code used to
updating the existing nodes in the T-Tree, the second part in Table 4 is used to add new
closed transaction sets to the tree, the third part in Table 5 is a utility function used by
both part one and part two.

Table 3. T-Tree−Updating

1: procedure update(t, curr)
2: if(t ⊇ curr.intent.clo)
3: curr.clo = curr.clo ∪ t.id;
4: if(t.id ≺ curr.eitem)
5: remove the subtree curr from T − Tree;
6: expand all the nodes in the subtree with tid;
7: relocateSubtree(curr);
8: return;
9: else
10: curr.pos = curr.pos − t.id;
11: for all (child of curr node)
12: update(t,child);

The code in table 3 is a recursive function which is initially invoked as update(t,root),
t is the added transaction and root is the root of T-Tree. The recursive invocation of this
method is actually a pre-order iteration through the tree. When the iteration meet a node
curr that satisfies t ⊇ curr.intent.clo, curr.intent is the corresponding node in the
I-Tree which denotes the Intent of the specific Formal Concept, that means the Extent
of the Formal Concept should include the new transaction. So, we call curr.clo =
curr.clo ∪ t.id in line 3. After tid is added to the curr.clo, if tid ≺ curr.eitem, then,
curr.gen is no longer order preserving, so, we remove the subtree represented by curr,
add tid to every node of it, then try to relocate the subtree in the proper position in
T-Tree. Else, curr.gen is still order preserving, so curr remains where it is.

The code in Table 4 is used to add a new node in the T-Tree. The ’clo set’ is the
extent of the corresponding new node added to the I-Tree, e.g. whenever a new node
added to I-Tree 5, TGC-Tree calculates the union of the extents of all the nodes in I-Tree

5 [15] describes when and how to add new node to I − Tree.
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Table 4. T-Tree−Add New Node

1: procedure add(clo set)
2: create empty node N
3: N.clo ←− clo set;
4: relocateSubtree(N );

which satisfies node.clo ⊃ newNode.clo and the id of the new transaction, the result
is ’clo set’. Then the procedure add(clo set) is invoked to add the new extent to T-Tree.

Table 5. T-Tree−Relocation

1: procedure relocateSubtree(subRoot)
2: N ←− root;
3: while(∃child of N, child.clo = subRoot.clo − child.clo)
4: N ←− child;
5: insert subRoot as a child of N ;
6: subRoot.eitem ←− min{subRoot.clo − N.clo};
7: for all child of subRoot
8: if(child.eitem /∈ subRoot.pos)
9: remove child from tree
10: relocateSubtree(child)
11: for all child of N
12: if(subRoot.clo = child.clo − subRoot.pos)
13: remove child from tree
14: relocateSubtree(child)

The code in Table 5 is used to relocate an updated node and all its offsprings in T-
Tree. First, it finds the parent of the given node(line 2-4), insert it as a child(line 5).
Second, it checks all the children of the given node, if any of them is not order preserv-
ing, relocate it(line 7-10). Third, it checks all the children of the parent node, if any of
them could be a child of the given node, relocate it(line 11-14).

4.3 Delete a Transaction from the Database

Deleting a transaction from the database is a dual problem of Adding a transaction. We
give the rules below, the proofs are similar with the ones for adding a transaction.

4.3.1 Delete Nodes
Rule 3. Whenever a node is deleted in I-Tree, the corresponding node in T-Tree is
deleted, all the children of the deleted node need relocation.

4.3.2 Update Existing Nodes
Rule 4. When an old transaction is deleted from the database, the updating of the nodes
in T-Tree begins from the root of the tree. If the current node N contains the id of the
deleted transaction tid, then delete tid from N.clo. If tid = N.eitem, then relocate
N to the tree according to Rule 1.
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4.4 The Computational Complexity

Let N be the number of nodes need to be added/deleted, M be the number of nodes to
be relocated, H be the height of the tree, S be the average number of children of each
node. The computational complexity is O((N + M)HS), it’s a pretty small number
compared to the number of all the closed sets which is O(SH).

5 Performance Evaluation

We compared our algorithm with GC-Tree[15] and CFI-Stream[3], the result shows that
with a small extra effort, GC-Tree could be adapted to be TGC-Tree, which maintains
both the Intent and Extent of Formal Concepts. A series of synthetic datasets are used.
Each dataset is generated by the same method as described in [14], an example synthetic
dataset is T10.I6.D100K, where the three numbers denote the average transaction size
(T), the average maximal potential frequent itemset size (I) and the total number of
transactions (D), respectively.

There are 7 datasets used in our experiments: T4.I3.D100K, T5.I4.D100K, T6.I4.
D100K, T7.I4.D100K, T8.I6.D100K, T9.I6.D100K, T10.I6.D100K. The main differ-
ence between them are the average transaction size(T). Figure 3 shows the average
processing time for GC-Tree and TGC-Tree over the 100 sliding windows under diff-
erent average transaction size.

From Figure 3, we could conclude that with the increment of the average transaction
size, the running time for TGC-Tree is increased linearly. Meanwhile, TGC-Tree is a
little bit slower than GC-Tree, but much faster than FCI-Stream.

The lines represent GC-Tree and TGC-Tree in Figure 3 is too close to be distin-
guished from each other, so we represent the result in another view(Figure 4), in which
y axis is a logarithmic scale.

Figure 5 shows the memory usage of TGC-Tree, GC-Tree and CFI-Stream accord-
ing to the transaction size. TGC-Tree requires a little less memory than GC-Tree. It’s
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because GC-Tree caches all the transactions in the sliding window in memory, while
TGC-Tree need not, since TGC-Tree keeps all the information about the transactions
in the sliding window by I-Tree and T-Tree. Another interesting thing is CFI-Stream
requires almost one third less memory than GC-Tree and TGC-Tree. It’s because GC-
Tree and TGC-Tree store all of the generators, the closed itemsets, the presets and the
possets in the GC-Nodes, while CFI-Stream only cares about the closed itemsets.

From the above discussion, we could conclude that TGC-Tree could maintain both the
Intent and Extent of Formal Concepts, meanwhile has similar performance as GC-Tree.

6 Conclusions and Future Work

In this paper we proposed a novel algorithm, TGC-Tree, to discover and maintain both
Intents and Extents of all the Formal Concepts in the current data stream sliding win-
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dow. The algorithm checks and maintains two closed set trees online in an incremental
way. All closed frequent itemsets in data streams and the corresponding transactions
which contains them can be output in real time based on users specified thresholds. Our
performance studies show that with slightly more effort, TGC-Tree could be adapted
from the GC-Tree algorithm.

In the future, the algorithm could be improved by only storing closed itemsets with
a user specified lower bound of frequent thresholds. In this way, the number of nodes
stored in T-Tree and I-Tree could be reduced dramatically, and this is beneficial for both
time and space efficiency. Another interesting thing is, by applying the association rules
find as soon as possible, many nodes in both tree could be consolidated to form a bigger
but not strict Formal Concept in the sliding window. In this way, the trees could shrink
quickly, so does the required cpu time and memory usage.
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Abstract. Systematic thought has primarily been investigated using literature-
based approaches. However, as systematic ideas and thought influence all areas 
of human activity and thinking, the application of NLP (Natural Language 
Processing) techniques and other information technologies may provide a more 
objective understanding of systematic thought. This paper focuses on 
documents of Christian teaching, and developed methods to extract 
characteristics of thoughts scientifically. These methods were implemented in 
the Classic Text Analysis System. This system has object-oriented design and 
will be applicable for other systematic thoughts written on some corpus.  

Keywords: Religion, Semantic Analysis, Text Corpus, Digital Archive. 

1   Introduction 

1.1   Background 

As an aspect of higher cognitive functions, systematic thought has primarily been 
investigated using literature-based approaches, with texts that are usually more 
abstract and subjective in nature than scientific papers. However, as systematic ideas 
and thought influence all areas of human activity and thinking, the application of NLP 
(Natural Language Processing) techniques and other information technologies may 
provide a more objective understanding of systematic thought.  By utilizing these new 
scientific methods, we can (a) ensure the objectivity and replication of results, (b) 
handle large-scale data in a uniform manner. 

We believe that it is possible to analyze the abstract thoughts and value systems 
embodied within a text corpus with such methods. In this paper, we construct and 
analyze a Christian text corpus. Traditional religions have exerted great influences on 
humanity throughout history. Most religions have at their core some canonical texts, 
with the hermeneutics, or interpretations, of the canon is also usually in text format. 
Thus, it is possible to represent key conceptualizations with the canonical texts 
through their objective analysis. 

1.2   Goal of the Analysis 

The goal of this paper is to develop a scientific analysis method for systematic 
thought. This paper utilized text that conveys systematic thoughts as data for analysis, 



52 H. Murai and A. Tokosumi 

and extracted main characteristics of thoughts numerically. Considering the process of 
constructing systematic thought, at first tradition was made from original thought, 
then A) traditions were edited and written on a paper, B) some written traditions were 
canonized, C) theologians interpret canon (Fig. 1). In this process, phase B) canoni- 
zation and C) interpretation could be analyzed from objective text. B) canonization is 
examined in Section 2, and C) interpretation is in Section 3.  Section 4 argues about 
the design and implementation of Classic Text Analysis System.  The Classic Text 
Analysis System will be generally applicable to semantic analysis of classic text 
corpus. 

 

Fig. 1. Transition of Thought. 

1.3   Data for the Analysis 

It is necessary to make a text corpus for analyzing religious texts.  The target of this 
paper is Christian teaching, so the corpus included Canon (the Bible), Catechism, 
Canon Law and Documents of the Second Vatican Council.  These texts are arranged 
to XML form and added Dublin core [1].  In addition to those electrical texts, the 
Bible citation database of magnificent theologians was constructed. 

2   Synoptic Analysis of Religious Texts 

2.1   Background 

There are undoubtedly many cases where a group of people have sought to spread 
their message and therefore developed a literature of “canonical documents,” but 
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where issues concerning the interpretations of the texts and the relationships between 
various individual documents have become problematic.  This kind of situation exists 
not only within Christianity but within other religions and schools of political 
thinking.  Such interpretative issues would seem to have direct influences on many 
matters in the modern world. 

The central aim of this study is to develop a scientific information-technological 
method to analyze semantic differences that arise between multiple overlapping 
“canonical texts”.  We believe that this method can be applied not just to the Bible but 
also to the interpretation of the systematic thinking embodied within collections of 
“canonical texts” in other spheres. 

Specifically, the goal of this study is to develop a method that can analyze the way 
how the central messages emerge through the existence of multiple overlapping 
“canonical texts”. And, to apply this method to the four traditional Gospels included in 
the Bible and to compare with the Catechism of the Catholic Church and to discuss the 
results obtained.  Through these aims, this study illustrates numerically which messages 
Christianity has sought to convey with the selection of the four traditional Gospels. 

2.2   Making Network 

The internal structures of the Gospels are divided into segments that are called 
pericopes. Pericope is an ancient Greek words meaning cut-out Each pericope corres- 
ponds to a small segment of a Biblical story that was transmitted orally. 

In the Gospels, pericope units are numbered such as No. 235. However, a particular 
pericope in one Gospel may correspond to multiple pericopes in another Gospel. 

This one-to-many relationship is due to the editing process, as each Gospel writer 
combined pericopes that he believed to be related.  Thus, if one author saw a 
connection between one pericope to several others, that particular pericope unit would 
be repeated in a number of sections within the Gospel.  Accordingly, there are many 
pericopes in the four Gospels that have the same verses, because they were taken and 
edited from the same source pericope. 

As Fig.2 shows, pericopes containing verses in common with pericope No. 235 are 
Nos. 103, 290, 291, 296 and 302.  This suggests that the writer of Matthew perceived 
some relationships between pericopes 235, 103, 290, 291 and 296.  Similarly, the 
 

 

Fig. 2. Pericope Relation 
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writer of Mark imagined relationships to 290, 291, while the writer of John make a 
link between pericopes 235 and 302. 

These pericopes relation could be converted to network, regarding pericopes as 
nodes and the relationships between pericopes as edges. This study uses the “Synopsis 
of the Four Gospels” as the data source of periscope relationships. This book based on 
Nestle Aland’s “Greek New Testament” (version 26), [2] as this is believed to be the 
basis for various charts of pericopes relations that have been used as data source in 
defining pericopes and their relationships. 

2.3   Clustering 

In order to identify the internal structure, the maximum connected subgraph was 
clustered and the core element was extracted. 4 cores are extracted by combining 
node sharing cliques [3] (Fig. 3).  

 

Fig. 3. Clustered Maximum Connected Partial Graph 

The messages of 4 cores are related to  

・ A: Preparation for the Day of Judgment because we do not know when it will 
come 

・ B: Foretells of the persecution and recommends the path of discarding everything 
・ C: Teachings to the community of disciples 
・ D: Whether miracles of Jesus were due to demons or not 

Those teachings are thought to be the focus points of old church fathers that 
canonized New Testament. 
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3   Co-citation Analysis of Religious Texts 

3.1   Backgrounds 

There are many differences in some specific religious group.  As result of these differences, 
the interpretations of the Canon become different. If it is possible to extract these 
differences scientifically, the transition or mutual influence could be analyzed numerically. 

Specifically, the goals of this study are to automatically extract the main elements of a 
number of key conceptualizations from a large-scale religious text corpus and analyze the 
cluster construction of them using an objective and replicable methodology. This, in turn, 
will provide an objective basis for the examination of systematic thought [4]. 

3.2   Making Network and Extracting Clusters 

Here we focus on the writings of St. Augustine and St. Thomas Aquinas, two 
influential Church Fathers, as well as those of Jean Calvin, Karl Barth and Pope John 
Paul II to extract essential teachings of the Christian dogma through historical 
transition and to identify individual characteristics of hermeneutics. Based on the 
patterns of the Bible citations within their writings, we created networks for 
frequently cited sections of the Bible, and extracted the main elements and clusters of 
these, in order to compare a number of key conceptualizations. Cluster is extracted by 
 

Table 1. Citations and Co-citations 

Author Titles Citation Co-citation Average Citation per verse 

Augustine  43 22674 215824 6.94 

Thomas Aquinas  32 36015 800457 15.05 

Jean Calvin  47 70324 2005864 13.51 

Karl Barth  113 53288 2661090 23.67 

John Paul II  1939 32166 643708 9.34 

Table 2. Extracted Clusters 
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the threshold value of co-citation frequency. Table 1 depicts total citations and co-
citations in each authors’ writings. 

The result clustered network of Augustine is shown in Fig.4. The nodes’ alphabets 
and numbers are symbols that correspond to the Bible section. Dense parts are 
clusters.  The differences of extracted clusters about authors are shown in Table2. 

 

Fig. 4. Clustered Co-citation Network (Augustine) 

These analyses were able to identify that the core element of Christian thought  is 
Incarnation (Jn 1:14, Ph 2:6, Ph 2:7, Ph 2:8, Ga 4:4). as well as distinctions between 
the individual theologians in terms of their sect (Catholic or Protestant) and era 
(thinking about the necessity of spreading the Gospel). 

4   Constructing Classic Text Analysis System 

In section 2 and 3, this paper focuses on Christian teaching only, but there many other 
influential thoughts.  If some general numerical text analysis system could be 
constructed, these analysis methods can be applicable to other text corpora.  Moreover 
if users can add new analysis functions easily, the system become more general and 
useful．  

To consider about applicable system design of general semantic analysis system, at 
first general text analysis methods and utilized information are arranged. 

In semantic analysis, three type of information are utilized， intra textual information, 
inter textual information and linguistic information. Fig. 5 shows the relationships about 
those information and semantic analysis methods [5] [6]. 

In order to utilize all of these methods, object-oriented design is implemented to 
digital archive system.  The types of objects are element, pair, list and network.  In 
some analysis, objects are converted to some type of those objects and result objects 
also are applicable to other analysis method.  The implemented methods and objects 
are illustrated in Fig. 6.   

This design was implemented as a JAVA based server-client application[7]. 
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Fig. 5. Semantic Analysis Methods and Necessary Information 

 

Fig. 6. Semantic Analysis Methods and Necessary Information 

5   Conclusion and Future Works 

5.1   Extracting Religious Thought Numerically 

Teachings of old church fathers were extracted from the relationships of overlapping 
text contents in the Gospels.  And core elements of the Bible interpretations of 
theologians were extracted and compared.  Those operations are scientific and 
objective methods, and will be applicable to other type of thoughts such as Buddhism, 
Islamic and some type of political ideologies. 
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5.2   Classic Text Analysis System 

Objects that are suitable for semantic analysis were identified.  Those objects are 
implemented in the Classic Text Analysis System.  Users can implement additional 
modules easily by utilizing object-oriented design of the Classic Text Analysis 
System.  This system could be useful for semantic analysis of complicated systematic 
value system, which was written in the form of large text corpus. 

5.3   Future Work 

The textual units of these analyses were the Biblical verse and pericope.  To analyze 
minute semantic characteristics, it is necessary to focus on more small level of text 
unit. 

The Classic Text Analysis System has a few analysis modules now. Other modules 
should be added and distributed as a open source software in the future. 
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Abstract. We extend an automatically generated bilingual Japanese-
Swedish dictionary with new translations, automatically discovered from
the multi-lingual online encyclopedia Wikipedia. Over 50,000 transla-
tions, most of which are not present in the original dictionary, are gen-
erated, with very high translation quality. We analyze what types of
translations can be generated by this simple method. The majority of the
words are proper nouns, and other types of (usually) uninteresting trans-
lations are also generated. Not counting the less interesting words, about
15,000 new translations are still found. Checking against logs of search
queries from the old dictionary shows that the new translations would
significantly reduce the number of searches with no matching translation.

1 Introduction

In the increasingly interconnected world, communication with people from dif-
ferent places all over the world is becoming more and more important. Since
there are many languages being used in different parts of the world, tools that
aid in communication between speakers of different languages, or in reading ma-
terial produced in a language not one’s own etc. can be very helpful. This is
of course not a new problem, people have been dealing with the fact that it is
often useful to communicate with people using other languages for a very long
time, though the need is more prevalent in the modern globalized world. Many
different tools have been developed, such as machine translation systems to au-
tomatically translate from one language to another, or computer programs that
aid professional translators in their work.

One basic tool that has been used a lot is the bilingual dictionary. In its most
basic form, a list of words in one language and their corresponding translations
in another language. Such dictionaries can be useful in many situations, for
instance as a reference for when not finding the appropriate word in conversation,
as a support when reading in a foreign language, as one tool among many in a
computer system for translation etc.

There are many ways to create bilingual lexicons. Traditionally they have
been created by hand. A linguist assembles a set of words and their translations.
This usually gives very high quality dictionaries, with high translation quality

c© Springer-Verlag Berlin Heidelberg 2008
T. Tokunaga and A. Ortega (Eds.): LKR  2008, LNAI 4938, pp. 59–66, 2008.
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and containing the most important or useful words. It is however also very time
consuming, and thus expensive.

Since bilingual dictionaries are so useful and manual creation is expensive, dif-
ferent ways to create them by automatic means have been devised. While auto-
matic methods normally have drawbacks such as including erroneous translations
or missing many important words, they are still useful because of their huge time
saving potential. Automatic methods can also be used to generate a first rough
draft of a dictionary, that is later cleaned up and extended by manual work.

One useful resource for creating bilingual dictionaries is large bilingual cor-
pora, i.e. collections of text with the same text written in two languages. Depend-
ing on how detailed the information in the bilingual corpus is different methods
to extract bilingual dictionaries can be used. The granularity could be which
document corresponds to which document in the other language, or which sen-
tence or even word. For good results, the bilingual corpus needs to be fairly large.
Most large available parallel corpora are government texts, which gives a some-
what slanted dictionary. With a lack of appropriate parallel corpora, methods
have also been developed that use “comparable corpora”, i.e. texts that cover
similar topics in different languages (such as international newspaper articles
from roughly the same time in different countries), or even monolingual corpora
for each language. An example where methods to create bilingual dictionaries
from parallel corpora is compared to similar methods using only monolingual or
comparable corpora can be found in [1].

Bilingual dictionaries have also been created by using other bilingual dictio-
naries. Given for instance a Swedish-English dictionary and a Japanese-English
dictionary, a Japanese-Swedish dictionary can be generated by using the English
translations as a pivot. Words with similar English translations have a high prob-
ability of having the same meaning. Ambiguous English words naturally cause
problems, as does the fact that different English words can be used to describe es-
sentially the same thing. Using English as a pivot language is common, since there
are large dictionaries available between English and many other languages. If dic-
tionaries are available with other possible pivot languages too, this can be used
to achieve a higher quality result. The same ambiguity occurring in all pivot lan-
guages is unlikely, if the languages are not too closely related. For languages where
large semantic lexicons, i.e. where the different meanings of the words and their
relations to the meanings of other words are available, similar approaches can be
used. For instance by mapping meanings from one such resource to meanings in
another, or mapping translation candidates to semantic meaning representations
to find words that mean the same in two different languages.

In this paper we extend a Japanese-Swedish dictionary created by using Eng-
lish as an interlingua and connecting two different bilingual dictionaries [2]. We
extend it by using the online encyclopedia Wikipedia1. Wikipedia consists of
articles written by volunteers, and many articles are available in many different
languages. While not a parallel corpus it can at least give you comparable cor-
pora in many languages. In our case we only use a very small set of Wikipedia

1 http://www.wikipedia.org
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that is easy to process when searching for translations. When an article on the
same topic is available in another language this is indicated by a link in the
source article. We automatically extract the article titles of articles available
both in Japanese and Swedish. The title words used in the two languages can
be assumed to be a good translation pair.

While this is a simple and useful method of extending the dictionary, the
method is fairly trivial and not a very interesting research contribution. Indeed,
for instance in [3] a bilingual dictionary is created in the same way, though
the focus of the paper is on how to extract whole sentences that are similar in
content but written in different languages (Dutch and English). Recently this
method of finding translations has also been used in extending bilingual lexicons
for information retrieval in multiple languages [4,5,6]. It has also been used in
analyzing what people are currently interested in or concerned about, across
different languages [7].

The main contribution of this paper is the evaluation of the generated trans-
lations. We examine what words are available to translation in this way, to see
if the results are useful in our intended application.

2 Finding New Translations in Wikipedia

When extending the previously generated Japanese-Swedish dictionary we use
Wikipedia, a multi-lingual freely available online encyclopedia. Wikipedia is a
community project, created by volunteers from all over the world writing articles,
editing other peoples writings or correcting mistakes etc. At the time of writing,
there were about 2 million articles available in English (the largest language),
and for Japanese and Swedish used in our experiments there were 403,000 and
245,000 articles respectively.

The new translation pairs for the dictionary were generated by checking each
Swedish article in Wikipedia. If there was a link indicating that the same article
was also available in Japanese, both these articles were fetched. The title was
then extracted and the title words or expressions were considered as a new trans-
lation pair. We also did the same procedure using the Japanese articles, checking
for links to Swedish translations. This gave essentially the same translation pairs,
barring a few spelling variations.

This method is very simple, and more sophisticated methods that could find
more translation pairs can be devised. Previously mentioned methods using com-
parable corpora are for instance applicable using the articles that are found to
correspond to one another in the two languages. The method is of course also
possible to use for other language pairs than Japanese and Swedish.

3 Evaluation

Using the method in the previous section, a list of 53,503 new translation pairs
was generated. We evaluated the translations by manually going through a ran-
domly selected subset of 3,000 of the translation pairs.
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The first thing to be examined was the translation quality. The words were
checked to see if the Japanese and Swedish expressions actually had the same
meaning. This was grouped into three categories, good translations, erroneous
translations and difference in scope. The last category was used for words where
either the Japanese or Swedish expression had a much wider meaning than the
suggested translation, but the suggested translation was a correct translation in
some instances. All evaluators checking the translations were native speakers of
Swedish and fairly fluent in Japanese.

The selected translation pairs were presented one pair at a time to an eval-
uator. The Wikipedia pages for the two translation candidates were also made
available to use to determine if words the evaluator did not already know were
good translations of each other. The evaluator then noted down the transla-
tion quality of the suggestion and some other information described below. The
results are shown in Table 1.

Table 1. Translation quality of a sample of the generated translation pairs

Good Scope Wrong

99% 1% 0.2%

As can be seen, the translation quality is very high. There were very few words
that were not correctly translated. One example was the Swedish word “hage”,
which means roughly an enclosed pasture. The suggested Japanese translation
was “Meadow” (i.e. written in English). This was caused by a link from the
Swedish Wikipedia page that led to a Japanese page describing a software tool
called Meadow, though it also explained that the word can also mean meadow
in the sense of a field for cattle etc.

There are quite a few words that have a translation which sometimes overlap
but has a wider meaning. Almost all such words are abbreviations.

Next, we examined what types of words are available for translation in this
way, using the same randomly selected 3,000 translation pairs. Since they are
taken from the title words of encyclopedia entries, one can expect mainly nouns
and proper nouns. We also separated out dates and numbers, since there were
many translations of the kind“1912”(Swedish)–“1912 ”(Japanese), both mean-
ing the year 1912. Such translations are generally uninteresting to include in a
dictionary. The results are shown in Table 2.

As expected, most words are nouns or proper nouns. While there are many
useless translations in the form of dates, they do not make up a very large part
of the total set of words. Words that were neither nouns, dates, nor proper nouns
were mostly short phrases or multi-word expressions. Examples include “Do not
threaten to sue” (from a page of rules for behavior on Wikipedia) and “two of
a kind”. Since the majority of the words were proper names, we also examined
what types of proper names occurred, see Table 3.

While translations of names are generally not what dictionaries are used for,
there are applications where they are useful. While names of places, international
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Table 2. Distribution (%) between word types

Noun Verb Proper Noun Date/Number Other

33 0.03 62 4 1

Table 3. Distribution (%) among proper names

Person Place Group Title Product Event Other

41 22 13 11 6 5 3

organizations and famous events are often similar in Japanese and Swedish,
there are also many examples of such words were the words are wildly differ-
ent in the two languages. One example from the generated translations is the
“United Nations”, “Förenta nationerna” (Swedish, literally “united nations”)
– “ ” (Japanese, literally “international union”). Translations of titles
of books,movies, etc. are also often quite different, but perhaps less important.

Translations of personal names seem less useful, though it could be used to
find the correct transliteration in the other language. This is not always trivial,
since the writing systems are very different.

Names from the “other” category include such things as names of stars (astro-
nomical) and names that can signify for instance both organizations and people.

We also checked if the words were predominantly made up of for instance
specialized terminology from specific fields, slang, or other types of words not
often encountered in “normal” texts. “Normal” was taken to mean words that
also fairly frequently occur outside their specialized domain (if any). These cate-
gories were quite loosely specified, and are only meant to give an overview of the
general trends. Proper names and dates were not included in this classification.

Table 4. Classification of translations (%) according to style

“Normal” Technology Jargon Species Sports Foreign Word

41 15 15 9 1 19

As can be seen in Table 4, there are very many technical terms present. That
an online encyclopedia written by interested volunteers contains many articles
on for instance computer or network technology related subjects is perhaps not
surprising.

Besides the technical jargon, there are also many words that are quite specific
to a certain field. For instance there is medical jargon, chemistry jargon, architec-
tural jargon etc. While there are many sports related words in Wikipedia, most
of these are names of athletes, teams, or sports arenas. Sports related words that
are not names are less common.
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A large part of the generated translations are words that are foreign loan words
in Japanese, generally coming from English. For a native speaker of Swedish,
most of whom are fluent enough in English to know these loan words, such
translations are not that helpful. It is useful to know when one can expect
Japanese speakers to understand the English word, though, and to indicate such
instances when the English word is used in Japanese with a meaning different
from the original English word. It is of course also useful for speakers of Japanese
who want to know the Swedish translations of such words.

Another related point is that in the Japanese Wikipedia names of flowers and
animals are generally written with phonetic script in the title field. This is the
usual way to write when specifying a certain species or so in a technical sense,
but in a dictionary it would be more useful to have the normal (i.e. using a
different alphabet) writing way. For example when writing about cherry trees
in a non-technical sense,“ ”would normally be used instead of “ ”found
in the generated translations, though they are both two written variants of
the same word.

To see if the generated translations consisted mostly of new words or if there
was a large overlap with the previously generated dictionary, we automatically
checked what percentage of translations were found in the old list too.

Table 5. Availability of the new translations in the previously generated dictionary

Availability Words Proportion

New Translations 50,863 95%
Already Available 2,640 5%

As can be seen in Table 5, the majority of the words are new translations.
This is natural since most of the translations are proper names, which the orig-
inal dictionary did not contain to any large degree. However, most of the other
translations are also new translations, with less than one in four of the new
useful translations being available in the old dictionary.

The previously generated Japanese-Swedish dictionary is searchable on the
Web2, where it is also possible to add new translations or to correct errors.
There is also an independently developed search field plug-in for some Web
browsers that directly sends translation queries to that Web interface. In our
final evaluation we checked the search logs for the Web interface. We examined
whether the words searched for were present among the new translations, the
old translations, or both. Each query is counted, so if the same word is searched
for by several different users or by the same user many times, it will be counted
many times. While the Web interface is not very heavily used, at least it gives an
indication of what kinds of words are interesting to users of a Japanese-Swedish
dictionary. About 380,000 queries were found in the logs. The results are shown
in Table 6.
2 http://www.japanska.se
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Table 6. Distribution of search queries from the Web interface to the dictionary

Type of Query Words Proportion

Available in Both 96,558 26%
Only in Old Dictionary 111,078 30%
Only in New Translations 22,425 6%
Missing from Both 142,566 38%

Many words that users search for are not available in either set of translations.
A very large part of these is made up from spelling mistakes and encoding
problems, so they are not related to low coverage of the dictionary vocabulary.
Searches using inflected forms are also common, and usually give no results.
There are also (surprisingly) quite a lot of searches in English, Arabic and other
languages, which naturally also fail to return results. It is clear that while the
original dictionary covers more of the words users are interested in, the new
translations also contribute with many sought after words that are missing.

4 Discussion

The previously generated dictionary that is used in the online search interface
contains about 18,000 words. The newly generated translations numbered over
50,000, though many were not particularly useful. A rough estimate of how many
new useful translations were generated can be calculated based on 33% of the new
translations being interesting and about 5% of the translations already being in
the old dictionary. Since the words that are in the original dictionary are almost
exclusively interesting, this gives about 15,000 new interesting translations (28%
of 53,000). Since the translation quality is very high and the method is very
simple, this is a good method to almost double the size of the dictionary.

While many of the words searched for by users were already covered by the
original dictionary, the new translations will significantly reduce the number of
searched for but missing words. Reducing the failed searches from 44% to 38%
is quite good, especially considering that many of the remaining failures are
caused by spelling mistakes, inflected words, faulty character encodings etc. and
are thus not related to lack of coverage of the dictionary.

For Japanese and Swedish, no really large electronic dictionaries are available
as far as we know. There are dictionaries in printed form, with sizes ranging from
6,000 words to the order of 30,000 words. So a dictionary of the size generated
can likely be quite useful, though naturally there are some important words
missing, and some erroneous translations.

5 Conclusions

We generated over 50,000 new translation pairs between Japanese and Swedish
from the online encyclopedia Wikipedia using a very simple method. Analyzing
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the generated translations we found that the translation quality is very high.
Almost no actually erroneous translations were generated, though about 1% of
the translations were not ideal.

There were many translations that seem fairly useless, such as translations of
personal names. Even discarding all names, dates, and numbers, about 15,000
new translations were generated. Most of the generated translations were not
available in the previously generated dictionary that we wanted to extend. Evalu-
ating against the search logs from the interface to the old dictionary, a significant
number of the searches that failed to return a match in the old dictionary would
have resulted in a matching translation using the newly generated translations.
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Abstract. In our metadata generation support system for landscape
photographs, we use a genetic algorithm to find locations of photographs.
Given a set of randomly generated solutions, the genetic algorithm tends
to redundantly explore the search space because it is often that many
worse solutions are distributed globally and a few better solutions are
distributed locally in the search spaces of our search problems. To avoid
such redundant searches, we propose a heuristic method to relocate worse
solutions near better solutions before we execute the genetic algorithm.
We show that the relocated initial solutions contribute to finding better
solutions than randomly generated solutions by an experiment.

1 Introduction

Geocoding of landscape photographs, which assigns their locations to them, is
a kind of metadata generation for the photographs. Metadata generation tech-
niques for such geocoding will be useful to construct not only contents for lo-
cation oriented search systems but also photograph libraries such as “Japanese
Old Photographs of the Bakumatsu-Meiji Periods” at the University of Nagasaki
Library[2] where Japanese old photographs are provided with explanations of
their locations.

We are interested in geocoding of landscape photographs already taken with-
out recording their exact locations because there exist many such photographs
in books, movies, television programs and so on.

As automatic geocoding for them is not easy, we have implemented a pro-
totype system to support such geocoding[1]. Target photographs are landscape
photographs such that terrain in the photographs is enough characteristic to
specify the locations. Input to the system is a pair of a search problem definition
and an initial solution set. The search problem definition includes features of
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landscape photographs and conditions of camera parameters. Each solution in
the initial solution set represents the parameters. The system improves given
solutions as follows. The system puts many virtual cameras into the world made
by a digital elevation model(DEM) which represents terrain by altitudes. It then
searches cameras which take photographs similar to a landscape photograph
changing camera parameters. Output from the system is the improved solution
set.

The system deals with a search problem as a maximum optimization problem.
It constructs an objective function from a given search problem, and tries to find
solutions which maximize the function using a real coded genetic algorithm. Real
coded genetic algorithms(RCGAs) are genetic algorithms which use real number
vectors as solutions. An RCGA maintains a set of solutions, which is called a
generation, and iteratively improves the solution set by both a crossover opera-
tion and a generation alternation model. A crossover operation is a randomized
operation which generates new solutions called children from some of existing
solutions called parents. A set of children and parents is called a family. A gen-
eration alternation model updates a solution set by choosing parents, applying a
crossover operation to the parents, and exchanging some solutions in the solution
set with some solutions in the family. In randomly generated initial solutions for
the system, the most of their objective function values are low. Such solution
sets cause redundant searches.

To avoid such redundant searches, we propose a heuristic method to improve
initial solutions for the RCGA in our system. The method relocates solutions
with low objective function values near solutions with higher objective function
values. It contributes to finding good solutions with higher probability.

The organization of this paper is as follows. We explain our metadata gen-
eration support process in section 2. In section 3, we point out the redundant
searches in our system. In section 4, we explain our heuristic method for the
problem. In section 5, we apply our method to a search problem, and evaluate
the results. In section 6, we state our conclusions.

2 Geocoding Support Process of Landscape Photographs

To find the location of a landscape photograph by our system, we take the follow-
ing four steps: (1) definition of a search problem, (2) generation of initial solution
sets, (3) search of better solutions, and (4) check of the resulting solutions. We
explain these steps in the following.

2.1 Definition of a Search Problem

In a search problem definition, we describe features of terrain in the photograph,
camera parameters, and a search space declaratively. For example, we describe
shapes of mountains which are boundaries between the earth and the sky, un-
eveness of the ground, and variables for camera parameters and their domains.
Camera parameters are positions, directions, focus of cameras and so on.
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Our system translates a defined problem to a corresponding maximum opti-
mization problem such that:

maximize : f(x1, . . . , xn)
subject to : x1 ∈ D, . . . xn ∈ D

where D is a closed interval [0, 1]. The objective function f is a function from
Dn to D, which our system constructs from the defined problem. Evaluation of
the function is a time consuming task because it involves ray tracing. The values
strongly depend on terrain.

2.2 Generation of Initial Solution Sets

We generate initial solution sets for the constructed maximum optimization
problem. A solution is a mapping from variables to their values. A generated so-
lution set is used as start points of a search. Usually, we divide the whole search
space into sub-search spaces, generate a solution set for each of the spaces, and
start a search for each of the generated solution sets. Solutions distributed in a
sub-search space contribute to local exploration of the sub-search space.

2.3 Search

We use as a search algorithm an RCGA which uses the unimodal normal dis-
tribution crossover (UNDX)-m and the distance dependent alternation model
(DDA) [3]. The UNDX-m crossover operation uses m+2 solutions as parents.
The RCGA with UNDX-m and DDA preserves the diversity of solutions during
searches [3]. Each resulting solution has a score which is its objective function
value. The score 0 is the worst, and the score 1 is the best.

2.4 Check of the Resulting Solutions

We have to check if the resulting solutions with higher scores are what we expect.
It is because they may not be expected ones if the problem is not defined well.
For example, Fig. 1 is a landscape photograph taken at a place in the Nihon line.

Fig. 1. A photograph taken at a place in the Nihon line
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(a) (b)

Fig. 2. The landscapes based on best solutions found as the location of Fig. 1

Table 1. The camera parameters of Fig.2(a)

Parameter Value
position 35 deg 25 min 25.36 sec N,

137 deg 0 min 5.48 sec E
height from the earth 1m

direction 268 deg
elevation angle -3 deg

bank angle 1 deg
focus 44mm

film size 23.7mm x 15.7mm

The Nihon line is a region along the Kisogawa river in Japan, and the length of
it is about 12 kilometers. Fig. 2(a) and Fig. 2(b) show the landscapes rendered
from the best solutions found in the region as the location of Fig. 1 by our system.
Table 1 shows the camera parameters for Fig. 2(a), where the latitude and longi-
tude are based on the WGS84 datum. We consider that Fig. 2(a) is more similar
to Fig. 1 than Fig. 2(b) because of the shape of the mountain. Indeed, the dis-
tance between the locations of Fig. 1 and Fig. 2(a) is about 14 meters while the
distance between the locations of Fig. 1 and Fig. 2(b) is about 4.8 kilometers.

3 Redundant Searches in Our System

We point out redundant searches in our system. It is often that the most of
scores in a randomly generated solution set are 0. For example, Fig. 3(a) shows
a distribution of randomly generated 1,000 solutions in a sub-search space of
a maximum optimization problem with three variables, where 703 of the 1,000
solutions have zero score. Fig. 3(b) shows a distribution of solutions with non-
zero scores among them, where they localize in the sub-search space. In other
words, there exists area in the sub-search space which contains only solutions of
Fig. 3(a) with zero score. Because the UNDX-m crossover operation used in our
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(a)A distribution of randomly generated solutions
(b)A distribution of solutions with non-zero scores in (a)

Fig. 3. Distributions of solutions in a sub-search space of a problem

system tends to generate children in interpolation area between their parents,
children of parents with zero score also tend to have zero score in such situation.
This causes redundant searches.

4 Our Relocation Method

To avoid the redundant searches, we relocate solutions with zero score near
solutions with higher scores before we execute the genetic algorithm.

Procedure Relocate
Input: A solution set X, where each solution is of the form (x1, . . . , xd)

A real number α, where 0 < α < 1
An objective function f

Output:A solution set Y
begin

W = {x ∈ X|f(x) > 0}
if |W | ≥ 2 then

Y ← W
Z ← X − W
while |Z| > 0 do

Choose two different solutions x and y from W randomly.
Choose d random numbers s1, . . ., sd from an open interval (0, α).
Y ← Y ∪ {((1 − s1)x1 + s1y1, . . . , (1 − sd)xd + sdyd)}
Remove an element from Z

enddo
else

Y ← X
endif

end

Fig. 4. The relocation method Relocate
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Fig. 5. A distribution of relocated solutions

Fig. 4 shows a pseudocode of the relocation method. Given a solution set X , for
each solution z with zero score in X , we randomly choose different two solutions
x and y with non-zero scores from X . We then relocate z to a randomly chosen
position near x within a hyper-rectangle whose diagonal is the line segment
between the two solutions x and (1 − α) x + α y. The parameter α , which is a
real number between 0 and 1, specifies the ratio of the diagonal length against
the distance between x and y.

Fig. 5 shows relocated solutions of Fig. 3(a) by our relocation method where
α is 0.5. In Fig. 5 the solutions are distributed as the solutions with non-zero
scores of Fig. 3(b).

5 Experiment

To confirm the effect of our relocation method, we compare searches with the
relocation method and searches without it. We searched the location of the
landscape photograph of Fig. 1 in the Nihon line as follows.

5.1 Initial Solution Sets

We generated 20 sets of initial solution sets as follows. First we divided the whole
search space into 32 sub-search spaces V1, . . ., V32. For each i in {1, . . . , 32}, we
generated a solution set S1,i whose solutions were distributed in the sub-search
space Vi. Each solution set contained 1,000 solutions. We call a set of solution
sets S1,1, . . ., S1,32 as S1. For each i in {1, . . . , 32}, we applied our mthod to S1,i,
and obtained a relocated solution set R1,i. We used 0.5 for the parameter α of the
relocation method. We call a set of solution sets R1,1, . . ., R1,32 as R1. Similary,
we generated sets of solution sets S2, . . ., S10, and the corresponding sets R2,
. . ., R10. As a result, each of Si and Ri totally contained 32,000 solutions.

5.2 Search

For each solution set S1,i in S1, we applied the genetic algorithm and obtained
the resulting solution set S′

1,i. We call a set of solution sets S′
1,1, . . ., S′

1,32 as
S′

1. Similary, we obtained solution sets R′
1,1, . . ., R′

1,32 from R1. We call a set of
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Table 2. The results of the Nihon line problem

(a)
i Si Ri

1 31861 30018
2 31891 30270
3 31859 28089
4 31868 29115
5 31868 29259
6 31879 28991
7 31871 28512
8 31846 28603
9 31865 28806
10 31872 27946

Avg. 31868 28960.9

(b)
i Si Ri S′

i R′
i

1 0.619047619 0.714285714 0.857142857 0.904761905
2 0.476190476 0.761904762 0.80952381 0.857142857
3 0.80952381 0.857142857 0.857142857 0.904761905
4 0.533333333 0.80952381 0.619047619 0.904761905
5 0.428571429 0.80952381 0.80952381 0.952380952
6 0.571428571 0.904761905 0.761904762 0.904761905
7 0.4 0.904761905 0.952380952 0.952380952
8 0.542857143 0.952380952 0.80952381 1.0
9 0.444444444 0.666666667 0.857142857 1.0
10 0.571428571 0.80952381 0.761904762 0.952380952

Avg. 0.53968254 0.819047619 0.80952381 0.933333333
Var. 0.014015285 0.007961703 0.007558579 0.002116402

(a) The number of solutions with zero score in solution sets
(b) The best scores in solution sets

solution sets R′
1,1, . . ., R′

1,32 as R′
1. Similary, we generated sets of solution sets

S′
2, . . ., S′

10, and the corresponding ones R′
2, . . ., R′

10.
The RCGA generated 50 new solutions at one generation update, and com-

puted at most 500 generations. We used 2 for the parameter m of UNDX-m.
When the algorithm found a solution with score 1.0, it stopped the search.

For one series of the three operations, which are generation, relocation and
update, we limited the evaluation times of objective functions at most 26, 000.
Because one solution set contained 1,000 solutions, the number of evaluation
times in generation was 1,000. The number of evaluation times in relocation
depended on how many solutions with zero score the solution set included. For
one execution of the RCGA, the number of evaluation times was at most 25,000.
Once an objective function value for a solution was computed, it was recorded
with the solution and re-evaluation of the value did not occur for the solution.

5.3 Results

Table 2(a) shows the number of solutions with zero score in Si and Ri. For each
pair of Si and Ri in the table, the number of solutions with zero score in Ri is
88% to 95% of that in Si. Table 2(b) shows the best scores in Si, Ri, S′

i and
R′

i, their averages and their variances. In the table, Ri and R′
i are significantly

larger than Si and S′
i respectively.

5.4 Evaluation

Though our method did not reduce the number of solutions with zero score
dramatically, relocated solutions contributed to finding better solutions than
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randomly generated solutions. in the experiment. It was because relocated solu-
tions localized in their search spaces, and made the RCGA search more locally
than randomly generated ones.

Our relocation method is similar to one update of the generation by an RCGA
with the elite strategy and a crossover operation BLX-α. The elite strategy
chooses solutions with higher scores as parents. The BLX-α[4] takes two parents
and generates their children within an extended hyper-rectangle defined by the
parents. The RCGA may generate children near vertices of the hyper-rectangle
far from their parents while our method does not because our method generates
children within a shrunk hyper-rectangle defined by their parents. So this result
can be seen as that the combination of different two genetic algorithms worked
better for the search problem.

6 Conclusion

An RCGA is used to find locations of photographs in our metadata generation
support system for landscape photographs. To prevent the RCGA from searching
redundantly, we proposed a heuristic method to relocate worse solutions in an
initial solution set near better solutions in it before we executed the RCGA. We
showed that the RCGA with relocated solutions often found better solutions
than the RCGA with randomly generated solutions by an experiment.
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Abstract. The purpose of this study is to establish a method for iden-
tifying semantic relations in compound nouns in patent documents by
using linguistic information. The information such as grammatical or se-
mantic features plays a key role for analyzing semantic relations in com-
pound nouns. We used the information about immediately succeeding
case particles, adjective-forming suffixes and a verb suru “do” as gram-
matical features, concept classifications in EDR dictionary as semantic
features. The performance of the fully automated statistical method was
found to be good at 84% by using both grammatical and semantic fea-
tures. This result shows advantage of our method.

Keywords: Compound nouns, semantic analysis, grammatical features,
patent documents.

1 Introduction

The study proposes a semantic analysis method for identification of semantic
relations in compound nouns. Japanese has diverse types of compound words and
there are difficulties in processing them [2]. In order to extract various knowledge
from texts, processing compound nouns and phrases has become more important.
In technical domains such as a patent one, documents include a great number
of compound words as technical terms. Such terms appear in various forms like
noun phrase or verb phrase. For instance, a compound noun keitaiso-kaiseki
“morphological analysis” can be described as follows:

– noun phrase
• keitaiso no kaiseki “analysis of morpheme”
• morpheme-Gen(genitive) analysis

– verb phrase
• keitaiso o kaiseki-suru “analyze morpheme”
• morpheme-ACC(accusative) analyze-do

The above examples show paraphrase patterns that a compound noun
keitaiso-kaiseki can be expressed in a noun phrase keitaiso no kaiseki “analysis
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of morpheme” and a verb phrase keitaiso o kaiseki-suru “analyze morpheme”.
There are several paraphrase patterns of compound nouns in patent documents.
It is difficult to search such patterns only by keyword retrieval in patent docu-
ments. To retrieve patent documents by using paraphrases of compound nouns
makes it easy to obtain much of information. If each constituent of the compound
noun can be tagged by semantic relations like “A is an object of B”, we can
paraphrase the compound noun in various forms. Therefore, the interpretation
of compound nouns is required for patent retrieval to search similar and related
patent documents effectively. In previous study, We constructed the analysis
rules for analyzing semantic relations based on the grammatical features [13]. We
carry out a fully automated method using the grammatical features in this study.

Our approach employs the following three steps; (1) to discuss grammatical
features of constituent for analyzing semantic relations of compound nouns, (2)
to extract compound nouns, (3) to evaluate our method by using a machine
learning method.

The body of the paper is organized as follows: Section 2 mentions related
work regarding the analysis methods of semantic relations in rule-based and
statistical approaches. Section3 describes grammatical features of constituents in
compound nouns in terms of grammatical categories. Section 4 defines semantic
relations of compound nouns in this study. Section 5 evaluates our proposed
method. The conclusion of our study and implication for future work are stated
at the end.

2 Related Works

Analyzing methods of semantic relations in compound nouns have been discussed
in natural language processing. In Japanese, there is no word segmentation and
no clue for grammatical features in compound nouns. Miyazaki [7,8] proposed a
dictionary construction method for machine translation supported by compound
words retrieval. In this study, they made dependency patterns for verbal nouns
and adjectival nouns in order to analyze semantic relations between constituents
in compound nouns. The method is useful for compound nouns which consist
of verbal nouns and adjectival nouns. It remains a difficult problem, however,
to analyze compound nouns consisting only common nouns. Similarly, a method
was proposed by using a case frame dictionary [10]. The study focused on verbal
nouns in compound nouns and found their dependency patterns of noun with
case particles.

A principled approach [11] was proposed for analyzing relations between con-
stituent of compound nouns consisting verbal nouns based on the classification of
verbal nouns by lexical conceptual structure (LCS). Both of them made hand-
coded rules for analyzing compound nouns, therefore, the obtained accuracy
were fairly good in their evaluation. On the other hand, it would take a lot of
time and cost to construct rules for analyzing semantic relations.

Automatic interpretation of semantic relations of compound nouns has been
conducted in a number of researches. Baker and Szpakowicz [3] proposed a
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semi-automatic method for compound nouns. Kim and Baldwin [5] proposed
a method based on a predefined set of semantic relations. Their approach used
the semantics of the seed verbs and grammatical roles of the head noun and
modifier. The key of this study is to assign the actual verbs in sentences to
suitable seed verbs and to use appropriate thesaurus. Our approach uses gram-
matical and semantic features of case particles, adjective-forming suffixes and a
verb suru “do” in stead of using seed verbs.

3 Grammatical Features

It is crucial to examine useful grammatical features for analyzing semantic re-
lations of compound nouns. The conventional grammatical categories for words
in sentences are not sufficient for analyzing compounds.

It is expected to be useful to look into the grammatical features of general
words for analyzing compound nouns. We started from examining nouns or nom-
inal grammatical categories and tried to extract differences within nouns or nom-
inal categories. Upon closer inspection of words in sentences, it became clear that
what is commonly called nouns or nominal categories can be further classified as:

– Words can/cannot become a subject and a direct object in a sentence.
– Words are regarded as a verb, when words occur with the verb suru”do”.
– Words can be used only in compound words or linked with adjective-forming

suffix -teki, -na, and so on.
– Words have the same form as nouns and adjectives (adjectival nouns).

On the other hand, it is generally observed that relationship between con-
stituent elements of compounds can be expressed by paraphrasing with case
particles, i.e. transforming compounds into noun and verb phrases, where con-
stituent of compound nouns can behave as words. Based on the basic observation
of nominal words in sentences, we had recognized a few sub-types of distributions
with respect to grammatical links and/or case particles and these sub-types help
to identify the semantic interpretation of compound nouns based on the previous
study [13,14].

We had tested several types of case particles and found that the most effective
case particles are the nominative case -ga and accusative case -o to identify the se-
mantic relations between constituent elements of compounds. We focused on the
succeeding information with each constituent as follows [12]. The succeeding pat-
terns are very simple, but make it easy to extract information out of a large corpus.

A. The nominative case -ga and/or accusative case -o normally indicate that the
accompanying noun is the subject and/or the direct object of the sentence.

B. The verbal nouns with the verb -suru “do” is regarded as a verb. Many ver-
bal nouns come from Sino-Japanese (Chinese character) compounds. These
verbal nouns can be marked with case particles as nouns.

C. The suffix -teki can be compounded with a noun and an adjectival noun to
modify a verb or to form a compound noun.

D. The adjective-forming suffix -na is added to an adjectival noun when it mod-
ifies the following noun.
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4 Semantic Relations

To describe the semantic relations between constituent of compound nouns, we
introduced CDL (Concept Description Language) relations [15]. CDL is a lan-
guage that describes a wide variety of representation media and content, as well
as conceptualization of their meaning, in a common format. The concept “rela-
tion” in CDL for Natural Languages uses for an analysis of semantic relations
between constituent of compound nouns in this study. Basically, the CDL ex-
presses the relation between each word in a sentence, however, we assume that
it can be useful to analyze semantic relation between constituent of compound
nouns. CDL can be applicable to not only Japanese but also multi-language
following the common description specification.

Several studies on semantic relations between constituents have been discussed
so far. In recent work, Baker and Szpakowicz [3] listed the noun modifier relations
based on similar lists found in literature on the semantics of compound nouns.
Their definition with paraphrases makes it easy to identify semantic relations.
We would incorporate the definition into the CDL. Table 1 shows some examples
of paraphrase by using case particles.

Table 1. Semantic relations and paraphrase

relation paraphrase & example
obj(affected thing) A o B suru, A-Acc B

keitaiso-kaiseki “morphological analysis”
pur(purpose or objective) A no-tame-no B, B for A

tango-jisho “word dictionary”
mod(modification) A teki-na B, A adjective-forming suffix B

imi-kankei “semantic relation”

5 Data Collection

5.1 Extraction of Compound Nouns

We collected patent documents provided by Industrial Property Digital Library1

in order to extract target compound nouns. We used a keyword-based retrieval
method in a Patent Utility Model Search System and extracted 459 documents
including a word kikai-hon’yaku-souchi “machine translation system”. The doc-
uments were tagged by the morphological analysis system Sen2 which is a Java
implementation of Mecab3 using IPA dictionary4. All compound nouns by com-
bining two or more words are extracted from the tagged documents. From these,
we excluded single words such as jouki “as mentioned above” and tougai “corre-
spond to” so as to filter out terms frequently appeared in the patent documents.
A total of 16890 compound nouns were contained in the final dataset.
1 http://www.ipdl.inpit.go.jp/homepg.ipdl
2 http://ultimania.org/sen/
3 http://mecab.sourceforge.net/
4 http://chasen.naist.jp/stable/ipadic/

http://www.ipdl.inpit.go.jp/homepg.ipdl
http://ultimania.org/sen/
http://mecab.sourceforge.net/
http://chasen.naist.jp/stable/ipadic/
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5.2 Weighting Compound Nouns

There are several weighting methods for compound words [9]. Comparing
with various weighting methods for compound nouns [1], we used tf-idf(term
frequency-inverse document frequency) weight. The tf-idf weight is a weighting
method often used in information retrieval. This statistical measure is used for
evaluating the importance of a word/document in a collection or corpus. The
importance increases frequency of a word in the document but decreases by the
frequency of the word in the corpus. We sorted compound nouns by the weighting
score and selected 2000 compound nouns from the top.

5.3 Assigning Grammatical and Semantic Features

The 448 types of compound nouns were found in the top 2000 compound nouns.
We extracted compound nouns which consist of two nouns, and filtered out the
constituents consisting of one Chinese character and suffixes. The total number
of target compound noun was 224 including the 187 constituents for evaluation.
We tagged semantic relations to each compound nouns, and selected mod, obj and
pur semantic relations which were frequently used. Though it is difficult to collect
a great amount of patent documents, the Mainichi newspaper articles [6] were
used for counting the frequency of succeeding information of each constituent.
The newspaper articles were tagged by the morphological analysis system Mecab.

All occurrence of target constituents with their immediately succeeding
“noun-case particle”, “noun-adjective suffix” and “noun-verbsuru” were counted
for frequency ratios. We used the frequency ratios of the each succeeding fre-
quency and their total frequency as the grammatical features. Table 2 shows
examples of distribution frequency ratio.

We focus on the grammatical features, however, semantic features is expected
to be useful for analyzing semantic relations in compound nouns. Especially,
a compound noun consisting of verbal noun needs semantic information [13].

Table 2. The distribution of frequency ratio

constituent A ga/o B verbsuru C adjective suffix -na D suffix -teki
kikai “machine” 92% 0% 0% 8%
shori “process” 53% 47% 0% 0%

seikaku “accuracy” 2% 0% 98% 0%
fukanou “impossibility” 8% 0% 92% 0%

Table 3. Accuracy of our method

accuracy base-line
grammatical features 70% 41%

grammatical &semantic features 84% 41%
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We introduce EDR concept classification as semantic features. The target con-
stituents were assigned their semantic features by using EDR dictionary [4]. As
EDR electronic dictionary is structured by a deep hierarchy of semantics, we
mapped only the 4th semantic features from the top node to the constituent.

6 Evaluation

In order to evaluate our method, we performed statistical identification of se-
mantic relations. The sense identification classifier was learned using the SVM
support vector machine learner5.

We prepared 180 training data (mod 90, obj 67 and pur 67) and 44 test data
(mod 18, obj 13 and pur 13) for our evaluation. The polynominal kernel was
found to be the optimal configuration for the given task employing a one-vs-rest
method. We performed classification by using only grammatical features, and
both grammatical and semantic ones. We also present a baseline accuracy, based
on a majority class strategy (e.g. this corresponds to mod semantic relation). In
evaluation, the obtained accuracy was 84% with both grammatical and semantic
features, and 70% with only grammatical features.

Both of them are well above the baseline accuracy of 41%. This suggests
that the fully automatic statistical method provides a powerful means of sense
identification. The grammatical features play a key role to identify the semantic
relations. There were 7 errors in the test data. We found that identification of the
relation between pur and mod was the most difficult task. Especially, compound
words, which consist of a verbal noun and a noun, have several relations. we need
detailed analysis and information of succeeding patterns with other constituents
in compound words.

7 Discussion and Future Work

We proposed an identifying method of semantic relations for compound nouns in
patent documents, discussing grammatical features of constituent in compound
nouns. We found that the performance of the fully automated statistical method
was found to be good. The result shows the advantage of our method.

In future work, there are a number of additional grammatical features and the
order of constituent in compound nouns. We are also very interested in applying
the method proposed here to documents in the different domains or newspaper
articles.
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Abstract. This paper proposes an automated technique to extract pre-
histories of software refactorings from existing software version archives,
which in turn a technique to discover knowledge for finding refactoring
opportunities. We focus on two types of knowledge to extract: character-
istic modification histories, and fluctuations of the values of complexity
measures. First, we extract modified fragments of code by calculating
the difference of the Abstract Syntax Trees in the programs picked up
from an existing software repository. We also extract past cases of refac-
torings, and then we create traces of program elements by associating
modified fragments with cases of refactorings for finding the structures
that frequently occur. Extracted traces help us identify how and where
to refactor programs, and it leads to improve the program design.

1 Introduction

From year to year, a great many software products are being developed, and
furthermore many of them are large-scale and/or have highly complex structures.
Maintaining large-scale and complex software products involves with keeping the
software design of high quality. However, software is continuously modified in its
lifetime, so that we have to recover the quality of the software design.

Software refactoring [1,2] is one of the promising techniques for improving pro-
gram design by means of transformation with preserving behavior, and is widely
taken into practice. It can be applied even to the program that has not been com-
pleted, so we can incrementally improve its quality while it is being developed.

Computer-aided refactoring techniques are useful. It is difficult for engineers
to identify how and where to refactor programs because proper knowledge and
skills are required of them. To automate refactoring activities, we can consider
useful tools that automatically find refactoring opportunities. The tool free the
programmers from troublesome activities that are manually performed in order
to identify where and how to refactor a program.

From an empirical viewpoint, we can study where and how to refactor a pro-
gram from existing software developing projects. In these days, many Free/Open
Source Software (FOSS) are freely available, e.g. via SourceForge.net [3]. Their
FOSS projects maintain a history of program modification stored in a version
repository by using a version management system, such as CVS [4]. Our focus
is that their repositories include many cases of refactorings and their cases are

T. Tokunaga and A. Ortega (Eds.): LKR 2008, LNAI 4938, pp. 82–89, 2008.
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considered as knowledge for supporting refactoring activities. We then can ana-
lyze them for finding what kind of program modification lead to refactorings by
performing a sort of historical analysis.

In this paper, we propose an automated technique to discover characteristic
modification histories from its repository, which in turn a technique to find refac-
toring opportunities. Modified fragments of code and past cases of refactorings
extracted from repositories help us create modification patterns for supporting
refactoring activities. We indicate the effectiveness of our technique by applying
it to an open-source software repository.

The rest of this paper is organized as follows. Section 2 shows some moti-
vating examples of refactorings that illustrate typical situations we focused on.
Section 3 includes proposed technique to find knowledge for supporting refactor-
ing activities. Discussions about our case study are described in Sect. 4. Finally,
Sect. 5 gives our conclusions and suggests future work.

2 Motivating Examples

In this section, we describe two examples which illustrate the typical situation
of the cases of refactorings that we focused on [5].

2.1 Using the Information about Code Duplication

Code clone is defined as code fragments similar to an original code fragments,
or duplicated code fragments. In order to decrease software management costs,
code clones should be collected together into one occurrence, and this is realized
by clone analysis. Some code clones occur when a developer duplicates a code
fragment to several places in a program by using copy-and-paste editing opera-
tion. So we can suggest a refactoring to eliminate the occurrences of code clones
by monitoring developer’s duplication operations such as carrying out copy-and-
paste command. Figure 1 shows an example of suggesting a refactoring which
extracts a super class and forms Template Method pattern [6], in order to elimi-
nate code clones of class C. A developer first duplicates a class C, and as a result,
the program has the code clone Cdup of C. After that, he/she modifies an inter-
nal method M by adding a statement. In this case, we can observe the sequence
of program modifications as: 1) Duplicate C to Cdup , and 2) Add of a statement
in M (in Cdup). Since the program has an occurrence of a code clone of C, the
refactoring to eliminate it can be recommended. More concretely, the refactoring
operation called Form Template Method can be used to do it. We extract a
super class Csuper and re-organize a template method M and hook method
Mpo, in order to represent the difference of the method M in Cdup from C.

2.2 Using the Changes of Complexity Measures

Some of software metrics such as WMC of C&K metrics [7] expresses the com-
plexity of a component of the program, and it can be applied to decide when and
where refactoring should be carried out. For example, suppose that a developer
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Fig. 1. Refactoring after the class duplication

finds that a class A in the program is too large while a class B is too small when
he/she calculates the measures denoting the size of a code fragment. He/she can
carry out the refactorings for decomposing A into several smaller components
and for inlining B or the methods included in B. As shown above, by using
the techniques of software metrics, especially complexity metrics, we can decide
some refactorings to be carried out according to the value of metrics.

However, since the values of such measures represent a current snapshot of
the program, they cannot reflect developer’s intention on whether he/she will in-
crease or decrease the complexity of the component. Obviously, just after starting
coding a component, its complexity value is low but this fact does not necessary
follow that inline refactoring should be carried out to it. That is to say, we may
not suggest suitable refactoring based on a developer’s intention, by using just
a value of software metrics. It means that we should focus not on the value of
software but on the changes of the metrics to extract the developer’s intention.
If he/she intends to build up a component in a program, he/she is adding some
statements to the component and its complexity value is increasing. In this sit-
uation, when the complexity value comes near the threshold, i.e. the component
comes to be too large, we can recommend the refactoring for decomposing it.
On the other hand, if he/she performs consecutive deletions of statements in
a component and its complexity value becomes too low, we can suggest inline
refactoring operations. We can informally summarize this situation as follows:
We should consider the fluctuation of the values of complexity measures in order
to detect the refactorings for loosening the bias of complexities.

3 Proposed Technique

Above examples indicate a history of program modification gives suggestions to
refactor the program. Cloning a code and editing the cloned one may be caused



Extracting Prehistories of Software Refactorings from Version Archives 85

Mappings

Edit Scripts

Node 2 → Node 4

duplicate（…, …）
remove（…)Software 

Repository

Refactoring Annotations

Node Traces /
Edit Scripts

VisualizationsTransactions ASTs

Fig. 2. An overview of the proposed system

by an intention to construct a similarly code. Consecutive modification indicates
that a large amount of program editing may be going to be continued.

Detecting this kind of characteristic modification is valuable because they
imply refactoring opportunities for improving the program which is being devel-
oped. Therefore, we should build a knowledge base of modification patterns to
detect program modification leads to refactoring opportunities.

This section describes an automated technique to extract modification his-
tories corresponding to refactorings for guidance to construct modification pat-
terns. An overview of our technique is shown in Fig. 2. The procedure of proposed
technique is following:

1. Preparing a software repository to be analyzed.
2. Reconstructing transactions from revisions.
3. Extracting traces of program elements by determining Edit Scripts.
4. Extracting the cases of refactorings from the repository.
5. Analyzing and/or visualizing the evolutions of program elements.

In the following subsections, we illustrate the descriptions of each procedure.

3.1 System Input: Preparing Software Repository

First, we should prepare a software repository as the target of analyses. The
repository should contain 1) many revisions, and the contents of the repository
should have structured syntax in order to extract traces of program elements,
and 2) some additional information such as modification rationales, etc. in order
to reconstruct the cases of refactorings. For example, some large-scale CVS [4]
repositories that contain many of Java programs are suitable. We can find these
repositories from websites for software clearing houses, e.g. SourceForge.net [3].

We formalize a repository as a set of versioned files: R = {F1, F2, . . . , F|R|}.
path(Fi) denotes the path name of the file Fi. Fi also represents multiple versions
of programs, and is formalized as the set of revisions: Fi = {r1, r2, . . . , r|Fi|}.
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ri denotes a revision of the file Fi, and ri has attributes: author (ri), log(ri),
date(ri), and body(ri). They denote the author of ri, the log message associated
with ri, the date when the author commits ri, and the body of ri respectively.

3.2 Reconstructing Transactions

We have to reconstruct transactions of the distributed revisions that were com-
mitted at once. Contrary to the modern configuration management systems like
Subversion [8], CVS does not record configurations of the commit associated
with multiple files. Because CVS is based on RCS [9], one of the legacy version
management system which handles only one file.

A transaction Ti is a set of revisions {ri
1, . . . , r

i
|Ti|}, and the revisions in the

same transaction satisfy following conditions:

∀j, k author(ri
j) = author(ri

k) ∧ log(ri
j) = log(ri

k) ∧
∀j �= 1 |date(ri

j) − date(ri
j−1)| < threshold .

The formula regard a transaction as a set of revisions committed by almost
at once, and by the same developer with the same log message. A transaction
Ti = {ri

1, . . . , r
i
|Ti|} has also following attributes:

– date(Ti) = minri
j∈Ti

date(ri
j),

– log(Ti) = log(ri
1): commit log of the Ti.

In order to reconstruct transactions, we use Zimmermann et al’s approach with
Sliding Time Window [10], that can extract the minimum set of transactions:
T = {T1, . . . , T|T |} s.t. ∀i < j date(Ti) ≤ date(Tj). We use 60 seconds as the
size of the window, i.e. threshold.

3.3 Extracting Traces of Program Elements and Edit Scripts

To extract modification sequences as Edit Scripts, we first parse the input pro-
grams body(ri) to Abstract Syntax Trees (AST). In order to recover broken Java
programs, e.g. including syntax errors, we use Eclipse JDT [11] as the parser
because it can parse malformed programs. The attributes of the parsed program
fragment N , i.e. a node of the AST, is represented as follows:

– type(N): the type name of N ,
– property(N): mapping Key → String ,
– children(N): mapping Key → a set of nodes .

Next, we find the association between AST nodes in the older revisions and
the new one, and then we extract program modifications as Edit Scripts. The
nodes belonging to the transaction Ti are compared with the nodes belonging
to the transaction Ti+1, and mapped if two nodes are regarded as the same.
In order to optimize the mapping, the hybrid top-down/bottom-up approach is
used [12]. After the calculation of mapping between the nodes in Ti and Ti+1,
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Edit Scripts are generated. The nodes only in the Ti’s revision and the nodes only
in the Ti+1’s revision are extracted as the removed and added nodes, respectively.
Furthermore, similar nodes between transactions are associated with duplication
relationship.

3.4 Refactoring Reconstruction

To extract the characteristic traces associated with refactoring activities, we use
the cases of refactorings that are actually performed. We annotate the infor-
mation about refactorings to transactions: refactor (Ti,Op,Path, . . .). The infor-
mation indicates the refactoring operation Op was performed in the transaction
Ti, and the refactoring is associated with the node specified by Path. The an-
notator can refer the information to find the cases, e.g. refactoring candidates
extracted from existing refactoring reconstruction techniques [13], or transac-
tions that might be remarked as the refactoring activities, i.e. log(Ti) includes
the description about some refactorings.

3.5 Extracting and Analyzing Traces

Using the cases of refactorings and the above mappings, we obtain the following
traces of nodes: N1 → N2 → . . . → Nn. Ni associated with the revision ri and the
transaction Ti(� ri) such that Ni is a descendant of body(ri). We then get also the
trace of transactions: T1 → T2 → . . . → Tn. Here, ∀i < j date(Ti) ≤ date(Tj).

If the transaction Tn is annotated as the refactoring candidate, the trace
should be analyzed to find the knowledge for finding refactoring. We consider
the analysis of sequential pattern mining methods or visualizations by using
some complexity measures like the size of node.

4 Case Study

We have developed an automated tool to extract traces of program elements and
Edit Scripts, and have a plan to evaluate our technique. Our tool can extract a
sequence of fine-grained program modification, traces of program elements, and
cases of refactorings. Users can look up a sequence of modifications corresponding
to a refactoring on which they focused.

A simple case study is shown as follows. We applied our technique to Apache
Jakarta Commons [14] software repository. The size of the repository is shown
in Table 1. Here, “# of revisions” denotes the total size of the revisions found in
all the files in the repository, “# of transactions” denotes the size of transactions
collected from all revisions. “# of refactorings” candidates denotes the size of
transactions that might be remarked as the refactoring activities. The traces
extracted from the repository should be analyzed.

From the repository, analyses indicate a relationship between duplication
(code clone detection) to a Extracting Super Class refactoring. Figure 3 il-
lustrates the relationship. The figure illustrates an evolution of two classes:
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Table 1. The target repository of the analysis

name jakarta-commons-cvs

during 20/3/2001 – 27/1/2005
# of revisions 64,054
# of transactions 13,718
# of refactoring candidates 161

org.apache.commons.lang.exception

NestableExceptionTestCase

NestableRuntimeExceptionTestCase

AbstractNestableTestCaseNestableExceptionTestCase

NestableRuntimeExceptionTestCase

Similar
code fragments

1.3 → 1.4

1.3 → 1.4

1.3 → 1.4

1.1

1.1

Log: Created by refactoring NestableException revision 1.3

Log: refactored to share functionality from AbstractNestableTestCase

Fig. 3. The relationship between modification and refactoring

NestableExceptionTestCase and NestableRuntimeExceptionTestCase. In
the revision from 1.3 to 1.4, a new class AbstractNestableTestCase is con-
structed and common functionalities of above two classes are pulled up to the
new class by using Extracting Super Class refactoring. The evolution indicates
code clones and code duplications are concerned with the refactoring, then it
also suggests the effectiveness of modification analysis for supporting refactoring
activities.

5 Conclusions

In this paper, we focused on the tracing of program elements. We then showed
the technique for analyzing the evolutions of program elements as a prehistory
of software refactoring in order to find undescribed refactoring opportunities.

We are considering following topics as future work:

– To discuss the suitable representation technique of modifications in terms
of ease of our analysis. Now we regard modifications as a sequence of Edit
Scripts, however, possibilities of other models, e.g. versioned tree structure,
or graph structure, are considerable.

– To visualize past modifications. Modifications are collaborated with the other
modifications and/or current programs, so it is desirable to show these rela-
tionships.

– To apply our technique to larger-scale software repositories.
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Abstract. While highlighting the infrastructural role of Language Resources 
(LR) I  sketch my perception of the current situation in the LR field. I underline 
some of the priority areas of concern today with respect to implementing an 
open Language Infrastructure, and specifically what we could call a “Lexical 
Web”. My objective is to show that it is imperative that there is an underlying 
global strategy behind the set of initiatives which are/can be launched in Europe 
and world-wide, and that a global vision and cooperation among different 
communities is necessary to achieve more coherent and useful results. I end up 
mentioning two new European initiatives that go on this direction and promise 
to be influential in shaping the future of the LR area.   

Keywords: Language Resources, Language Infrastructure, Computational 
Lexicons, Standards, Language Technology. 

1   Language Resources Today: Still a Virtual Infrastructure 

After long years of disregard – if not contempt – for lexicons, corpora, and data in 
general, after the ‘80s the computational linguistics and natural language processing  
(NLP) community began to recognise not only the importance of language resources 
(LR) – as they started to be called in those years – but also their infrastructural role 
for Human Language Technologies (HLT). Infrastructural resources means that their 
value resides in enabling something else to work, i.e. NLP tools, systems, 
applications, evaluations, that depend on supporting resources which also  strongly 
influence their quality. LRs thus indirectly generate value for producers and users.  

1.1   Infrastructural Initiatives: Some Historical Notes 

It was in the ‘90s that LRs started to be considered as the necessary common platform 
on which to base new technologies and applications, a recognition which is nowadays 
widely accepted for the development and takeoff of our field.  

The following types of initiatives were considered, in the past two decades, the 
major building blocks of any action towards a  LR infrastructure [1]:  

− LR standardisation 
− LR construction 
− LR distribution. 
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A number of projects or other initiatives were launched, often first in Europe then 
world-wide, in the three above mentioned areas. We mention here just a few: 

i) Standards for LRs: the concept of reusability – directly related to the importance 
of “large scale” LRs within the increasingly dominant data-driven approach – has 
contributed significantly to the structure of many R&D efforts, such as EAGLES, 
ISLE, the recent LIRICS (e-Content) project aiming to provide ISO ratified 
standards for LRs & LT, and finally ISO itself with the many Working Groups in 
the ISO-TC37/SC4 committee. 

ii) LR construction: with projects such as WordNet, PAROLE, SIMPLE, LC-Star, 
EuroWordNet, BalkaNet. 

iii) LR Distribution: LDC (Linguistic Data Consortium) in US, ELRA (European 
Language Resources Association) in Europe. 

To these three dimensions a fourth and a fifth were soon added as necessary 
complement, in particular to achieve the required robustness and data coverage and to 
assess results obtained with current methodologies and techniques, i.e.: 
iv) Automatic acquisition of LRs or of linguistic information: projects such as 

ACQUILEX, SPARKLE, ECRAN. 
v) Use of LRs for evaluation: evaluation campaigns such as MUC, TREC, CLEF, 

Senseval, ACE. 

1.2   Relevance of Language Resources Today 

LRs have plaid a critical role, as a horizontal technology, in different areas of the EC 
6th Framework Programme, and have been recognized as a priority within national 
projects around Europe. The very large body of initiatives of the last two decades (see 
[2] for an overview) was decisive and instrumental for the formation of what we can 
call today a “LR community”. This also gave rise to a set of other international 
initiatives of a more global nature, encompassing many various perspectives on LRs 
or dealing with policy and meta-level issues related to LRs, such as: 

− The Thematic Network Enabler, grouping European National projects on LRs; 
− The LREC Conference (about 900 participants in Lisbon-2004 and Genova-

2006);  
− The Asian Federation of Natural Language Processing (AFNLP); 
− Bodies such as COCOSDA (International Committee for the Coordination and 

Standardisation of Speech Databases and Assessment Techniques) and WRITE 
(Written Resources Infrastructure, Technology and Evaluation);  

− The new international journal Language Resources and Evaluation [3]. 

Not to mention the ever-increasing role of LRs in statistical and empirical methods, 
the growing industrial interest in using LRs and standards, specially for multilingual 
applications, and the availability of adequate LRs for as many languages as possible 
as a pre-requisite for the development of a truly multilingual Information Society.  

This flourishing of international projects and activities contributed to substantially 
advance knowledge and capability of how to represent, create, acquire, access, tune, 
maintain, standardise, etc. large lexical and textual repositories. We can assert that 
there are today countless initiatives in the field of LRs, but we must also admit that 
they are somehow scattered, opportunistic, often unconnected, with no real ability to 
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build on each other and to be seen as a unified space of LRs. We thus recognise that 
the LR infrastructure is still a virtual one. There is no real global coordination of 
efforts, and no body able to create the needed synergies among the various initiatives. 

On the other side, the success itself of the field – as shown by LREC, but also by 
the pervasiveness of LR papers in all major HLT conferences – and its vitality and 
richness, coupled with the lack of coordination and of strategic thinking about future 
orientations, show that it is time to reflect again on the field as a whole, and ask 
ourselves which are/will be the major driving forces of today and of tomorrow to give 
to the field the necessary cohesion. 

1.3   Need of a Change 

The wealth of LRs, in comparison with few years ago, but coupled with the shortage, 
even now, of a) new types of LRs, b) multilingual LRs, c) LRs of much larger size, d) 
LRs with richer annotations, and so on, points towards the need to consider whether 
those mentioned above are still the basic/major driving forces. How have they 
changed and evolved? Which new building blocks do emerge today? 

I believe that those dimensions are still relevant, even if with an obvious evolution. 
Consolidated or emerging pillars in current HLT are: 

i) Interoperability, and even more content interoperability: language is recognised 
as key mediator to access content, knowledge, ontologies; 

ii) Collaborative creation and management of LRs, even on the model of wiki 
initiatives; 

iii) Sharing of LRs, as a new dimension of the distribution notion; 
iv) Dynamic LRs, able to auto-enrich themselves; and finally the more compreh- 

ensive notion of:  
v) Distributed architectures and infrastructures for LRs, encompassing and 

exploiting the realisation of the previous notions.   

Could these notions be at the basis of a new paradigm for LRs and LT and 
influence the setting up of a “real” infrastructure? I will mention in the last section 
two new European initiatives where such notions will play a prominent role.  

2    Some Tendencies and Driving Forces in the Lexical Domain 

Mixing considerations on what is needed for a broad language infrastructure and for  
a “lexical web” – undoubtedly a key part of it –, I touch here issues linked to this view 
and relevant to establishing a lexical web. I do that by pointing at research activities 
carried out at ILC in Pisa1 showing a variety of approaches to lexical resources, 
involving: i) procedures for linking, integrating and unifying existing lexical 
resources, ii) standardisation, iii) relation between lexical and terminological or 
ontological resources, iv) “ontologisation” of lexicons, v) architectures for managing, 
merging, integrating lexical resources. 

                                                           
1 Many passages in this section are taken from various papers, listed in the References, of ILC 

colleagues. 
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2.1   Integration/Unification of Existing Lexicons 

The market is increasingly calling for new types of lexical resources: lexicons that can 
be built rapidly – tailored to specific requirements – possibly by combining certain 
types of information from available lexicons while discarding others. Rather than 
building new lexical resources, this need could be satisfied exploiting the richness of 
existing lexicons, aiming at attaining their integration or virtual unification.  

ELRA Unified Lexicon. An initiative in this direction has been carried out at ELRA 
by its Production Committee: the Unified Lexicon project [4]. This experiment 
consisted in linking the LC-Star and PAROLE lexicons to set up a methodology to 
connect Spoken and Written LRs, thus establishing new models of LR distribution. In 
the envisaged scenario the same lexicons may be made available to different types of 
users, who can select different portions of the same lexicon or combine information 
coming from different lexicons. This scenario calls for an environment where lexical 
resources can be shared, are reusable and openly customisable, instead of being  
static, closed, and locally managed repositories of lexical information. 

Linking ItalWordNet and SIMPLE Semantic Lexicons. The two largest and 
extensively encoded Italian lexicons, ItalWordNet (IWN) and PAROLE-SIMPLE-
CLIPS (PSC), although developed according to two different lexical models, present 
many compatible aspects. Linking – and eventually merging – these lexicons in a 
common representation framework means to offer the end-user a more exhaustive 
lexical information combining the potentialities and the outstanding features offered 
by the two lexical models [5]. Not only reciprocal enhancements are obtained, but 
also a validation of the two resources. Semantic integration of these lexicons is all the 
more desirable considering their multilingual vocation: IWN is linked to wordnets for 
many other languages, and PSC shares with eleven European lexicons the theoretical 
model, representation language, building methodology and a core of entries. 

Mapping the Ontologies and the Lexicons. Due to a different organisational structure 
of the two ontology-based lexicons, the linking process involves elements having a 
different status, i.e. autonomous semantic units in PSC and synsets in IWN. Mapping 
is performed on a semantic type-driven basis: comparing their ontological framework 
and establishing correspondences between the conceptual classes of both ontologies, 
with a view to further matching their respective instances.  

Notwithstanding the different approaches in their design and some diverse 
underlying principles, the two ontologies show a significant degree of overlapping. A 
tool devised to map the lexical units of both lexicons works in a semiautomatic way 
using ontological classifications, hyperonymic (‘isa’) relations and semantic features. 
Taking as starting point the lexical instances of a SIMPLE semantic type along with 
their PoS and ‘isa’ information, IWN is explored in search of linking candidates with 
identical string and PoS, whose ontological classification matches the correspond- 
ences established between the classes of both ontologies. The result of the first phase, 
devoted to linking concrete entities, sounds quite encouraging since 72.32% of the 
word-senses considered have been successfully linked.  

The linking process makes it possible to enrich each resource by complementary 
information types peculiar to the other’s theoretical model. In IWN, the richness of 
sense distinctions and the consistency of hierarchical links are remarkable. SIMPLE, 
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on the other hand, focuses on richly describing the meaning and semantic context of a 
word and on linking its syntactic and semantic representation, which is crucial for 
most NLP applications. Moreover, the mapping lets inconsistencies that unavoidably 
exist in both lexicons emerge, allowing to amend them. To give but an example, 
consistency would require that, when a synset variant is linked to a SIMPLE sense 
(SemU), all the other variants from the same synset map to PSC entries sharing the 
same semantic type. Yet, especially for event denoting words, some SemUs 
corresponding to variants of the same synset do not share a common semantic type. 
The linking process implies a de facto reciprocal assessment of both coverage and 
accuracy, particularly relevant to hand-built lexicons.  

Differences regarding the nature of linking units, the granularity of sense 
distinction and the ontological typing are complex issues that are also being addressed 
during the linking process.  

2.2   Interoperability: Still at the Heart of the Field 

We have made big steps forward with respect to interoperability. Work started in 
EAGLES and ISLE (http://www.ilc.cnr.it/EAGLES96/isle/) [6] is being consolidated 
in recent years in true international ISO standards. 

ISO. The Working Group ISO TC37/SC4/WG4 dedicated to NLP lexicons2 is in 
charge of defining lexical standards for NLP purposes. The result of the work is 
assembled in the so called LMF (Lexical Markup Framework) standard [7]. To cope 
with the challenge that actual lexicons differ very much both in complexity and in 
type of encoded information, a modular organization was adopted. As a consequence, 
the LMF specification is made up of a core model, a sort of simple skeleton, and 
various semi-independent packages of notions, used for the various linguistic layers 
that can make up a lexicon, attached to this core model. From the UML point of view, 
these specifications are UML packages, as shown in  Figure 1.  

Lexical specifications are split in separate object types: LMF defines the lexical 
structure and is kept simple, while the huge amount of attributes (e.g. Part-of-Speech) 
are recorded in a data category registry [8] where the peculiarities of languages and 
linguistic schools can be  recorded. Also the text annotation standards for the various 
linguistic layers of annotation (see e.g. http://syntax.inist.fr/) refer to this registry, 
common to all TC37/SC4 standards3, thus guaranteeing interoperability between 
lexicon and corpus annotation. This is summarized in the diagram in Figure 2. The 
ISO document defines also an XML DTD based on the UML modelling. Moreover an 
OWL format has been defined – as the representation of our knowledge about the 
words – that can be smoothly integrated into Semantic Web applications.  

NEDO. While both EAGLES and ISLE dealt with European languages, the Japanese 
NEDO project [9], aiming at developing international standards for Semantic Web 
applications, is specifically geared to Asian languages: Chinese, Japanese, Thai. It 
applies and refines ISO standards so that they are adapted to Asian languages. 
                                                           
2 With Nicoletta Calzolari as convenor and Gil Francopoulo and Monte George, respectively 

from France and US, as co-editors (or project leaders). 
3 The registry is common also to other standards outside SC4, e.g. to terminology. 
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Fig. 2. Interaction between LMF Core Package and Data Category Registry 

But true content interoperability is still far away. If we want a grid of distributed 
LRs they must be able to “speak” with each other. We may have solved the issue of 
formats, of inventories of  linguistic categories for the various linguistic layers, but we 
have not solved the problem of relating senses, of finding matches of similarity 
among senses, that only would allow automatic integration of semantic resources. 
This is a challenge for the next years, and a prerequisite for both a true Lexical Web 
and a  credible Semantic Web. 

2.3   Lexicons and Terminologies: A Continuum 

Due to the increasing production of literature in the biomedical field, and its strategic 
relevance, intensive research is being carried out world-wide to develop LTs to access 



96 N. Calzolari 

 

this large body of literature and extract knowledge from it. Access to and 
interoperability of biological databases, however, is still hampered due to lack of 
uniformity and harmonisation of both formats and information encoded. A current 
demand in bioinformatics is to construct a comprehensive and  incremental resource 
which integrates bio-terms encoded in existing different databases. A challenge is to 
encode all relevant properties of bio-terms according to the most accredited standards 
for the representation of lexical, terminological and conceptual information. 

BioLexicon. While working in a specific terminological domain – specifically the 
bio-domain in the European BOOTStrep project4 – we assume that the linguistic side 
of terminologies is partially informed by the knowledge of the domain and we claim 
that semantic relations, especially those accounting for the syntagmatic relations of 
words in context, are crucial for the representation of this kind of information. We 
also argue that the privileged representational device for encoding these relations is 
the set of Qualia Relations, as encoded in the SIMPLE general lexicon [10]. These 
assumptions are made operational in a new lexical resource, the BioLexicon, specially 
designed for the representation of all linguistically relevant aspects of a lexicon for 
information extraction and text-mining in the bio-domain. Building up, for the 
biomedical domain, a comprehensive terminological resource – containing 
morphological, syntactic, semantic descriptions of the terms – which adheres to  
lexical and ontological standards and links concepts to lexical items is a huge 
scientific challenge. The BioLexicon [11] is a large-scale resource that combines 
terminological data coming from various available databases (mostly UniProt, Swiss-
Prot, ChEBI, BioThesaurus and NCBI taxonomy) enriched with lexical information 
extracted from texts. The lexicon model is designed so as to integrate both typical 
information provided by domain ontologies and linguistic information generally 
available in open-domain computational lexicons: terms and variants are encoded 
with their semantic information as well as with typical linguistic information such as 
Part-of-Speech, subcategorisation frames and the set of qualia relations that can be 
further augmented and tuned to cope with domain specific semantic information.  

The model – flexible enough to adapt to different application needs, e.g. text-
mining, information extraction, information retrieval, multilingual access – builds on 
previous experience in the standardisation and construction of lexical resources. Both 
the conceptual model and its physical implementation are tailored to the automatic 
population and enhancement of the resource, independently of the various native data 
formats. The DB, as a reflection of the model, is a modular and flexible resource 
which can automatically upload new data and provide (XML) outputs by means of 
web services. An XML interchange format (XIF) has been designed with the purpose 
of automatically populating the BioLexicon with data provided by domain experts and 
by lexical acquisition systems, therefore allowing for a standardisation of the data 
extracted from the different terminological resources and from texts. 

The goal is to propose a standard for the representation of lexicons in the bio-
domain, which could eventually be also interoperable with other domain lexicons. For 
this reason the ISO Lexical Markup Framework [12] was chosen as the reference 
meta-model for the structure of the BioLexicon, and the ISO Data Categories as the 

                                                           
4 BOOTStrep (Bootstrapping Of Ontologies and Terminologies STrategic Project) is an IST 

European project under the 6th Framework Programme (www.bootstrep.eu). 
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main building blocks for the representation of the entries. The existence of a reusable 
bio-lexicon with sophisticated linguistic information, linked to a corresponding bio-
ontology, should enable the bio-informatics community to develop information 
extraction tools of higher quality.  

2.4   Lexicons and Ontologies : Another Dilemma 

Ontologies are recognised as an important component in NLP systems that deal with 
the semantic level of language [13]. In fact most, if not all, of the semantic lexical 
resources (e.g. WordNet, CYC, SIMPLE), have in common the presence of an 
ontology as a core module. Besides, there is a lot of research in progress on applying 
ontologies to semantic NLP.  

The fact that OWL is the ontology language for the Semantic Web and that it 
provides a formal semantic representation as well as reasoning capabilities has 
encouraged the NLP community to convert existing resources to this language. Work 
in this area includes, for example, the conversion in OWL of WordNet (see below) 
and MeSH [14] and the proposal of a general method for converting thesauri [15].  

RDF/OWL representation of WordNet: A data model for the Semantic Web. 
During the last years, WordNet has received a growing attention by the Semantic 
Web community. Within W3C, WordNet has been translated in the widely adopted 
standard semantic languages RDF and OWL [16]. RDF(S) and OWL, designed to 
describe collections of resources on the Web, are convenient data models to represent 
highly interconnected information and their semantic relations, and therefore useful to 
support WordNet graph data model. Moreover, the RDF/OWL representation of 
WordNet is easily extensible, allows for interoperability and makes no assumptions 
about a particular application domain. The availability of WordNet Web Services can 
be an important step for its integration and effective use into the Semantic Web, and 
for future multilingual semantic interoperability in the Web [17].  

“Ontologisation” of lexicons.  A new initiative at ILC is the conversion into OWL of 
the ontology of SIMPLE [18], the lexico-semantic resource based on the Generative 
Lexicon (GL) theory. The elements of SIMPLE modelled in OWL are those used to 
define the original ontology, i.e. semantic types, qualia relations and semantic 
features. The ontology design presents a challenge as the nodes of the ontology are 
not only defined by their formal dimension (taxonomic hierarchy), but also by the 
additional GL qualia dimensions: constitutive, telic and agentive. The modelling 
choices to convert different elements of the original resources into OWL are as 
follows. Semantic types are modelled in OWL as classes, relations as object 
properties, features as datatype properties, predicates with functional object 
properties. For qualia relations, that add multidimensionality in the ontology, the 
domain and the range is made up of the classes ENTITY and the class that corresponds 
to the type of qualia relation (CONSTITUTIVE, TELIC and AGENTIVE).  

Besides formalising the ontology in OWL, it is enriched in a bottom-up approach 
that extracts further semantic information from the word-senses of the lexicon, by 
using the qualia structure as a generative device. This way, the ontology is augmented 
e.g. with selected constraints on relations and features extracted from the lexicon, by 
exploring the word-senses (semantic units) that belong to each semantic type.  



98 N. Calzolari 

 

This research is aiming at the representation of a lexico-semantic resource based in 
the GL theory into the Semantic Web ontology language, with reasoning capabilities 
interfaced to a lexicon. The conversion allows the ontology to be processed and 
checked by standard reasoners. This can be useful for building Semantic Web 
applications and for semantic NLP tasks (e.g. information extraction and knowledge 
acquisition) as well as for enhancing the quality of the resource by validating it 
(through reasoning one can look for inconsistencies or conflicts).  

This ontology is a key element of a broader forthcoming research aimed at 
automatic lexico-semantic-driven text mining and knowledge acquisition procedures, 
which, in their turn, have the goal of gathering knowledge to enrich the lexicon, thus 
creating a virtuous circle between lexicon/ontology and corpus-based information 
acquisition.  

2.5   Architectures for Integrating Lexical Resources 

Enhancing the development of multilingual lexicons is of foremost importance for 
intercultural collaboration [19], as multilingual lexicons are the cornerstone of several 
multilingual applications. Nevertheless, large-scale multilingual lexical resources are 
not yet as widely available as needed. As said above, a new trend is emerging, 
focusing on trying to exploit the richness of existing lexicons, in addition to or instead 
of creating new ones. At the same time, as the history of the web teaches, it would be 
a mistake to create a central repository of all the shared lexicons, while distribution of 
resources is a central concept. A solution emerging in the LR community consists in 
moving towards distributed language services, based on open content interoperability 
standards, and made accessible to users via web-service technologies. 

There is another, deeper argument in favour of distributed lexical resources: LRs, 
lexicons included, are inherently distributed because of the diversity of languages 
distributed over the world. It is not only natural that LRs are developed and 
maintained in their native environment. Since language evolves and changes over 
time, it is not possible to describe the current state of the language away from where 
the language is spoken. Lastly, also the vast range of diversity of languages makes it 
impossible to have one single universal centralised resource, or even a centralised 
repository of resources.  

Web services for LRs or LRs as web services. Having lexical resources available as 
web services would allow to create new resources on the basis of existing ones, to 
exchange and integrate information across repositories, and to compose new services 
on demand: an approach towards the development of an infrastructure built on top of 
the Internet in the form of distributed language services is presented in [20]. 

This new type of LRs can still be stored locally, but their maintenance and 
exploitation can be a matter of agents being choreographed to act over them. 
Admittedly, this is a long-term scenario requiring the contribution of many different 
actors and initiatives (among which we only mention standardisation, distribution and 
international cooperation). The first prerequisite for this scenario to take place is to 
ensure true interoperability among lexical resources, a goal that is long being 
addressed to by the standardisation community and that is now mature, at least for 
many aspects. Although the paradigm of distributed and interoperable lexical 
resources has largely been discussed and invoked, very little has been made for its 
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practical realisation. Some initial steps have been made to design frameworks 
enabling inter-lexica access, search, integration and operability. An example is the 
Lexus tool [21], based on the Lexical Markup Framework, that goes in the direction 
of managing the exchange of data among large-scale lexical resources. A similar tool, 
but tailored to the collaborative creation of lexicons for endangered language, is 
SHAWEL [22]. However, the general impression is that little has been made towards 
the development of new methods, techniques and tools for attaining a concrete 
interoperability among lexical resources.  

LeXFlow. The design of a general architecture able to turn into reality the vision of 
shared and distributed lexical repositories is a very challenging task. To meet these 
needs, we have designed and built a distributed architecture – LeXFlow 
(http://xmlgroup.iit.cnr.it:8888/xflow/login) – enabling a rapid prototyping of 
cooperative applications for integrating lexical resources [23]. It is based on a web-
service architecture, fostering integration and interoperability of computational 
lexicons, focusing on the particular case of mutual linking and cross-lingual 
enrichment of distributed monolingual lexical resources.  

As case–studies, we have chosen to work with:  

i) two Italian lexicons based on different models, SIMPLE and ItalWordNet, and  
ii) two lexicons belonging to the WordNet family, the ItalWordNet (http://www.ilc. 

cnr.it/iwndb_php/) and the Chinese Sinica BOW (http://bow.sinica.edu.tw)   

These represent different opportunities of adopting a bottom–up approach to 
exploring interoperability for lexicon augmentation and mutual enrichment of lexical 
resources, either i) in a cross-model, or ii) in a cross-lingual enrichment/fertilisation 
of monolingual lexicons. I say a few words about the second experiment. 

 

 

Fig. 3. A three–layered architecture for integrating lexical resources 
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Multilingual WordNet Service. The idea behind ii) above is that a monolingual 
wordnet can be enriched by accessing the semantic information encoded in 
corresponding entries of other monolingual wordnets A module called Multilingual 
WordNet Service is responsible for the automatic cross-lingual fertilisation of lexicons 
having a wordnet-like structure. Put it very simply, the idea behind this module is that 
a monolingual wordnet can be enriched by accessing the semantic information 
encoded in corresponding entries of other monolingual wordnets (see Figure 3). 

Moreover, the enrichment of wordnet (A) will not only import the relations found 
in wordnet (B), but will also propose target synsets in the language (A) on the basis of 
those found in language (B). The various wordnet-lexicons reside over distributed 
servers and can be queried through web service interfaces. The overall architecture for 
multilingual wordnet service is depicted in Figure 4.  

The entire mechanism of the Multilingual WordNet Service is based on the 
exploitation of the Interlingual Index (ILI). The proposal to make distributed 
wordnets interoperable allows applications such as: 

− Enriching existing resources. Information is not complete in any given wordnet 
(as in any other lexicon): by making two wordnets interoperable, we can 
bootstrap semantic relations and other information from other wordnets. 

− Creation of new resources. Multilingual lexicons can be bootstrapped by linking 
different language wordnets through the ILI. 

− Validation of existing resources. Semantic relation information and other synset 
assignments can be validated when it is reinforced by data coming from a 
different wordnet. 

In particular, this work can be proposed as a prototype of a web application that 
would support the Global WordNet Grid initiative (http://www.globalwordnet.org/) 
[24]. The success of this initiative will in fact depend on whether there will be tools to 
 

 

Fig. 4. Multilingual wordnet service architecture 
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access and manipulate the rich internal semantic structure of distributed multi-lingual 
WordNets. LeXFlow offers such a tool to provide interoperable web-services to 
access distributed multilingual WordNets on the grid. This allows to exploit in a 
cross-lingual framework the wealth of monolingual lexical information built in the 
last decade. 

As an example of use, any multilingual process, such as cross-lingual information 
retrieval, must involve both resources and tools in specific language pairs. For 
instance, a multilingual query given in Italian but intended for querying English, 
Chinese, French, German, and Czech texts, can be sent to five different nodes on the 
Grid for query expansion, as well as performing the query itself. In this way, 
language-specific query techniques can be applied in parallel in order to achieve 
results that can be then integrated. As multilingualism clearly becomes one of the 
major challenges of the future of web-based knowledge engineering, WordNet 
emerges as one leading candidate for a shared platform for representing a simple and 
clear lexical knowledge model for different languages of the world. This is true even 
if it has to be recognized that the wordnet model is lacking in some important 
semantic information (like, for instance, a way to represent semantic predicates). 

In the current work, we presuppose a de-facto standard, i.e. a shared and 
conventionalised architecture, the WordNet one. Since the WordNet framework is 
both conventionalised and widely followed, our system is able to rely on it without 
resorting to a more substantial and comprehensive standard. In the case, however, of 
integration of lexicons with different underlying linguistic models, the availability of 
the MILE [6] was an essential prerequisite of our work. From a more general point of 
view, we must note that the realisation of the new vision of distributed and 
interoperable LRs is strictly intertwined with at least two prerequisites. On the one 
side, the LRs need to be available over the web; on the other, the LR community will 
have to reconsider current distribution policies, and to investigate the possibility of 
developing an “Open Source” concept for LRs. 

UIMA. Finally, we have started an initiative, at ILC, to integrate both the various LRs 
(lexicons, ontologies, corpora, etc.) and the different NLP tools into a common 
framework of shared and distributed resources, the IBM UIMA middleware [25]. As 
case study, a first prototype for a UIMA Type System has been built to manage 
TimeML categories and integrate an Italian Treebank and the SIMPLE lexicon [26]. 
Both a web interface for human access and a series of web services for machine use 
are being designed. This research intends to contribute both to a UIMA type systems 
standardisation and to a common framework for resource and tool sharing and 
interoperability definition. This initiative is linked with the NICT Language Grid 
project [20], from which our prototype inherits the service ontology environment.  

3   Towards a Real Lexical/Linguistic Infrastructure: First Steps 

Finally, it seems that new conditions are emerging, in Europe, that could make it 
possible for a LR infrastructure, so far a virtual one, to make the first steps towards 
becoming a reality [27].  
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Sensitivity of LRs: political, economic, social, strategic factors. This tendency is 
helped not only by new technical conditions, but also by the recognition that any 
organisation has limited resources, and will never be able to create all necessary 
infrastructural resources – in adequate quality – as needed. Infrastructural resources 
may be spread across several organisational units. There are certainly also political-
economic factors  to be considered: behind the notion of “distributed” resources there 
are political (and very sensitive) factors, behind resources that can be “shared and 
reused” there are economic factors. Moreover, many of us today start bringing into 
focus also the social value of a common infrastructure, and strongly advocate – 
contrary to current practice – the benefits of open access (vs the social costs of 
restricted access). 

In addition to its “scientific” implications, the large intellectual, cultural and 
economic movement behind LRs obviously must entail “strategic” considerations, 
and push again towards the need to reflect on the situation in the area of LRs from a 
very broad perspective. It is perceived as essential to define a general organisation 
and plan for research, development and cooperation in the LR area, to avoid 
duplication of efforts and provide for a systematic distribution and sharing of 
knowledge. To ensure reusability, the creation of standards is still the first priority. 
Another tenet is the recognition of the need of a global strategic vision, encompassing 
different types of – and different methodologies of building – LRs, for an articulated 
and coherent development of this field.  

Two new European initiatives are linked to these ideas. 

3.1   CLARIN 

CLARIN (Common Language Resource and Technology Infrastructure) is an ESFRI 
project (http://www.mpi.nl/clarin/) whose mission is to create an infrastructure that 
makes LRs (annotated texts, lexicons, ontologies, etc.) and technologies (speech 
recognisers, lemmatisers, parsers, information extractors, etc.) available and readily 
usable to scholars of all disciplines, in particular of the humanities and social sciences 
(HSS), to make them ready for an eScience scenario. The purpose of the infrastructure 
is to offer persistent services that are secure and provide easy access to language 
processing resources. Without the proper infrastructure, the technologies to make 
these tasks possible will only be available to a few specialists.  

The CLARIN vision is that the resources for processing language, the data to be 
processed as well as appropriate guidance, advice and training can be made available 
and can be accessed over a distributed network from the user’s desktop. CLARIN 
proposes to make this vision a reality: the user will have access to guidance and 
advice through distributed knowledge centres, and to repositories of data with 
standardised descriptions, processing tools ready to operate on standardised data. All 
of this will be available on the internet using a service oriented architecture based on 
secure grid technologies.  

The nature of the project is therefore primarily to turn existing, fragmented 
technology and resources into accessible and stable services that any user can share or 
adapt and repurpose. CLARIN will build upon the rich history of national and 
European initiatives in this domain, and will ensure that Europe maintains a leading 
position in HSS research in the current highly competitive era. Infrastructure building 
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is a time-consuming activity and only robustness and persistency of the offered 
solutions will convince researchers to step over to new and more efficient ways to 
carry out leading research. The preparatory phase, starting in 2008, aims at bringing 
the project to the level of legal, organisational and financial maturity required to 
implement a shared distributed infrastructure that aims at making language resources 
and technology available to the HSS research communities at large. This necessitates 
an approach along various dimensions in order to pave the way for implementation.  

3.2   FLaReNet 

International cooperation and re-creation of a community are among the most 
important drivers for a coherent evolution of the LR area in the next years. The 
Thematic Network FLaReNet (Fostering Language Resources Network), proposed  in 
the context of an eContentplus call, will be a European forum to facilitate interaction 
among LR stakeholders. Its structure considers that LRs present various dimensions 
and must be approached from many perspectives: technical, but also organisational, 
economic, legal, political. The Network addresses also multicultural and multilingual 
aspects, essential when facing access and use of digital content in today’s Europe. 

FLaReNet, organised into thematic Working Groups, each focusing on specific 
objectives, will bring together, in a layered structure, leading experts and groups 
(national and European institutions, SMEs, large companies) for all relevant LR areas, 
in close collaboration with CLARIN, to ensure coherence of LR-related efforts in 
Europe. FLaReNet will consolidate existing knowledge, presenting it analytically and 
visibly, and will contribute to structuring the area of LRs of the future by discussing 
new strategies to: convert existing and experimental technologies related to LRs into 
useful economic and societal benefits; integrate so far partial solutions into broader 
infrastructures; consolidate areas mature enough for recommendation of best 
practices; anticipate the needs of new types of LRs.  

The outcomes of FLaReNet will be of a directive nature, to help the EC, and 
national funding agencies, identifying those priority areas of LRs of major interest for 
the public that need public funding to develop or improve. A blueprint of actions will 
constitute input to policy development both at EU and national level for identifying 
new language policies that support linguistic diversity in Europe, in combination with 
strengthening the language product market, e.g. for new products and innovative 
services, especially for less technologically advanced languages. 
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Abstract. This paper introduces our activities on corpus annotation
and management tool development in the Japanese government funded
project, Balanced Corpus of Contemporary Written Japanese. We are
investigating various levels of text annotation that covers morphologi-
cal and POS tagging, syntactic dependency parsing, predicate-argument
analysis, and coreference analysis. Since automatic annotation is not per-
fect, we need annotated corpus management tools that facilitate corpus
browsing and error correction. We especially take up our corpus manage-
ment tool ChaKi, explains its functions, and discuss how we are trying
to maintain consistency of corpus annotation.

Keywords: Corpus annotation, balanced corpus, corpus management.

1 Introduction

Large scale annotated corpora are very important not only for linguistic research
but also for development of practical natural language processing systems since
a number of practical tools such as Part-of-speech (POS) taggers and syntactic
parsers are now developed with corpus-based or machine learning-based tech-
niques, which require some amount of accurately annotated corpora. However,
it is well-known that even widely used annotated corpora such as the Penn
Treebank[5] still includes a number of annotation errors. To develop highly ac-
curate and consistent annotated corpora, it is indispensable to have a supporting
environment to maintenance annotated corpora so as to find and correct errors
that remain in manually or automatically annotated corpora.

Japanese government funded research project for developing Balanced Cor-
pus of Contemporary Written Japanese started fall 2006[4]. This is a five-year
project that aims to construct a balanced written Japanese corpus of at least one
hundred million words. In this project some part will be annotated with various
linguistic information checked manually. In this project, we are responsible for
automatic corpus annotation systems as well as corpus annotation assistance
and annotation error correction facilities.

T. Tokunaga and A. Ortega (Eds.): LKR 2008, LNAI 4938, pp. 106–115, 2008.
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This paper presents an overview of our tool development and explains espe-
cially an annotated corpus management tool named, ChaKi This tool aims at
helping users in consistent construction of annotated corpora and lexicons that
are to be used by researchers both in linguistics and language processing com-
munities. The current version of the system is available from the following site
as a free software1.

2 Balanced Japanese Written Corpus Project and the
Tool Group

This project aims at constructing a balanced Japanese written corpus with at
least 100 million words, collected from books, newspapers, magazines, and other
materials such as pamphlets, write papers, web texts, etc. An peculiar and im-
portant characteristic of this project is that it is participated by researchers
from various fields each of which has different perspectives of using large scale
corpora. The project consists of two major divisions and are further divided in
eight groups as follows:

1. Corpus Construction
(a) Corpus group: for corpus construction
(b) Tool group: for tool development
(c) Dictionary group: for dictionary construction

2. Corpus Evaluations
(a) Japanese linguistics group: for corpus-based language research
(b) Japanese language education group: teaching Japanese for foreign

learners
(c) Japanese language standardization group: for language education

standards
(d) Lexicography group: for corpus-based lexicography
(e) Natural Language Processing group: for computational linguistics

Since the author is leading the Tool group in the project, this paper mainly
focuses on tool development in the project. While the initial target of linguistic
annotation has been segmentation and part-of-speech tagging, we are currently
aiming at much more variety of linguistic annotation, and are developing auto-
matic annotation systems as well as annotated corpus management tools. The
former includes, segmentation and POS tagger, syntactic dependency parser,
predicate-argument structure analyzer, and coreference relation analyzer. For
the latter, we are developing two types of corpus maintenance tools, one is for
POS and syntactic dependency annotated corpora, and the other is a general pur-
pose annotation tool, which in particular used to annotate predicate-argument
and coreference relation annotation.

Figure 1 summarizes the relationship between corpus annotation tools and
annotated corpus maintenance tools. In the figure, Cradle is a database system
1 http://chasen.naist.jp/hiki/ChaKi/
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Fig. 1. Corpus Annotation and Maintenance Tools

that maintains the dictionary used by the annotation tools. The system keeps
not only POS and inflection information of lexical entries but also constituent
word information of compound or multi-word expressions, the details of which
is omitted in this paper.

3 Corpus Annotation and Maintenance Tools: Overview

As for corpus annotation tools, we have developed a number of language analy-
sis tools: ChaSen[1] is a Japanese POS tagger, and CaboCha[3] is a Japanese
dependency parser. We have also implemented coreference resolution system for
Japanese nouns[2].

For annotated corpus maintenance, we are developing two systems: ChaKi
maintains POS tagged and/or syntactic dependency (between-word dependency
or between-chunk dependency) tagged corpus, and provide with the functions
useful for retrieving and browsing the corpus and for correcting annotation er-
rors. This system is the main topic of the paper, and The details of this system
will be given in the next section.

Another tool, named SLAT (Segment and Link Annotation Tool), is a general
purpose corpus annotation tool. This system offers two types of annotation func-
tions, segment annotation and link annotation. The segment annotation means
to define a segment (a sequence of characters or words) and to put a name or
a label to the segment. The link annotation means to define a relation between
two segments and to give a name to the link. The set of the names/labels for
segments and links can be defined by the users. For the links, two kinds of prop-
erties can be specified to each link label. One property is whether a link defines
an ordered relation between the two segments, and the other is whether a link
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defines a transitive or intransitive relation. We believe most of corpus annotation
can be defined either of segment annotation or link annotation between segments.

4 Annotated Corpus Management Tool: ChaKi

Figure 2 shows the overall configuration of ChaKi. Annotated corpora can be
manually or automatically annotated, and are imported into the database possi-
bly with the dictionary that is used for the annotation. If there is not pre-existing
dictionary, all the words appearing in the annotated corpus constitute the dic-
tionary. ChaKi works as an interface to the database (MySQL2) and provides
various functions such as searching, statistic calculation, and error correction.
This section gives the overall functions of the system.
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Fig. 2. Configuration of ChaKi

4.1 Coordination between Corpora and Dictionary

When an annotated corpus is imported into the database, words in the corpus
are represented as pointers to the dictionary entries. When a word that does
not have any entry in the dictionary appears in the corpus, that word is tenta-
tively registered in the dictionary. Therefore, the corpus is usually not allowed to
contain any words that are not defined in the dictionary. When such words ap-
pear, they are clearly marked as exceptional. Existing annotated corpora often
includes impossible annotations. For example, the most frequently used Penn
Treebank includes some occurrences of “have” tagged as “VBD” (past tense of a
verb) or “VBN” (past participle). Such errors are easily detected when import-
ing the corpus into the database since there are no such entries in the dictionary.
Moreover, other information described in the dictionary is automatically added
to the corpus when the corpus is read in the database. For example, our current
English dictionary describes the base forms for all the inflected forms of words,
2 www.mysql.com/
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so that all the words in the corpus automatically receives its base forms even
in case the original corpus doesn’t have any such information. Moreover, since
our current Japanese dictionary has constituent definition of all the compound
words and multi-word expressions, so that the users can obtain various levels of
word segmentation granularity.

4.2 Variation of Annotation

Part-of-speech tags, base phrase chunks and syntactic dependency structures
(dependency between chunks) are handled. Multi-word expressions can be de-
fined in the dictionary together with their constituent word information. Search
can be performed either on multi-word expressions or on the constituent words.
Bibliographic information of document and of sentences are annotated at the
sentence level.

The types of annotation can be divided into two: One is the annotation within
sentences, and the other is at the sentence level.

Annotation within Sentences. The current system allows the following an-
notation within sentences: Words (morphemes), base phrase chunks, and depen-
dency structure. Word information includes the surface form, pronunciation (for
Japanese, other than pronunciation, there is a slot for “reading”, which shows
the entry description of the word in ordinary dicitonaries, POS tag, base form,
inflection type and inflection form. These are the default set of information for
a word, and each corpus can specify which of them are included. The dictio-
nary can describe the constituent words for a compound word or a multi-word
expression, whose definition is done by a set of pointers to the corresponding
entries in the dictionary. For example, the multi-word expression “in respect of”
is defined itself as a preposition, and its constituents are defined as a sequence of
a preposition, a common noun and a preposition by pointing their corresponding
entries in the dictionary. When base phrase chunks and the syntactic dependency
relation between chunks are annotated, those are also registered in the database.

As for those annotation for Japanese corpora, Japanese morphological analyser
ChaSen[1] and Japanese dependency parser CaboCha[3] are used.

Annotation at Sentences: Bibliographic Information. Bibliographic in-
formation of the corpus (the name of the corpus, the authors’ name(s), etc) and
attributive information of sentences (speaker, contextual information, etc) are
annotated at the sentence level. In the system they have no structured format
and are represented by simple character string forms, which are retrieved by
string level partial matching. Moreover, users may maintain their corpora not
by a single file but by a set of files within a hierarchy of folders so that the
path sequences of the folders represent bibliographical information related to
the files. All of such information, the sequence of the folder names, is allocated
at the sentence level.

While not considered in the current system, there should be more sentence
or extra-sentence level information. Discourse structure or discourse relation
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between sentences is one of such information. Also, links between reference ex-
pressions such as anaphora and their antecedents are other examples of extra-
sentence level information. Such information can be maintained by the general
purpose annotation system SLAT.

4.3 Search Functions

Three modes of search are provided: String search, word search, and dependency
structure search. In the search component, the unit for search is a sentence in
all modes of the search functions.

Surface Character String Search. All occurrences of specified character
strings are searched in this mode. Regular expressions can be used to describe
the target strings and the results are displayed in the KWIC format.

Word Sequence Search. When sentences are POS tagged, any lexical informa-
tion can be used to describe patterns of word sequences. The lexical information
to be specified in search patterns includes surface forms, POS tags, base forms
of words, pronunciation, inflection types and inflection forms. Regular expres-
sions can be used in specifying any of the word information. Figure 3 shows an
example of a word sequence pattern for search. The figure shows a pattern of a
sequence consisting of three words. Each box corresponds to a word, in which
the top row specifies the surface form and the fourth row specifies the POS tag.

Dependency Structure Search. When sentences are parsed in syntactic de-
pendency structure, they are searched for by specifying a partial dependency
structure. Any sentences that include the specified dependency structure are re-
trieved. Figure 4 shows a snapshot of dependency structure search. The query
is composed in the upper part of the interface. Each shaded box shows a base
phrase chunk and a small white box specifies a word within the chunk. This box
can specify various information of the word just like the word sequence search.
Arrows between chunks describe syntactic dependency relations between chunks.
All the sentences in the corpus that include the specified dependency structure
are retrieved and shown in the KWIC format as in the lower part of the Figure.

Fig. 3. Example of Word Sequence Pattern
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Fig. 4. Example of Dependency Structure Search

4.4 Showing of the Search Results

Since the search is done sentence-wise, the search results are shown sentence-
wise, too. As seen in Figure 4, retrieved sentences are shown in the KWIC format.
In search queries such as Figure 3 and Figure 4, only one word is specified as
the focus word and is presented as the center word in the KWIC in all modes of
the search functions. In word sequence and dependency structure searches, any
specified information can be associated with a word.

In case of dependency tree search, the user can pick up one of the retrieved
sentences from the KWIC, and trigger the TreeEditor, which produces another
window showing the dependency tree of the sentence as in Figure 5. Each box
corresponds to a base phrase chunk, in which a sequence of words are segmented
in in the box. Arrows between chunks show syntactic dependency relations.

4.5 Statistic Calculation

Some basic statistics can be calculated by the system. For example, if the user
is interested in only the types and frequencies of the center word in the word
sequence search, he/she can select the “Word Search” mode instead of the “Tag
Search” mode. Then, all the retrieved center words and their frequencies are
presented in another table.

Another statistics provided by the system are collocations between the cen-
ter word and the surrounding words within a specified context length window.
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Fig. 5. Dependency Tree

Collocation may be simple frequencies, mutual information, or frequent word
N-grams based on any information on words, such as surface word forms, base
forms, POS tags, etc.

The system also has a function of frequent substring mining. Frequent sub-
sequence mining is performed on the retrieved set of sentences. When the user
specify the minimal length and minimal frequency (minimal support), the sys-
tem searches for all maximal length subsequence (with a specified number of
gaps including zero gaps) that appeared no less than the minimal support and
have length no shorter than the specified minimal length. Subsequences with no
gap means n-gram sequences.

4.6 Error Correction Function

Error correction function is one of the most important functions for develop-
ing accurately annotated corpora. Annotated corpora should be corrected when
annotation errors are detected. Once an annotation error is found, it is often
the case that errors of the same type exist in other parts of the same corpus.
The search functions of the system are effectively used for detecting the same
type of errors in the corpus. And once the instances of the same error type are
collected, the error correction module helps to issue a transformation rule so as
to correct all the erroneous instances in one operation (Only segmentation and
POS annotation errors are handled in this mode).

There are two modes of error correction corresponding to the types of seach,
the word sequence search and the dependency structure search. In the former,
word segmentation errors and word related erros such as POS tag or inflec-
tion form errors can be handled. Correction of the word information is guided
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by a special interface, in which error correction is basically done by selecting
candidate words shown by the system. This is bacause the corpus is represented
as a sequence of pointers to the dictionary entries. When no correct word is
found in the candidate words, meaning missing words in the dictionary, the user
can register new words from the same interface. Such new words are tentatively
registered in the dictionary and will be checked later by the system manager. In
the case of dependency structure search, base phrase chunking errors and depen-
dency relation errors can be corrected. For example, in Figure 5, any adjacent
chunks can be merged into one, or one chunk can be divided into two or more
chunks, which enable any modification of base phrase chunking. Furthermore,
the arrows representing dependency relation can be modified, by dragging the
head of an arrow from one chunk to any other chunck.

4.7 Other Functions and Topics

Multilinguality. The system is designed as a language independent system,
and can be used with any languages that are accepted by MySQL. The current
system is tested with Japanese, Chinese and English corpora.

Interface to Language Analysis Tools. Any corpora annotated with POS or
dependency structure can be imported to the system. At the moment, the corpus
is annotated as either in the standard output formats of ChaSen or CaboCha.
An interface to apply ChaSen and CaboCha to raw corpora is provided. Also,
another interface is provided for importing annotated corpora in ChaSen or
CaboCha format into the database. For English corpora, we prepared a trans-
formation program for corpora annotated in Penn Treebank or British National
Corpus formats.

5 Keeping Consistency

Keeping consistency in annotated corpora is a different problem from the an-
notation accuracy. In non-segmented languages such as Japanese and Chinese,
word segmentation is a crucial issue that may cause inconsistency. In our project,
two segmentation standards are defined, short and long segmentation standards.
The short standard is the target segmentation that is analyzed by the POS tag-
gers, and the corpus with long segmentation standard will be generated by a
chunker. The word constituent information kept in our dictionary will provide
useful information to the chunker for long segmentation standard.

6 Conclusions

The aim of the annotation tools presented in this paper is to help users to
construct, use and manage accurately annotated corpora. It is important not
only to develop high performance natural language analysis tools but also to
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provide tools that search for specific patterns and correct errors in annotated
corpora. ChaKi provides various functions for these purposes.

In any languages, there are idiomatic or collocational expressions that are
formed by multiple words. Especially in Japanese and Chinese, it is hard to
define proper word segmentation uniquely since definition of words may vary
according to the grammar or to applications. We decided to describe multi-word
expressions and their constituent words in the dictionary and define the corpus
as a sequence of pointers to the dictionary. By doing this, it becomes possible to
search patterns either in multi-word expression or in constituent words.

Currently we work on three languages, Japanese, Chinese and English. We
assume that extension of the target languages is easy since most of the tools are
designed to be language independent.
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Abstract. Within the general enterprise of probing into the complexities of lexical 
knowledge, one particularly promising research focus is on word association 
knowledge.  Given Deese’s [1] and Cramer’s [2] convictions that word association 
closely mirror the structured patterns of relations that exist among concepts, as 
largely echoed Hirst’s [3] more recent comments about the close relationships 
between lexicons and ontologies, as well as Firth’s [4] remarks about finding a 
word’s meaning in the company it keeps, efforts to capture and unravel the rich 
networks of associations that connect words together are likely to yield interesting 
insights into the nature of lexical knowledge.  Adopting such an approach, this 
paper applies a range of network analysis techniques in order to investigate the 
characteristics of network representations of word association knowledge in 
Japanese.  Specifically, two separate association networks are constructed from two 
different large-scale databases of Japanese word associations: the Associative 
Concept Dictionary (ACD) by Okamoto and Ishizaki [5] and the Japanese Word 
Association Database (JWAD) by Joyce [6] [7] [8].  Results of basic statistical 
analyses of the association networks indicate that both are scale-free with small-
world properties and that both exhibit hierarchical organization.  As effective 
methods of discerning associative structures with networks, some graph clustering 
algorithms are also applied.  In addition to the basic Markov Clustering algorithm 
proposed by van Dongen [9], the present study also employs a recently proposed 
combination of the enhanced Recurrent Markov Cluster algorithm (RMCL) [10] 
with an index of modularity [11].  Clustering results show that the RMCL and 
modularity combination provides effective control over cluster sizes.  The results 
also demonstrate the effectiveness of graph clustering approaches to capturing the 
structures within large-scale association knowledge resources, such as the two 
constructed networks of Japanese word associations. 

Keywords: association knowledge, lexical knowledge, network analyses, large-
scale databases of Japanese word associations, Associative Concept Dictionary 
(ACL), Japanese Word Association Database (JWAD), association network 
representations, graph clustering, Markov clustering (MCL), recurrent Markov 
clustering (RMCL), modularity. 
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1   Introduction 

Reflecting the central importance of language as a key to exploring and understanding 
the intricacies of higher human cognitive functions, a great deal of research within the 
various disciplines of cognitive science, such as psychology, artificial intelligence, 
computational linguistics and natural language processing, has understandably sought 
to investigate the complex nature of lexical knowledge.  Within this general 
enterprise, one particularly promising research direction is to try and capture the 
structures of word association knowledge.  Consistent with both Firth’s assertion [4] 
that a word’s meaning resides in the company it keeps, as well as the notion proposed 
by Deese [1] and Cramer [2] that, as association is a basic mechanism of human 
cognition, word associations closely mirror the structured patterns of relations that 
exist among concepts, which is largely echoed in Hirst’s observations about the close 
relationships between lexicons and ontologies [3], attempts to unravel the rich 
networks of associations that connect words together can undoubtedly provide 
important insights into the nature of lexical knowledge. 

While a number of studies have reported reasonable successes in applying versions 
of the multidimensional space model, such as Latent Semantic Analysis (LSA) and 
multidimensional scaling, to the analysis of texts, the methodologies of graph theory 
and network analysis are especially suitable for discerning the patterns of connectivity 
within large-scale resources of association knowledge and for perceiving the inherent 
relationships between words and word groups.  A number of studies have, for 
instance, recently applied graph theory approaches in investigating various aspects of 
linguistic knowledge resources [9] [12], such as employing graph clustering 
techniques in detecting lexical ambiguity and in acquiring semantic classes as 
alternatives to computational methods based on word frequencies [13]. 

Of greater relevance to the present study are the studies conducted by Steyvers, 
Shiffrin, and Nelson [14] and Steyvers and Tenenbaum [15] which both focus on 
word association knowledge.  Specifically, both studies draw on the University of 
South Florida Word Association, Rhyme, and Word Fragment Norms, which includes 
one of the largest databases of word associations for American English compiled by 
Nelson, McEvoy, and Schreiber [16].  Steyvers and Tenenbaum [14], for instance, 
applied graph theory and network analysis techniques in order to examine the 
structural features of three semantic networks—one based on Nelson, et al [16], one 
based on WordNet [17], and one based on Roget’s thesaurus [18]—and observed 
interesting similarities between the three networks in terms of their scale-free patterns 
of connectivity and small-world structures.  In a similar vein, the present study applies 
a range of network analysis approaches in order to investigate the characteristics of 
graph representations of word association knowledge in Japanese.  In particular, two 
semantic networks are constructed from two separate large-scale databases of 
Japanese word associations: namely, the Associative Concept Dictionary (ACD) 
compiled by Okamoto and Ishizaki [5] and the Japanese Word Association Database 
(JWAD), under ongoing construction by Joyce [6] [7] [8]. 

In addition to applying some basic statistical analyses to the semantic network 
representations constructed from the large-scale databases of Japanese word 
associations, this study also applies some graph clustering algorithms which are 
effective methods of capturing the associative structures present within large and 
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sparsely connected resources of linguistic data.  In that context, the present study also 
compares the basic Markov clustering algorithm proposed by van Dongen [9] with a 
recently proposed combination of the enhanced Recurrent Markov Clustering 
(RMCL) algorithm developed by Jung, Miyake, and Akama [10] and Newman and 
Girvan’s measure of modularity [11]. Although the basic Markov clustering algorithm 
is widely known to be an effective approach to graph clustering, it is also recognized 
to have an inherent problem relating to cluster sizes, for the algorithm tends to yield 
either an exceptionally large core cluster or many isolated clusters consisting of single 
words.  The RMCL has been developed expressly to overcome the cluster size 
distribution problem by making it possible to adjust the proportion in cluster sizes.  
The combination of the RMCL graph clustering method and the modularity 
measurement provides even greater control over cluster sizes.  As an extremely 
promising approach to graph clustering, this effective combination is being applied to 
the semantic network representations of Japanese word associations in order to 
automatically construct condensed network representations.  One particularly 
attractive application for graph clustering techniques that are capable of controlling 
cluster sizes is in the construction of hierarchically-organized semantic spaces, which 
certainly represents an exciting approach to capturing the structures within large-scale 
association knowledge resources. 

This paper applies a variety of graph theory and network analysis methods in 
analyzing the semantic network representations of large-scale Japanese word 
association databases.  After briefly introducing in Section 2 the two Japanese word 
association databases, the ACD and the JWAD, which the semantic network 
representations analyzed in this study were constructed from, Section 3 presents the 
results from some basic statistical analyses of the network characteristics, such as 
degree distributions and average clustering coefficient distributions for nodes with 
degrees.  Section 4 focuses on methods of graph clustering.  Following short 
discussions of the relative merits of the MCL algorithm, the enhanced RMCL version 
and the combination of RMCL and modality, the graph clustering results for the two 
association network representations are presented.  Section 5 provides a short introdu- 
ction to the RMCLNet web application which makes the clustering results for the two 
Japanese word association networks publicly available.  Finally, Section 6 
summarizes the results from the various graph theory and network analysis methods 
applied in this study, and fleetingly mentions some interesting directions for future 
research in seeking to obtain further insights into the complex nature of association 
knowledge. 

2   Network Representations of Japanese Word Associations 

This section briefly introduces the Associative Concept Dictionary (ACD) [5] and the 
Japanese Word Association Database (JWAD) [6] [7] [8], which are both large-scale 
databases of Japanese word associations.  The two network representations of word 
association knowledge constructed from the databases are analyzed in some detail in 
the subsequent sections. 

Compared to the English language for which comprehensive word association 
normative data has existed for some time, large-scale databases of Japanese word 
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associations have only been developed over the last few years.  Notable normative 
data for English includes the 40-50 responses for some 2,400 words of British English 
collected by Moss and Older [19] and, as noted earlier, the American English norms 
compiled by Nelson and his colleagues [16] which includes approximately 150 
responses for a list of some 5,000 words.  Although the early survey by Umemoto 
[20] gathered free associations from 1,000 university students, the very limited set of 
just 210 words only serves to highlight the serious lack of comparative databases of 
word associations for Japanese that has existed until relatively recently.  While the 
ACD and the JWAD both represent substantial advances in redressing the situation, 
the ongoing JWAD project, in particular, is strongly committed to the construction of 
a very large-scale database of Japanese word associations, and seeks to eventually 
surpass the extensive American English norms [16] in both the size of its survey 
corpus and the levels of word association responses collected. 

2.1   The Associative Concept Dictionary (ACL) 

The ACD was created by Okamoto and Ishizaki [5] from word association data with 
the specific intention of building a dictionary stressing the hierarchal structures 
between certain types of higher and lower level concepts.  The data consists of the 
33,018 word association responses provided by 10 respondents according for 1,656 
nouns.  While arguably appropriate for its dictionary-building objectives, a major 
drawback with the ACD data is the fact that response category was specified as part 
of the word association experiment used in collecting the data.  The participants were 
asked to respond to a presented stimulus word according to one of seven randomly 
presented categories (hypernym, hyponym, part/material, attribute, synonym, action 
and environment).  Accordingly, the ACD data tells us very little about the wide 
range of associative relations that the free word association task taps into. 

In constructing the semantic network representation of the ACD database, only 
response words with a response frequency of two or more were extracted. This resulted 
in a network graph consists of 8,951 words 

2.2   The Japanese Word Association Database (JWAD) 

Under ongoing construction, the JWAD is the core component in a project to 
investigate lexical knowledge in Japanese by mapping out Japanese word associations 
[6] [7] [8].  Version 1 of the JWAD consists of the word association responses to a list 
of 2,099 items which were presented to up to 50 respondents [21].  The list of 2,099 
items was randomly selected from the initial project corpus of 5,000 basic Japanese 
kanji and words.  In marked contrast to the ACD and its specification of categories to 
which associations should belong, the JWAD employs the free word association task 
in collecting association responses.  Accordingly, the JWAD data more faithfully 
reflects the rich and diverse nature of word associations.  Also, in sharp contrast to the 
ACD, which only collected associations for a set of nouns, the JWAD is surveying 
words belonging to all word classes. 

Similar to the ACD network graph, in constructing the semantic network 
representation of the JWAD, only response words with a frequency of two or more 
were selected.  In the case of the JWAD, this resulted in a network graph consisting of 
8,970 words, so the two networks are of very similar sizes. 
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3   Analyses of the Association Network Structures 

This section reports on initial comparisons of the ACD network and the JWAD 
network based on some basic statistical analyses of their network structures. 

Graph representation and the techniques of graph theory and network analysis are 
particularly appropriate methods for examining the intricate patterns of connectivity that 
exist within large-scale linguistic knowledge resources.  As discussed in Section 1, 
Steyvers and Tenenbaum [15] have illustrated the potential of such techniques in their 
noteworthy study that examined the structural features of three semantic networks.  
Based on their calculations of a range of statistical features, such as the average shortest 
paths, diameters, clustering coefficients, and degree distributions, they argued that the 
three networks exhibited similarities in terms of their scale-free patterns of connectivity 
and small-world structures.  Following their basic similar approach, we analyze the 
structural characteristics of the two association networks by calculating the statistical 
features of degree distribution and clustering coefficient, which is an index of the 
interconnectivity strength between neighboring nodes in a graph. 

3.1   Degree Distributions 

Based on their computations of degree distributions, Balabasi and Albert [22] argue 
that networks with scale-free structures have a degree distribution, P(k), that conforms 
to a power law, which can be expressed as follows: 

rkkP −≈)(  

The results of analyzing degree distributions for the two association networks are 
presented in Figure 1. As the figure clearly shows, P(k) for both association networks 
conforms to a power law: the exponent value, r, is 2.2 for the ACD network (panel a) 
and 2.1 for the JWAD network (panel b). 

For the ACD network, the average degree value is 7.0 (0.08%) for 8,951 nodes, 
while in the case of the JWAD network, the average degree value is 3.3 (0.03%) for 
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Fig. 1. Degree distributions for the ACD network (panel A) and the JWAD network (panel B) 
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the 8,970 nodes.  As these results clearly indicate that the networks exhibit a pattern 
of sparse connectivity, we may say that the two association networks both possess the 
characteristics of a scale-free network. 

3.2   Clustering Coefficients 

The association networks are next compared in terms of their clustering coefficients, 
which is an index of the interconnectivity strength between neighboring nodes in a 
graph.  Watts and Strogatz [23] proposed the notion of clustering coefficient as an 
appropriate index of the degree of connections between nodes in their study of social 
networks that investigated the probabilities of an acquaintance of an acquaintance also 
being one of your acquaintances. 

In this study, we define the clustering coefficient of n nodes as: 

2/)1)(()(

neighbors sn' among links ofnumber 
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−×
=

nNnN
nC  

where N(n) represents the number of adjacent nodes.  The equation yields a clustering 
coefficient value between 0-1; while a star-like sub-graph would have a clustering 
coefficient value of 0, a complete graph with all nodes connected would have 
clustering coefficient of 1. 

Similarly, Ravasz and Barabasi [24] (2003) advocate the notion of clustering 

coefficient dependence on node degree, based on the hierarchical model of 1)( −≈ kkC  
[25], as an index of the hierarchical structures encountered in real networks, such as 
the World Wide Web.  Accordingly, the hierarchical nature of a network can be 
characterized using the average clustering coefficient, C(k), of nodes with k degrees, 

which will follow a scaling law, such as β−≈ kkC )(  where β is the hierarchical 
exponent.  The results of scaling C(k) with k for the ACD network (panel a) and for 
the JWAD network (panel b) are presented in Figure 2. 
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Fig. 2. Clustering coefficient distributions for the ACD network (panel A) and the JWAD 
network (panel B) 
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The solid lines in the figure correspond to the average clustering coefficient.  The 
ACD network has an average clustering coefficient of 0.1, while the value is 0.03 for 
the JWAD network.  As both networks conform well to a power law, we may 
conclude that they both possess intrinsic hierarchies. 

4   Graph Clustering 

This section focuses on some graph clustering techniques and reports on the 
application of graph clustering to the two constructed association network 
representations based on the large-scale Japanese word association databases.  
Specifically, after considering the relative merits of the original MCL algorithm [9], 
the enhanced RMCL algorithm [10], and the combination of RMCL and modality 
[11] employed in the present study, we briefly present and discuss the results of 
applying these methods to the two association network representations. 

4.1   Markov Clustering 

Markov Clustering (MCL) is widely recognized as an effective method for detecting 
the patterns and clusters within large and sparsely connected data structures.  The 
MCL algorithm is based on random walks across a graph, which, by utilizing the two 
simple algebraic operations of expansion and inflation, simulates the flow over a 
stochastic transition matrix in converging towards equilibrium states for the stochastic 
matrix.  Of particular relevance to the present study is the fact that the inflation 
parameter, r, influences the clustering granularity of the process.  In other words, if 
the value of r is set to be high, then the resultant clusters will tend to be small in size. 
While this parameter is typically set to be r = 2, a value of 1.6 has been taken as a 
reasonable value in creating a dictionary of French synonyms [26]. 

Although MCL is clearly an effective clustering technique, particularly for large-
scale corpora [13] [14], the method, however, undeniably suffers from its lack of 
control over the distribution in cluster sizes that it generates.  The MCL has a proble- 
matic tendency to either yield many isolated clusters that consist of just a single word 
or to yield an exceptionally large core cluster that effectively includes the majority of 
the graph nodes. 

4.2   Recurrent Markov Clustering 

In order to overcome this shortcoming with the MCL method, Jung, Miyake, and 
Akama [10] have recently proposed an improvement to the basic MCL method called 
Recurrent Markov Clustering (RMCL), which provides some control over cluster 
sizes by adjusting graph granularity.  Basically, the recurrent process achieves this by 
incorporating feedback about the states of overlapping clusters prior to the final MCL 
output stage.  As a key feature of the RMCL, the reverse tracing procedure makes it 
possible to generate a virtual adjacency matrix for non-overlapping clusters based on 
the convergent state resulting from the MCL process.  The resultant condensed matrix 
provides a simpler graph, which can highlight the conceptual structures that underlie 
similar words. 
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4.3   Modularity 

According to Newman and Girvan [11], modularity is a particularly useful index for 
assessing the quality of divisions within a network.  The modularity Q value can 
highlight differences in edge distributions between a graph of meaningful partitions 
and a random graph under the same vertices conditions (in terms of numbers and sum 
of their degrees).  The modularity index is defined as: 

∑ −=
i

iii aeQ )( 2  

where i is the number of cluster ic , iie is the proportion of internal links in the whole 

graph and ia  is the expected proportion of ic ’s edges calculated as the total number 

of degrees in ic  divided by the sum of degrees for the whole graph.  In practice, high 

Q values are rare, with values generally falling within the range of about 0.3 to 0.7.  
The present study employs a combination of RMCL clustering algorithm with this 
modularity index in order to optimize the appropriate inflation parameter within the 
clustering stages of the RMCL process.  The RMCL results reported in this paper are 
all based on the combination of the RMCL clustering method and modularity. 

4.4   Clustering Results 

The MCL and the RMCL algorithm were implemented as a series of calculations that 
are executed with gridMathematica.  The MCL process generated a nearly-idempotent 
stochastic matrix at around the 20th clustering stage. 

In terms of determining a reasonable value for the r parameter, while it is usual to 
identify local peaks in the Q value, as Figure 3(a), which plots modularity as a 
function of r, indicates there are no discernable no peaks in the Q value.  Accordingly, 
the highest value of r equals 1.5 was taken for the inflation parameter. Plotting 
modularity as a function of the clustering stage, Figure 3(b) indicates that values of  
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Fig. 3. Basic clustering results, with panel a presenting modularity values as a function of r and 
panel b indicating modularity values as a function of the MCL clustering stage 
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Fig. 4. Clustering results for MCL and RMCL, with panel a showing cluster sizes and panel b 
showing distributions for the MCL algorithm 

Q value peaked at stage 14 in the case of the ACD network and at stage 12 for the 
JWAD network.  Accordingly, these clustering stages were used in the RMCL process. 

Figure 4(a) presents the MCL and the RMCL cluster sizes for both the ACD 
network and the JWAD network, illustrating the downsizing transitions that took 
place during the graph clustering process.  Figure 4(b) plots the frequencies of cluster 
sizes for the results of MCL clustering.  In the case of the ACD network, the MCL 
algorithm resulted in 642 hard clusters, with an average cluster size of 7.5 and an SD 
of 56.3, while the RMCL yielded 601 clusters, where the average number of cluster 
components was 1.1 with an SD of 0.42.  In the case of the JWAD network, the MCL 
resulted in 1,144 hard clusters, with an average cluster size of 5.5 and an SD of 7.2, 
while the RMCL yielded 1,084 clusters, where the average number of cluster 
components was 1.1 with an SD of 0.28. 

4.5   Discussion 

In section 4.3, we presented the quantitative results of applying the MCL and the 
RMCL graph clustering algorithms to the two association networks in terms of the 
numbers of resultant clusters produced and the distributions in cluster sizes for each 
network by each method.  In this section, we present a few of the clusters generated 
by the clustering methods in illustrating the potential of the clustering approach as an 
extremely useful tool for automatically identifying groups of related words and the 
relationships between the words within the groupings. 

One objective of the project developing the JWAD is to utilize the database in the 
development of lexical association network maps that capture and highlight the 
association patterns that exist between Japanese words [6] [7] [8].  Essentially, a 
lexical association network map represents a set of forward associations elicited by a 
target word by more than two respondents (and the strengths of those associations), 
together with backward associations (both their numbers and associative strengths), as 
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well as the levels and strengths of associations between all members of an associate 
set [6].  While the lexical association network maps were first envisaged primarily at 
the single word level, the basic approach to mapping out associations can be extended 
to small domains and beyond, as the example in Figure 5 illustrates with a map 
building from and contrasting a small set of emotion words.  Interestingly, this 
association map suggests that the positive emotion synonym words of しししし 
(happy) and 嬉しし (happy) have strong associations to a small set of other close 
synonyms, but that the negative emotion words of 寂しし (lonely) and 悲しし (sad) 
primarily elicit word association responses that can be regarded as having causal or 
resultant relationships.  While the creation of such small domain association maps is 
likely to provide similarly interesting insights concerning association knowledge, the 
efforts required to manually identify and visualize even relatively small domains are 
not inconsequential.  However, the clustering methods presented in this section 
represent a potentially very appealing way of automatically identifying and 
visualizing sets of related words as generated clusters. 

Table 1 presents the word clusters for the target words of しししし (happy) and 
寂しし (lonely) that were generated by the MCL algorithm for the JWAD network.  
Comparing the sets of associations for these two words in Figure 5 based on the 
JWAD with the word clusters in Table 1, clearly there are many words that are 
common to both.  The additional words included in the MCL word clusters in Table 1 
 

Table 1. Examples of clusters for the JWAD network generated by the MCL algorithm 

 (clap hands)   (happiness)  (happy) 

 (anger)  (happy)   (delight)   (joy)  (joy)   (be glad)  
 (77th birthday)   (human emotions)   (be sad)   (final act in 

a Rakugo performance)   
 (alone)  (alone; one person)   (lonely) 

 (lonely)   (sadness)  (be sad)   (tears)  (shed) 

 (defeat)   (tears)  (regrettable) 
 

 
Table 2. Examples of words in the ACD network clustered together by the MCL algorithm 

 (engagement gift)   (happy)   (entry in family register) 
 (ceremonial hall)   (marriage)   (engagement)   (cohabiting) 

 (important ceremonial occasions) 
 (receive)   (happy)   (tip)   (thanks) 
 (reward)   (income)   (pocket money) 

 (winter)  (coldness)  (early winter)   (midwinter) 
 (lonely)   (winter)  (warm winter) 

 (pure)  (secretion)   (tears of joy)   (tears) 
 (overflow)   (sad incident)   (vexation) 

 (regret)  (reflection)   (be sorry)   (chagrin) 
 (regrettable)  
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Fig. 5. Example of lexical association network map building from and contrasting a small set of 
emotion words within the JWAD.  The numbers on the arrows indicate response frequencies as 
percentages of the respective association sets. 
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serve to demonstrate how the automatic clustering process can be a powerful 
technique for identifying more implicit, but nevertheless interesting patterns of 
association within collections of words that are mediated through indirect connections 
via closely related items. 

Similarly, Table 2 presents word clusters for the ACD network generated by the 
MCL algorithm, which illustrates how effective the clustering methods are in 
grouping together words that have a synonymous relationship. 

5   RMCLNet 

This section briefly introduces RMCLNet [26], which is a web application to make 
publicly available the clustering results for the ACD and the JWAD networks, in a 
spirit of seeking to foster a wider appreciation for the interesting contributions that 
investigations of word association knowledge can yield for our understandings of 
lexical knowledge in general. 

As Widdow, Cederberg, and Dorow astutely observe [28], graph visualization is a 
particularly powerful tool for representing the meanings of words and concepts [24].  
The graph visualization of the structures generated through both the MCL and the 
RMCL clustering methods is being implemented with webMathematica and utilizing 
some standard techniques of java servlet/JSP technology.  Because webMathematica 
is capable of processing interactive calculations, the graph visualization is realized by 
integrating Mathematica with a web server that uses Apache2 as its http application 
server and Tomcat5 as its servlet/JSP engine. 

The visualization system can highlight the relationships between words by 
dynamically presenting both MCL and RMCL clustering results for both the ACD 
and the JWAD networks, as the screen shots in Figure 6 illustrate.  Implementation of 
the visualization system is relatively straightforward, basically only requiring storage 
of the multiple files that are automatically generated during execution of the RMCL 
algorithm.  The principle feature of the system is that it is capable of simultaneously 
presenting clustering results for both the ACD and the JWAD networks, making it 
 

(a) MCL result for (b) RMCL result fo r
 

Fig. 6. Screen shots of RMCLNet, illustrating visualizations of MCL clustering results (panel a) 
and of RMCL clustering results (panel b) for the Japanese word 涙 ‘tears’ 
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possible to compare the structural similarities and differences between the two 
association networks.  Such comparisons can potentially provide useful hints for 
further investigations concerning the nature of word associations and graph clustering. 

6   Conclusions 

As a promising approach to capturing and unraveling the rich networks of 
associations that connect words together, this study has applied a range of network 
analysis techniques in order to investigate the characteristics of network 
representations of word association knowledge in Japanese.  In particular, the study 
constructed and analyzed two separate Japanese association networks.  One network 
was based on the Associative Concept Dictionary (ACD) by Okamoto and Ishizaki 
[5], while the other was based on the Japanese Word Association Database (JWAD) 
by Joyce [6] [7] [8].  The results of initial analyses of the two networks—focusing on 
degree distributions and average clustering coefficient distributions for nodes with 
degrees—revealed that the two networks both possess the characteristics of a scale-
free network and that both possess intrinsic hierarchies. 

The study also applied some graph clustering algorithms to the association 
networks.  While graph clustering undoubtedly represents an effective approach to 
capturing the associative structures within large-scale knowledge resources, there are 
still some issues that warrant further investigation.  One purpose of the present study 
has been to examine improvements to the basic MCL algorithm [9], by extending on 
the enhanced RMCL version [10].  In that context, this study applied a combination of 
RMCL graph clustering method and the modularity measurement as a means of 
achieving greater control over the sizes of clusters generated during the execution of 
the clustering algorithms.  For both association networks, the combination of the 
RMCL algorithm with the modularity index resulted in fewer clusters. 

This paper also illustrated the fact that clustering methods represent a potentially 
very appealing way of automatically identifying and visualizing sets of related words 
as generated clusters by looking at some of the clustered words generated by the MCL 
algorithm. The examples presented in Tables 1 and 2 suggest that automatic clustering 
techniques can be useful for identifying, beyond simply the direct association 
relationship, more implicit and indirect patterns of association within collections of 
words as mediated by closely related items, and for grouping together words that have 
synonymous relationships.  The paper also briefly introduced the RMCLNet which is 
a web application specifically developed to make the clustering results for the ACD 
and the JWAD networks publicly available.  It is hoped that further investigations into 
the rich structures of association knowledge by comparing the structural similarities 
and differences between the two association networks can provide useful hints 
concerning both the nature of word associations and graph clustering. 

As alluded to at times in the discussions, much of the research outlined in this 
paper forms part of a larger ongoing research project that is seeking to capture the 
structures inherent within association knowledge.  In concluding this paper, it is 
appropriate to acknowledge some limitations with the present study and to fleetingly 
sketch out some avenues to be explored in the future.  One concern to note is that, 



 Capturing the Structures in Association Knowledge 129 

while the ACD database and Version 1 of the JWAD are of comparable sizes and both 
can be regarded as being reasonably large-scale, some characteristics of the present 
two semantic network representations of Japanese word associations may be 
reflecting characteristics of the foundational databases.  As already noted, the ongoing 
JWAD project is committed to constructing a very large-scale database of Japanese 
word associations, and as the database expands with both more responses and more 
extensive lexical coverage and new versions of the JWAD are compiled, new versions 
of the JWAD semantic network will be constructed and analyzed in order to trace its 
growth and development. 

While much of the discussions in section 4 focused on the important issue of 
developing and exercising some control over the sizes of clusters generated through 
graph clustering, the authors also recognize the need to evaluate generated clusters in 
terms of their semantic consistency.  The presented examples of word clusters 
indicate that clustering methods can be effectively employed in automatically 
grouping together words related words based on associative relationships.  However, 
essential tasks for our future research into the nature of association knowledge will be 
to develop a classification of elicited association responses in the JWAD in terms of 
their associative relationships to the target word and to apply the classification in 
evaluating the associative relationships between the components of generated clusters.  
While the manual inspection of generated clusters is undeniably very labor intensive, 
the work is likely to have interesting implications for the recent active development of 
various classification systems and taxonomies within thesauri and ontology research. 

Finally, one direct extension of the present research will be the application of the 
MCL and the RMCL graph clustering methods to the dynamic visualization of the 
hierarchical structures within semantic spaces, as the schematic representation in 
Figure 7 illustrates.  The combination of constructing large-scale semantic network 
representations of Japanese word associations, such as the JWAD network, and 
applying graph clustering techniques to the resultant network is undoubtedly a 
particularly promising approach to capturing, unraveling and comprehending the 
complex structural patterns within association knowledge. 

RMCL clusters level 

MCL clusters level 

Word level 

 

Fig. 7. Schematic representation of how the MCL and the RMCL graph clustering methods can 
be used in the creation of a hierarchically-structures semantic space based on an association 
network 
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Abstract. The purpose of this study is to construct a probabilistic hier-
archical structure of categories based on a statistical analysis of Japanese
corpus data and to verify the validity of the structure by conducting a
psychological experiment. At first, the co-occurrence frequencies of ad-
jectives and nouns within modification relations were extracted from a
Japanese corpus. Secondly, a probabilistic hierarchical structure was con-
structed based on the probability, P (category|noun), representing the
category membership of the nouns, and utilizing categorization informa-
tion in a thesaurus and a soft clustering method (Rose’s method [1]) with
co-occurrence frequencies as initial values. This method makes it possi-
ble to identify the constructed hierarchical structure. In order to examine
the validity of the constructed hierarchy, a psychological experiment was
conducted. The results of the experiment verified the psychological va-
lidity of the hierarchical structure.

1 Introduction

There are many kinds of thesauruses. For example, to list just a few in Japanese,
there are the EDR concept classification dictionary [2], Goitaikei (A Japanese
Lexicon) [3], BUNRUI-GOI-HYO [4]. Generally, thesauri are referred to when
people seek more appropriate words or expressions in their writings. They have
also become to be utilized in many fields because of their comprehensiveness. For
example, natural language processing is one of field that actively uses this kind
of resource. However, thesauri do not necessarily reflect the knowledge structure
of human beings. Thesauri merely indicate what kind of semantic category a
certain noun belongs to. Generally, human beings can distinguish nouns that
are strongly associated as being representative of a category from other nouns
that are only weakly associated. For example, human beings tend to regard both
“sparrow” and “robin” as strongly associated nouns to the “bird” category. On
the other hand, “penguin” is regarded as being only weakly associated to the
“bird” category. In such cases, thesauri would only enumerate “sparrow”, “robin”
and “penguin” as belonging to the “bird” category, but would not include any
indication of the degree of association for each noun. In other words, thesauri do
not contain probabilistic information that indicates the degree of a noun’s asso-
ciation with the representativeness of a category, that is to say, the association

T. Tokunaga and A. Ortega (Eds.): LKR 2008, LNAI 4938, pp. 132–147, 2008.
c© Springer-Verlag Berlin Heidelberg 2008
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probability of a noun belonging to a category. Such probabilistic information
is important in order to construct more human-like knowledge structures, such
as a hierarchical structure of concepts that contains probabilistic information.
Accordingly, this study constructs a probabilistic hierarchical structure of nouns
that realizes a hierarchal categorization with association probabilities for the se-
mantic categories of nouns and the relationships between upper and lower level
categories (Fig. 1) based on a Japanese corpus and a Japanese thesaurus.
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Fig. 1. The association probabilities of the nouns belonging to the category

Previous studies have developed several methods for probabilistic language
clustering. For instance, [5] developed a method similar to PLSI [6], based on the
assumption of latent semantic classes in order to statistically analyze a language
corpus. Latent Semantic Analysis (LSA) [7] is one popular methods for natural
language analysis. Both of these are soft clustering methods that clarify the
latent meanings or conceptual correlations between words. However, these two
methods cannot be used to construct hierarchical categories.

One method of hierarchical soft clustering that has been developed is Rose’s
method [1]. In his method, each cluster is identified by its centroid. [8], and [9]
and [10] have applied Rose’s method to language data in studies constructing hi-
erarchical probabilistic structures for nouns. However when basing a probabilistic
hierarchal structure on a corpus, one faces the problem that it is particularly
difficult to identify the meanings of categories. Accordingly, the present study
constructs a probabilistic hierarchal structure based on a corpus and an existing
thesaurus. Rose’s method is a hierarchical soft clustering method that is ap-
plicable to data represented by vectors in a space and allows for estimations of
association probabilities for data points based on distances between the centroid
of a particular category and the data points themselves. If nouns are repre-
sented as vectors, it is possible to construct a probabilistic hierarchical structure
that reflects the categorization information of a thesaurus, through a process of
transformation based on the categorization information of a thesaurus and then
applying Rose’ method to the transformed vectors. This would thus overcome the
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problem noted above. However, probabilistic hierarchical structures constructed
in such a way, such as [8], [9] and [10], would not necessarily have psychological
validity. Accordingly, the present study examines the validity of the probabilistic
hierarchical structure by conducting a psychological experiment.

In this research, BUNRUI-GOI-HYO (the NIJL thesaurus) [4] is used in con-
structing the probabilistic hierarchical structure of nouns. The NIJL thesaurus
classifies words into “nouns”, “verbs”, “adjectives” and “others”. The nouns
(56,131) are classified into 5 categories at the first level, 43 categories at the
second level, and 545 categories at the third level (Fig. 2). When the number
of category members is few, there are little differences in terms of association
probabilities for the nouns as belonging to the category. Thus, categorization
information for the lowest levels is not especially useful in constructing a proba-
bilistic structure. Consequently, the categorization information for the first and
the second levels is utilized to construct the probabilistic hierarchical structure.

Nouns Verbs Adjectives Others

Abstract 
relations Products Nature

Soul Language Arts Life Intersection

Reading Presentation Literature
・・・

・・・

1st level

2nd level

3rd level

Subjects of 
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Reading Presentation Literature
・・・

・・・

1st level

2nd level
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Subjects of 
human activities

Human 
activities

Fig. 2. The categorizations of the NIJL thesaurus

2 Construction of a Probabilistic Hierarchical Structure

The flow chart presented in Fig. 3 illustrates the construction of the probabilistic
hierarchical structure.

– Co-occurrence frequencies of adjectives and nouns are extracted, based on
the modification relation in a large-scale corpus.

– Conditional probabilities of an adjective given certain nouns (P (adjective|
noun)) are computed. Each noun is represented by the coordinate values of
a point in a space according to these probabilities.

– The average of the coordinate values, the centroid of the distribution for a
category, is assumed to be the representative point for the category.

– Distances between the representative points of categories are lengthened in
order to reduce the degree of similarity between categories.
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– Distances between nouns within the same category are shortened in order to
increase the similarities between the nouns.

– Rose’s method is applied to these transformation results, using the trans-
formed representative point for the initial values of the centroid.

The probabilistic hierarchy is constructed through these processes.

corpus data

adjectives & nouns are 
extracted based on 
modification relationthesaurus data

calculating conditional 
probabilities
P(adjective|noun)

extract categorization
information

apply Rose’s method to calculate 
the association probabilities of nouns
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distributions

<1>reduce similarity between the categories
<2>increase the similarities between nouns
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apply Rose’s method to calculate 
the association probabilities of nouns

transform
the category
distributions
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<2>increase the similarities between nouns

within the same categories

Fig. 3. The flow chart of the entire method for constructing a probabilistic hierarchical
structure

2.1 Transforming the Category Distributions

Initially, the co-occurrence frequencies of adjectives and nouns were extracted,
based on the modification relation from Japanese newspaper articles covering
a ten-year span (1993-2002) of the Mainichi Shinbun. A Japanese analysis tool
’Cabocha’ [11] was used in the modification analysis, and 3,404 adjectives and
21,486 nouns were extracted. Then conditional probabilities of adjectives given
nouns (P (adjective|noun)) were computed using the following formula(1),

P (Aj |Ni) =
F (Aj , Ni)∑
j F (Aj , Ni)

, (1)

where F (Aj |Ni) indicates the co-occurrence frequency between an adjective Aj

and a noun Ni. The original meaning vector of the ith noun (Ni) is defined using
the following formula,

V oj(Ni) = P (Aj |Ni), (2)
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where V oj(Ni) is the jth component of the original meaning vector of the ith
noun (Ni).

If a group of nouns belongs to the same category defined in the thesaurus, it
is assumed that the nouns represent the category as a distribution or an area
within the space. The average of each category is calculated as the centroid
of the category. In this study, the category information for the second level of
the NIJL thesaurus is used. If a noun belongs to more than one category, it
is treated as belonging to the first category indicated, because homonyms were
not distinguished when extracting co-occurrence frequencies between nouns and
adjectives.

Mok indicates the average vector of the kth category and is calculated using
the following formula,

Mok =
sumNi∈Ck

V o(Ni)
|Ck| , (3)

where |Ck| indicates the number of nouns in the kth category.
The distance between each category and the average of all categories is length-

ened in order to reduce the similarity between categories. Then, the average
vector of all categories is calculated as follows,

M =
sumkMok

K
, (4)

where K indicates the number of categories and M indicates the average vec-
tor for all categories. The distance between each noun and the average of all
categories is lengthened according to the following formula,

V s(Ni) = V o(Ni) + alpha ∗ (Mok − M), ifNi ∈ Ck. (5)

The average of each category is transformed as follows,

Mk = Mok + alpha ∗ (Mok − M). (6)

Next, the distance between the noun and the average of the category to which
the noun belongs is shortened in order to increase the similarities between the
nouns, using the following formula,

V (Ni) = V s(Ni) + beta ∗ (Mk − V s(Ni)), ifNi ∈ Ck. (7)

In this study, noun vectors are transformed using α = 2, beta = 0.6. Thus,
the distance between the average of a category and the average of all categories
is three times, and the distance between a noun and the average of the category
to which the noun belongs is 0.4 times.

2.2 The Hierarchical Soft Clustering

Rose’s method is applied to the transformed vectors in order to construct the
probabilistic hierarchical categorization. In Rose’s method, categorization esti-
mations are conducted for each level. Through formulas (8) and (9), the model
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calculates the average distortion, Dn, which reflects the spread in the nouns
around the centroids of the categories at the nth level used for learning, while
category membership entropy, Hn, determines the distribution of the nouns over
all categories at the nth level.

Dn =
∑

k,i

P (Cn
k |Ni)d(Y n

k , Ni), (8)

Hn = −
∑

k,i

P (Cn
k |Ni)logP (Cn

k |Ni), (9)

where Cn
k indicates the kth category at the nth level, Y n

k represents the centroid
vector of the category Cn

k . d(Y n
k , Ni) is the Euclid distance between the centroid

and the noun,
d(Y n

k , Ni) = |V (Ni) − Y n
k |, (10)

The P (Cn
k |Ni) represents the association probability of the ith noun Ni belong-

ing to the kth category Cn
k .

The combination of minimum distortion optimization and maximum entropy
optimization is equivalent to the minimization of a single function of free energy.
Free energy, Fn, is defined using the parameter γ (γ > 0),

Fn = Dn − Hn

γ
. (11)

The number of categories estimated depends on fluctuations in the value of γ.
For instance, a single category that includes all nouns would be estimated when
the value of γ becomes close to zero. Conversely, the number of categories would
increase, as the value of γ increases. Shifts in the γ value determine the number
of categories, which, in turn, effectively adjust the depth of the hierarchical
structure.

Association probabilities of nouns to categories, which are conditional prob-
abilities of categories given nouns, and conditional probabilities of nouns given
categories, are calculated based on formulas (12) and (13),

P (Cn
k |Ni) =

e−γd(Y n
k ,Ni)2

∑
p e−γd(Y n

k
,Np)2 , (12)

P (Ni|Cn
k ) =

e−γd(Y n
k ,Ni)2

∑
q e−γd(Y n

q ,Ni)2
. (13)

In Rose’s method, the centroid vector of each category is estimated after
minimizing the free energy, F , where,

δFn

δY n
k

= 0, ∀k. (14)

Thus,
∑

i

(V (Ni) − Y n
k )e−γd(Ni,Y

n
k )2)

∑
p e−γd(Ni,Y n

p )2) = 0. (15)
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Formula (15) means that the optimal centroid vector of each category (Y n
k ) is

calculated through formula (16),

Y n
k =

∑
i V (Ni)P (Cn

k |Ni)∑
i P (Cn

k |Ni)
, (16)

based on formula (12).
The relationships between categories at an upper level and a lower level are

represented as the association probability of the lower category to the upper one.
The association probability can be calculated according to Bayesian theory by
applying formula(17) to the results of formulas (12) and (13),

P (Cn−1
p |Cn

q ) =
∑

i

P (Cn−1
p |Ni)P (Ni|Cn

q ), (17)

where Cn−1
p indicates the pth category at the n − 1th level and Cn

q represents
the qth category at the nth level.

The average of a category is used as the initial value for the centroid of that
category,

Y 1
k′(0) =

sumNi∈C1
k′

V (Ni)

|C1
k′ |

, (18)

Y 2
k (0) =

sumNi∈C2
k
V (Ni)

|C2
k | (= Mk), (19)

where |C1
k′ | indicates the number of the nouns that belong to the k′th category

at the first level, and |C2
k | represents the number of the nouns that belong to the

kth category at the second level. The centroids of the categories are estimated
through repetitions of formula12 and 16.

3 The Results of the Probabilistic Hierarchical Structure

When γ = 150, five categories were estimated at the first level. The results re-
lating to the “subjects of human activities”, “products” and “nature” categories
are shown in Table 1, where 15 nouns for each category are presented with a
range of association probabilities of belonging to each category in the Japanese
thesaurus ([4]).

When γ = 250, 43 categories were estimated at the second level. The results
relating to the “body”, “agency” and “universe” categories are shown in Table 2,
again, with 15 nouns for each category with a range of association probabilities.
These nouns belong to each category in the Japanese thesaurus ([4]). Some
nouns have large association probabilities values because the noun vectors are
transformed in order to reflect the categories at this level.

Estimation results for the relationships among the categories at upper and
lower levels are shown in Fig. 4. Every box represents an upper category, while
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Table 1. Association probabilities of nouns to the category at the first level. The num-
bers in parentheses represent the association probabilities for the respective categories.

Subjects of human activities Products Nature

sailor (1.000) wool (1.000) following wind (1.000)

wife (1.000) cowhide (1.000) side wind (1.000)

director (1.000) cap (1.000) carbonic acid (1.000)

clergyman (1.000) skirt (1.000) rain (1.000)

doctor (1.000) glass (1.000) side (1.000)

wise man (0.926) necklace (1.000) lung disease (0.999)

saint (0.701) elevator (0.857) platinum (0.999)

baby (0.699) grand hall (0.830) iceberg (0.709)

hostage (0.669) telephone pole (0.825) taro (0.675)

outsider (0.504) circuit (0.500) bump (0.622)

amateur (0.394) embankment (0.491) icicle (0.552)

fetus (0.378) avenue (0.429) fireball (0.530)

snow fairy (0.302) canal (0.402) colon bacillus (0.504)

monster (0.263) waterfall (0.367) magnet (0.206)

pet dog (0.074) pond (0.274) rice (0.190)

the names contained in the boxes signify lower categories. The number beside
each name indicates the association probability of the lower category to the given
upper category.

“Public & private affairs”, “society” and “activity” at the second level are
strongly associated to the “abstract relations” category at the first level. How-
ever, these are classified within the “subjects of human activities” category at
the first level of the NIJL thesaurus. “Aspects”, “existence”, “operation” and
“shape” are categorized under the “abstract relations” category in the thesaurus.
However, “aspects”, “existence”, and “operation” are classified within the “hu-
man activities” category, while “shape” is classified under the “products” cat-
egory in the present estimation results. Similarly, “food” and “power”, which
are included in the “products” category and the “abstract relations” category
of the thesaurus respectively, are categorized in the “nature” category in the
estimation results. In this study, the noun vectors are transformed on the ba-
sis of the categorization information at the second level of the NIJL thesaurus.
Accordingly, some differences emerge between the estimated structure and the
thesaurus at the first level, especially, in the “abstract relations” category in the
thesaurus, which includes “public & private affairs”, “society” and “activity”
and the category that can be regarded as a “quantity/space/place” category.
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Table 2. Association probabilities of nouns to the category at the second level.
The numbers in parentheses represent the association probabilities for the respective
categories.

Body Agency Universe

digestion (1.000) MITI (1.000) snowy mountain (1.000)

lever(1.000) life co-op (1.000) hill (1.000)

left arm (1.000) NATO (1.000) valley (1.000)

skull (1.000) cabinet (1.000) snow scene (1.000)

chest (1.000) Nation’s armed forces (1.000) inlet (1.000)

cerebellum (1.000) Ministry of finance (1.000) mountains and rivers (1.000)

middle finger (1.000) labor union (1.000) night view (1.000)

limbs (1.000) United Nations (1.000) precipice (1.000)

backbone (1.000) Self-Defense Forces (1.000) starlit sky (1.000)

body (1.000) ward office (0.824) ravine (1.000)

appendix(1.000) Meteorological Agency (0.743) black hole (1.000)

nose (1.000) home office (0.568) sea (1.000)

cartilage (0.705) Prime Minister’s Office (0.554) street stall (0.423)

eyeball (0.506) block meeting (0.102) eclipse of the moon (0.313)

eyelid (0.483) art society (0.000) Mercury (0.101)

bare foot (0.295) militarist party (0.000) the Big Dipper (0.001)
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Fig. 4. Estimation results for the relationships between upper and lower level categories

The probabilistic hierarchical structure was constructed using a language cor-
pus based on a thesaurus. However, it is necessary to verify the psychological
validity of the structure.



Construction of a Probabilistic Hierarchical Structure 141

4 Examination of the Validity of the Association
Probabilities

4.1 Method for the Psychological Experiment

In order to examine the psychological validity of the constructed probabilistic
hierarchical structure, the validity of the association probabilities at the second
level calculated using our method is examined.

– Participants: 41 undergraduates
– Scale: 7-point scale (1:strongly disagree - 4:neutral - 7:strongly agree)
– Categories: space, tool, time, dwelling, member, language, life, body, agency

and universe

Ten categories were selected for the experiment, from the total of 43 categories.
Then, 11 nouns, which belong to each category in the Japanese thesaurus ([4])
were selected as items from each category based on a range of association prob-
abilities, P (category|noun). Five nouns from each category were subsequently
selected as typical examples of the respective categories. These nouns all have
large association probability values (in each case of 0.982 or more). The partici-
pants were shown typical examples of each category and were asked to evaluate
the degree of membership for all items with respect to each of the categories
(Fig. 5). The nouns presented in Table 3 are typical examples and items for
the categories of “life”, “member”, “tool”, “dwelling”, “language”, “space” and
“time”. The nouns presented in Table 2 are typical examples and items for the
categories of “body”, “agency” and “universe” (The upper five nouns were used
as typical examples and the others were presented as items to be rated).

4.2 Results of the Psychological Experiment

The correlation coefficients between the average of participants’ evaluated rat-
ings and association probabilities for the categories are shown in Table 4. The
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Table 3. Typical examples of some categories and items belonging to the categories
used in the psychological experiment. In the parentheses, the number before the colon
represents the association probability for a given category and the number after the
colon represents the average of the participants’ evaluated ratings.

Type Life Tool

river leisure (1.000) earthenware (1.000)
typical SHICHIGOSAN (1.000) knife (1.000)
example hiking (0.999) gun (1.000)

Japanese archery (0.995) bombshell (1.000)
labor (0.993) Japanese sword (0.999)

picnic (1.000:5.977) bamboo sword (1.000:5.837)
HATSUMOUDE (1.000:5.326) fork (1.000:4.837)

kendo (0.994:5.698) cannon (1.000:6.419)
nightshift (0.993:4.349) ironware (1.000:6.163)

snack (0.793:3.419) block (0.894:2.767)
item bankruptcy (0.738:2.140) saw (0.831:6.070)

parlor tricks (0.590:4.186) bronze-ware (0.649:5.884)
resignation (0.440:2.830) goldfish bowl (0.618:3.070)

sitting (0.350:2.302) stuffed animal (0.425:1.698)
assumption (0.154:3.070) scarecrow (0.102:2.070)

very good luck (0.078:3.140) parachute (0.001:3.186)

Type Dwelling Language

private house (1.000) bibliography (0.998)
typical school building (1.000) name (0.995)
example ceiling (1.000) cuntry name (0.995)

bed room (1.000) archive (0.992)
villa (1.000) Buddhist Scripture (0.996)

skylight (1.000:5.732) job title (0.998:3.293)
single house (1.000:6.366) resignation (0.997:3.927)

ward (1.000:5.561) write histry (0.997:5.390)
garret (1.000:6.000) reference (0.995:5.805)

official residence (0.939:5.756) sign (0.781:4.756)
item house (0.843:5.976) joke (0.722:3.171)

barn (0.758:5.683) vicarious writing (0.602:4.000)
front gate (0.221:5.244) argue (0.503:2.366)
sanctuary (0.144:4.488) mystery (0.401:3.951)

bonnet (0.031:3.244) bush telegraph (0.140:3.146)
balcony for drying clothes (0.000:3.171) mailing (0.062:2.683)
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Table 3. (Continued)

Type Space Time

store’s interior (1.000) the beginning of the rainy season (1.000)
typical plane’s interior (1.000) Children’s Day (1.000)
example basement (1.000) BON (0.999)

zone (0.999) birthday (0.999)
underground (0.999) date and time (0.982)

room (1.000:3.209) passing of the rainy season (1.000:5.732)
campus (1.000:6.442) Coming-of-Age Day (1.000:6.366)

area (1.000:5.860) the New Year (0.999:5.415)
water (1.000:6.302) date (0.998:6.000)

station square (1.000:5.442) holiday (0.821:5.463)
item the Far East (1.000:4.837) scene of bloodshed (0.693:2.195)

vacant seat(1.000:3.907) the first half year (0.557:4.634)
heart of a mountain (0.705:4.605) waiting time (0.364:3.244)

wide area (0.506:4.279) stage (0.359:2.927)
distant place (0.483:4.581) imminence (0.212:4.098)

magnetic field (0.295:4.140) border (0.118:3.293)

Type Member

engineer (1.000)
typical sailor (1.000)
example pupil (1.000)

caretaker (1.000)
station employee (1.000)
radio actor (1.000:4.878)

student (1.000:5.732)
soldier (1.000:6.000)

employee (1.000:6.049)
the part of an old man (0.888:4.000)

item leader (0.776:4.634)
prima donna (0.641:4.390)

director (0.604:5.415)
disciple (0.118:5.220)

press (0.005:4.732)
senior (0.000:3.683)

correlation coefficient between evaluated rates and association probabilities
about all items is 0.567 (p < .001). The correlation coefficients are all significant
except for those relating to the “universe” category and the “member” category.
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Table 4. Correlation coefficients between the average of the evaluated ratings and
association probabilities (*** p < .001, ** p < .01, * p < .05, each category N = 11,
Total N = 110)

category correlation coefficient

Body 0.682*

Space 0.868**

Tool 0.682*

Time 0.747**

Dwelling 0.895**

Language 0.621*

Agency 0.637*

Universe 0.368

Life 0.702*

Member 0.478

Total 0.567***

In the experiment, only five nouns that have high association probability values
to a given category were presented to the participants as typical examples of
the respective categories and the names of categories as defined in the thesaurus
were not shown. Accordingly, it may have been difficult for the participants to
grasp the range of some categories. However, the correlation coefficient for all
items is significant at the 0.1% level. The results of the psychological experiment
support the validity of the constructed probabilistic hierarchical structure.

5 Discussion

By applying data to Rose’s method, association probabilities were calculated. The
results partially correspond to the categorizations employed within the reference
thesaurus. Furthermore, the results of the psychological experiment verified the
psychological validity of the association probabilities calculated by this method.

The constructed structure differs somewhat from the thesaurus at the first
level, because the transformation of noun vectors was based only on the cat-
egorization at the second level in the thesaurus. The results suggest that the
“abstract relations” category within the thesaurus might be more appropriately
regarded as a category of “quantity/space/place”. To that extent, the method
would seem to offer a new categorization that is based on a method of linguistic
statistical analysis. In terms of realizing structures that reflect categorization
information at all levels, a new approach could be suggested, as follows.

First, noun vectors could be transformed based on categorization information
at the highest level. The distance between each category and the average of all
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Fig. 6. The flow chart of the method for construction of a probabilistic hierarchical
structure reflecting the categorization information at all levels

categories would be lengthened in order to reduce the similarity between cat-
egories. Then, the average vector of all categories at the first level would be.
calculated. The distance between each noun and the average of all categories
is lengthened in order to reduce the degree of similarity between categories at
the first level. The average of each category is also transformed. The distance
between a noun and the average for the category at the first level to which
noun belongs is shortened, in order to increase the similarities between nouns.
Next, the vector would be transformed based on categorization information at
the second level. The vectors would be transformed in order to increase the dis-
tribution of categories at the second level belonging to the same category at the
first level and the distribution of categories at the second level that a category
belongs to at the first level would be increased. The average of the categories
at the second level would also be transformed. Then the distance between a
noun and the average for the category at the second level to which noun belongs
is shortened, in order to increase the similarities between nouns. The distribu-
tions of categories at the second level would be reduced. At last, the association
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probabilities are calculated using the transformed vectors. By using this method,
a probabilistic hierarchical structure would emerge that more strongly reflects
the categorization information of the reference thesaurus (Fig. 6).

In this study, a probabilistic hierarchical structure was constructed that re-
flects not only the information of the base corpus but also information from
the reference thesaurus. As mentioned above, other methods could be used in
constructing this kind of probabilistic structure. Therefore, it is necessary to
verify which method would be the most effective in estimating a probabilistic
hierarchical structure that closely resembles the knowledge structure of human
beings.

This study has used co-occurrence frequencies for nouns and adjectives. It
would also be relevant to employ co-occurrence frequencies for nouns and verbs
in order to construct more detailed structures. In the present experiment, only 11
nouns were used as items for each category in order to verify the validity of asso-
ciation probabilities for many categories and reduce the load of the participants.
A more extensive experiment should be conducted to verify more accurately the
validity of the probabilistic hierarchical structure. However, as compared with
previous methods ([8], [9] and [10]) of constructing a hierarchical probabilistic
structure, the meanings of the categories reflect information from the thesaurus
and it is easy to interpret the meanings (e.g., the “body” category or the “tools”
category). The purpose of the present paper is to demonstrate the feasibility
of our method of constructing a probabilistic hierarchical structure based on a
corpus and a thesaurus, as this kind of probabilistic hierarchal structure could
be applied to various models within different fields. For example, the computa-
tional model of inductive reasoning based on categories [12], the computational
model of metaphor understanding [13] and the computational model of metaphor
generation [14] could be improved using this probabilistic hierarchical structure.
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Abstract. Currently, in the field of information processing, characters
are defined and shared using coded character sets. Character processing
based on coded character sets, however, has two problems: (1) Coded
character sets may lack some necessary characters. (2) Characters in
coded character sets have fixed semantics. They may prevent to imple-
ment classical text database for philological studies. Especially for Kanji
(Chinese character), they are serious problems to digitize classical texts.
To resolve the problems, we proposed “Chaon” model which is a new
model of character processing based on character ontology. To realize
them, a character ontology is required. Especially for Kanji, large scale
ontology is required. So we realized a large scale character ontology which
includes 98 thousand characters including Unicode and non-Unicode
characters. This paper focuses our design or principal of a large scale
character ontology based on Chaon model, and overview of its imple-
mentation named CHISE (Character Information Service Environment).

1 Introduction

We use characters as a basis for data representation in computers, and as a tool
for communication over computer networks. Currently, in the field of information
processing of digital text, each character is represented and processed by the
“Coded Character Model”. In the model, each character is defined and shared
using a coded character set (code) and represented by a code-point (integer) of
the code.

Character processing based on the coded character model is a simple and
efficient method. Each character is represented by an integer, so it is possible
to process characters without large memory and high speed processing power.
Knowledge of characters are defined (standardized) in a spec of a coded character
set, there are no need to store large and detailed knowledge of characters into
computers for basic text processing.

In a sense of flexibility, the coded character model has some problems, be-
cause it expects finite set of characters and each character of the set has a stable
concept shared in the community. Namely it expects static character world. How-
ever, real character usage is not so static and stable. Especially in Kanji (Hanzi;
Chinese character), it is not so easy to select a finite set of characters which

T. Tokunaga and A. Ortega (Eds.): LKR 2008, LNAI 4938, pp. 148–162, 2008.
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covers all usages. It is also not so easy to find and define stable concept of char-
acters. For example, equivalence of characters is not so clear. Usually a Chinese
character has one or more variants. If each relation among character variants is
static, we can regard these character variants as a categorized character group
which indicate the same character concept. In that case, we can regard the cat-
egorized character group as an abstract character which is defined by the rule of
categorization. Unfortunately, such kind of character relations are not static in
general, they are depended on periods, regions, fields, contexts, situations, etc.
Even if we can find a good subset of abstract characters with stable concepts of
characters, it is only an approximation so we may encounter exceptions. If we
encounter an exception unfortunately, we need to modify the code or give up to
represent by the code. Especially for classical texts and characters, it is a serious
problem.

In a point of view, the phenomenon, semantics is depended on situations,
contexts, fields, regions, periods, etc., is not only found in character world but
also in various linguistic phenomena. In the field of linguistic semantics, situation
semantics introduces robust framework for situation dependency of linguistic
semantics. We thought that the field of character processing is also need similar
framework.

Despite of the situation dependency, character also has a property which
across several situations and contexts. When a Chinese character in a text is
interpreted in a context/situation and the semantics is a new interpretation of
the character, it may be reused in a different text with expectation of the new
interpretation. Such kind of feedback loops have been generating inter-context
properties of characters and some of them became fixed properties of characters.
Namely two different forces work in Chinese character world: context/situation
dependence and independence.

By the way, character processing is a basis of various text processing, it should
be enough lightweight to keep computational power for other modules. So if we
propose an alternative model which can be replace coded character model, it
should be designed to be simple.

To resolve the problems of coded character model and satisfy these points of
views, we proposed “Chaon” model1 [13] [14] which is a new model of charac-
ter processing based on character ontology. In Chaon model, each character is
defined, represented and processed according to its definition in a character on-
tology. Characters in Chaon model are independent from coded character sets for
information interchange, and semantics of the characters stored in the ontology
can be freely added or altered.

To realize the character processing based on Chaon model, we started “CHISE
(Character Information Service Environment)” project.2 In CHISE project, we

1 When I and NIIBE Yutaka proposed the first version of Chaon model, it was named
“UTF-2000 model” by NIIBE Yutaka [21]. However it is quite misleading that the
model is a character code. So I changed the name of the model to Chaon model in
2001.

2 It was named UTF-2000, but renamed in 2001.



150 T. Morioka

have developed some systems and databases (ontology) to edit/process/print
characters and texts (they are called “CHISE” in this paper). CHISE project
is an open source project, so the results are freely distributed. We are realizing
character processing environment based on Chaon model.

Chaon model is a knowledge driven method to process character, so CHISE
requires a character ontology to get various information about characters to
process variously. In the model, character ontology is one of the most impor-
tant factors. Especially in Kanji (Chinese character), coverage and quality of
character ontology is quite important.

This paper focuses our design or principal of a large scale character ontology
based on Chaon model, and overview of CHISE.

2 Character Representation of CHISE

2.1 Chaon Model

In Chaon model, representation of each character is not a code point of a coded
character set, but a set of the features it has. Each character is represented as
a character object, and the character object is defined by character features.
Character objects and character features are stored in a character ontology, and
each character can be accessed using its feature as a key.

There are various information related with characters, so we can regard vari-
ous things as character features, for example, shapes, phonetic values, semantic
values, code points in various character codes. Fig. 1 shows a sample image of a
character representation in Chaon model.

Fig. 1. Sample of character features

In Chaon model, each character is represented by a set of character features,
so we can use set operations to compare characters. Fig. 2 shows a sample of a
Venn diagram of character objects.
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Fig. 2. Venn diagram of characters

As we have already explained, a coded character set (CCS) and a code point
in the set can also be character features. Those features enable exchanging a
character information with the applications that depend on coded character
sets. If a character object has only a CCS feature, processing for the character
object is the same with processing based on the coded-character model now
we are ordinarily using. Namely we can regard the coded-character model as a
subset of Chaon model.

2.2 Categorization of Features

In the character processing based on Chaon model, it is important to analyze
characters and their various properties and behaviors and represent them as
character features. We can find sundry properties and behaviors of characters,
and we can use infinite kind of character features. However general purpose
character ontology requires a guideline about character features. So we think that
it is feasible to regard each character feature as an abstraction of an operation
for characters.

In the point of view, each character feature can be categorized as follows:

1. general character property (such as descriptions of dictionaries)
2. mapping for character ID
3. relation between characters

For example, radicals, strokes and phonetic values can be classed into the cate-
gory 1, code points of UCS [5] can be classed into the category 2 and relations
between character variants can be classed into the category 3.
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2.3 Mapping for Character ID

Information of the category 2 is used for processing about character codes, such
as code conversion. Processing about character codes consists of two kind of
operations: encoding and decoding. To encode a character by a CCS (coded
character set) is to get the CCS feature’s value in the character. To decode a
code-point of a CCS is to search a character whose value of the CCS feature is
the code-point. Processing about character codes should be fast, so the character
ontology of CHISE has special indexes for decoding.3

For the processing about character variants, information of the category 3 is
used.

In the character representation based on the Chaon model, each character
object is independent of character codes, so a code-point of a CCS may have the
plural number of the corresponding character objects. In addition, coverage of a
code-point is depended on a CCS, so we have to think about the case in general.
So one-way mapping from a character to a code-point is the general case. If a
representative character object can be determined for a code-point, round-trip
(one-to-one) mapping can be defined.

In CHISE, each character feature name to indicate one-way mapping is started
by => and each character feature name to indicate round-trip mapping is started
by =.

2.4 Relations between Characters

Chaon model itself is a method to indicate characters or sets of characters by
their character features, not for network of characters. However we can introduce
a kind of character feature which has a list of characters as its feature value.
Characters stored in the list can also have such kind of character feature, so we
can represent network of characters (Fig. 6). Such kind of character feature is
called “relation features”.

In CHISE, each relation feature name is started by –> or <– (except its
metadata feature names described in Sec. 2.5).

The property of relation features is defined as the follows:

If character A, B exist and there is a character relation A –>foo B, the
character A has a relation feature whose name is –>foo and the character
B is an element of its value. In the case, the character B has a reversed
relation feature whose name is <–foo and the character A is an element
of its value.

2.5 Description for Complex Information

For development of a general purpose character ontology, we may find some
cases that there are different kind of usages, purposes, applications, sources,
interpretations, theories, etc. so it is hard to chose one feature value and we
3 For the special treatment, we distinguish the category 1 and 2, but it seems that

there are no essential differences.
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want to provide alternative values. In that cases, we may want to add metadata,
such as sources of the values. To resolve the problem, we have to introduce
structured feature value or structured feature name (key).

To represent structured feature values, a format named “character reference
(char-ref)” is used in CHISE. It is a kind of property-list of S-expression (Lisp),
property name indicates kind of metadata and property value indicates its data.
As a special property name, :char is reserved to indicate a character which is
added the metadata. Currently :sources is defined to indicate information source.

CHISE also has a format to represent structured feature names. In the struc-
tured feature names, “domain identifiers” and/or “metadata identifiers” are
added to ordinary (base) feature names. The format is defined as following
definitions:

<character feature name>
:= <concrete feature name> | <metadata feature name>

<concrete feature name>
:= <base feature name>
| <base feature name> @ <domain identifier>

<metadata feature name>
:= <concrete feature name> * <metadata identifier>
| <metadata feature name> * <metadata identifier>
| <metadata feature name> @ <domain identifier>

<domain identifier>
:= <base domain identifier>
| <domain identifier> / <base domain identifier>

For example, when total strokes is represented by a character feature total-
strokes and ucs is used as a domain identifier, total-strokes in the ucs domain
is represented by total-strokes@ucs. When source is represented by metadata
identifier sources, total-strokes@ucs’s source is represented by metadata feature
name total-strokes@ucs*sources.

If there is a correspondence between different kind of features, such as radical
and body-strokes, we can represent the correspondence by a domain identifier.
For example, when radical is represented by ideographic-radical and body-strokes
is represented by ideographic-strokes, two concrete feature names

ideographic-radical@ucs
ideographic-strokes@ucs

are corresponding.

2.6 Inheritance of Character Definition

If we construct a large scale character database including a lot of character
variants, inheritance of character definition is good way to avoid to write a lot of
common features. So CHISE introduces four special features to represent parent
and child relations:
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<–subsumptive defined character is a child of each character indicated
by its value

<–denotational likewise
–>subsumptive each character indicated by its value is a child of the

defined character
–>denotational likewise

In the sense of inheritance, A –>subsumptive B and A –>denotational B have
the same semantics. However, they have a small nuance: A –>subsumptive B
means that B is a close (glyph image) variant of A and they (or brothers/sisters
of B) have quite similar differences. A –>denotational B means that B is a
distant (glyph) variant of A and they (or brothers/sisters of B) have relatively
large differences. –>denotational is useful to describe abstract characters.

3 Implementation

Character processing based on Chaon model is to represent each character as
a set of character features instead of a code point of a coded character set and
process the character by various character features. It indicates that character
processing system based on Chaon model is a kind of database system to oper-
ate character ontology. So the major targets of CHISE project are (1) character
database systems, (2) character database contents and (3) CHISE based appli-
cations. CHISE Project is working on the targets and provides some results as
free software.

As character database systems (and language bindings), following implemen-
tations are available:

libchise is a library to provide fundamental features to operate charac-
ter database

XEmacs CHISE is a Chaon implementation based on XEmacs [20]
(extensible text editing environment with Emacs Lisp interpreter)
[Figure 3]

Ruby/CHISE is a Chaon implementation based on Ruby [18] (script-
ing language)

Perl/CHISE is a Chaon implementation based on Perl (scripting
language)

For the Chaon implementations, currently two database contents are available
as follows:

CHISE basic character database is a general character ontology at-
tached to XEmacs CHISE; including about 220 thousand defined
character object (about 98 thousand head-characters) now

CHISE-IDS is a database about structure of components of Ideo-
graphic characters; including about 80 thousand characters now; it
is designed to integrate into the CHISE basic character database
(feature ‘ideographic-structure’ is used in CHISE).
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Fig. 3. XEmacs CHISE
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The former is a basic character ontology attached in XEmacs CHISE which is
realized by a collection of define-chars (S-expressions) while the later is a database
for Ideographs to represent information about shapes which is represented by
“Ideographic Description Sequence (IDS)” format defined in ISO/IEC 10646 [5].

Structure information of Ideographs is information about combinations of
components of Ideographs. A lot of Ideographs can be represented by a combina-
tion of components, so the information is a useful. It is not only representation of
abstract shapes, but also related with semantic values and/or phonetic values. So
we planned to develop a database about structure information of Ideographs for
every Ideograph which consists of combination of components. In the 2001 fiscal
year, we realized CHISE-IDS database with supporting of “Exploratory Software
Project” run by IPA (Information-technology Promotion Agency, Japan) [14].
Currently it basically covers all of CJKV Unified Ideographs of ISO/IEC 10646
[5] including Extension A and Extension B. We are also working for representa-
tive glyph image of JIS X 0208:1990 and Daikanwa Dictionary.

Before we developed CHISE-IDS database, there are some databases includ-
ing structure information of Ideographs: CDP database [4] by Academia Sinica,
database about gaiji (private used character) used in CBETA and “Konjaku
Mojikyo” [12]. These databases use original formats so it is not easy to con-
vert to IDS format. Konjaku Mojikyo is a proprietary software so their data are
not opened for the public. In the view of licence, CDP database and CBETA
database are available with free software licenced under the term of GPL while
Konjaku Mojikyo is not. So we tried to convert CDP database and CBETA
database to IDS and integrate them with CHISE database.

Currently CHISE basic character database (is a part of XEmacs CHISE) and
CHISE-IDS package are distributed separately. However CHISE-IDS package
provides an installer to integrate CHISE-IDS database files with CHISE basic
character database.

As CHISE based applications, we need at least editing system, printing system
and character database utilities. As editing system, XEmacs CHISE is available.
As printing system, the following programs are available:

Ω/CHISE is a multilingual type setting system based on Ω [15] (a
multilingual TEX)

chise2otf is a converter to process CHISE texts with pLATEX[17] + OTF
package [16]

chise-tex.el is like chise2otf, but it is implemented as a coding-system
of XEmacs CHISE (written by Emacs Lisp)

As character database utilities, there are some emacs lisp programs, Ruby scripts
attached to Ruby/CHISE and Perl scripts attached to Perl/CHISE.

In addition, the following system is available:

Kage is an automatic Ideographic glyph generating system [8] [7]

Currently Kage is used in Ω/CHISE and chise2otf.
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Fig. 4. CHISE IDS Find
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Fig. 5. CHISE character description
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4 WWW Applications

4.1 CHISE IDS Find

“CHISE IDS Find” [19] is a WWW service to search the CHISE ontology for
Kanji (Chinese character) and/or historical Chinese characters, such as Oracle
Bone script, using feature ‘ideographic-structure’.

If a user specifies one or more components of Kanji into the “Character compo-
nents” window and run the search, characters includes every specified components
are displayed. In the result, if a character is used as a component of other charac-
ters, these derived characters are indented after the character, like tree (Fig. 4).

4.2 CHISE Character Description

In a result page of the CHISE IDS Find, the first column of each line is an entry
of a character. It has a link for a page to display details of the character, named
“CHISE character description” (Fig. 5).

Fig. 6. CHISE link map (U+8FC5)
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A character description page may have some links for ideographic-structure,
character variants or other related characters, etc. In that case, information
about such kind of related characters can be displayed to click the links.

4.3 CHISE Link Map

In a result page of the CHISE IDS Find, the third column of each line shown as
(link map) is a link for the “CHISE link map” by Koichi KAMICHI [6] (Fig. 6).

The “CHISE link map” is a WWW service to visualize relations between
characters. It visualizes an overview of character variant network.

5 Derived Works

5.1 Character Analysis

Character ontology is available to analyze network of characters. For example,
CHISE-IDS database makes a network of characters based on relations between
characters which have shared character components. Yoshi Fujiwara, et al. ana-
lyzed such kind of character relations based of shared character components [3].

5.2 IDS Based Activity in IRG

In IRG4 24 in Kyoto, Japan (2005-05-2427), I demonstrated CHISE project and
related systems including CHISE-IDS Find [10]. After that IRG uses IDS for
their works. Especially, Taichi KAWABATA’s works are important. He processed
CHISE-IDS database and analyze every UCS Unified Ideographs (Chinese char-
acters). Based on the result, he defined a glyph component based unification rule
of UCS Unified Ideographs [11][9]. In addition, he proposed to require proponents
to add IDS for each proposed Ideograph. Now it is adopted in IRG.

6 Relative Works

6.1 Hantology

Hantology[1][2] is a Hanzi Ontology based on the conventional orthographic sys-
tem of Chinese characters. It is based on SUMO (Suggested Upper Merged Ontol-
ogy) and coded in OWL. Comparing CHISE with Hantology, CHISE is designed
for high performance and lightweight system software as a replacement of coded
character technology while Hantology seems designed for heavy applications.

6.2 CDP

Intelligent Encoding of Chinese Characters by C. C. Hsieh and his colleagues
at Academia Sinica since the 1990’s is an early work about Chinese character
processing system based on Knowledge processing.
4 ISO/IEC JTC1/SC2/WG2/IRG (Ideographic Rapporteur Group).
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For the purpose of expressing the parts of characters, that are not characters
themselves, more than 2000 code-points from the private use area (PUA) of Big5
had been used. Furthermore, the CDP database uses a set of only three operators
for connecting the characters, although in practice, this has been expanded to 11
due to the introduction of shortcut operators for handling multiple occurrences
of the same component in one character. There are three more operator-like
characters, which are used when embedding glyph expressions into running text.

CHISE and CDP may share similar purpose and spirit. However CHISE does
not supports only Chinese characters but also various scripts while CDP is de-
signed for Chinese characters. In fact, CHISE ontology includes information of
Unicode data and it uses the same mechanism for every scripts. In addition,
CHISE is designed not depended on a particular character code while CDP is
depended on Big5.

In representation of Ideographic structure of components, CDP uses origi-
nal infix format while CHISE uses IDS (Ideographic Description Sequence) for-
mat [5].

7 Conclusion

We have described a brand new character processing model Chaon and overview
of CHISE. Chaon character representation model is powerful and radical enough
to solve the problems that the present coded character model has, and the im-
plementation of Chaon model, such as XEmacs CHISE or CHISE IDS Find have
shown that the model is feasible enough to build an application on.

Chaon model gives users freedom to create, define and exchange characters of
their need, as it is easy to change character ontology or modify character features
dynamically. With the CHISE basic character database, XEmacs CHISE can
handle various characters including characters not defined in Unicode. Even if
a character is not defined in Unicode, users can add it into CHISE character
ontology to define it by its features. Users can handle each character based on
their point of view or policy. For example, CHISE provides some unification rules
or mapping policies about Unicode. With the CHISE-IDS database, users can
search Kanji easily. This method is also available for non-Unicode characters.

CHISE project is an open source project, so its results are distributed as free
software. Information about CHISE project is available at:

– http://cvs.m17n.org/chise/
– http://kanji.zinbun.kyoto-u.ac.jp/projects/chise/
– http://mousai.as.wakwak.ne.jp/projects/chise/

These WWW pages, various programs and data are managed by CVS (a kind of
revision control system), so users can get the latest snapshot. There are mailing-
lists about CHISE project: for English and Japanese. If you are interested in
CHISE project, please join to the lists.

http://cvs.m17n.org/chise/
http://kanji.zinbun.kyoto-u.ac.jp/projects/chise/
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Abstract. In order to support effective and smooth recognition of the intentions 
embedded within texts shared by multiple knowledge agents (e.g. humans or 
knowledge systems), this paper systematizes knowledge about performative 
verbs, which is considered as a verb to indicate speaker intentions, and proposes 
an intention reference system. The system enables two kinds of references; (a) a 
reference of the cognitive elements of intention and (b) a reference of intentions 
with cognitive elements. Consequently, it becomes easy to share the text 
addressor’s intention at least in the group even in the text-based 
communications on the Web. In addition to semantic web that tags the semantic 
content of the text, tagging the action of the text expects to realize more 
smoothly text communication with less misunderstanding.  

Keywords: performative verbs, speaker intentions, pragmatic, reference sys- 
tem, cognitive elements. 

1   Introduction 

Nowadays, as WWW (World Wide Web) appears, a large-scale text is often treated in 
several research fields such as information science, linguistics, and psychology. Web 
communication has advantage that people can convey much information to a large 
amount of people inexpensively because of its characteristics of a little time and space 
restriction. On the other hand, addressor (= text writer) intentions might not be 
conveyed sometimes because of text-based communication in which there are no 
para-language elements such as gestures, facial expressions, and gazes. Then, what is 
the addressor’s intention? It is a sort of force to influence the addressee (= text 
reader), and it is possible to consider the addressor’s intention as his / her action for 
the addressee. In order to support proper and smooth text-based communication 
between multiple knowledge agents (e.g., humans or knowledge systems), it is 
necessary to consider not only the aspect of the content description but also the one of 
the action transmission.  
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By the way, within pragmatics, language use includes (a) an aspect of conveying 
actions as well as (b) an aspect of describing contents (e.g. [1] [2]). According to 
speech act theory, which is a main pragmatic theory, the verb performing an action of 
the text is named “performative verb”. Performative verbs are generally defined as 
verbs that possess a particular force (act) toward others in saying something. To sum 
up, performative verbs convey the text addressor’s action and it is possible to consider 
that performative verbs indicate the text addressor’s intention. It is one of the methods 
to systematizing knowledge concerning speaker intention to describe the knowledge 
about performative verbs.  

This paper analyzes performative verbs, which can be regarded as performing the 
action of the text. Based on the analysis, we propose the systematization of 
knowledge for performative verbs. This paper does not deal with large-scale 
knowledge resources itself. However, it is necessary for large-scale text resources to 
construct a foundation for indicating the addresser’s intentions which we propose in 
this paper. 

2   Performative Verbs as Speaker Intentions 

2.1   Performative Verbs in Speech Act Theory 

According to speech act theory (e.g. [1] [3]), language use has two aspects; (a) 
proposition and (b) action. That is, a single utterance has two dimensions: (a) it 
conveys something and (b) it is itself an act of doing something. For instance, when 
person A tells to B “Give me a cup of coffee”, (a’) A conveys the meaning that “A 
intends to have B make coffee” and, at the same time, (b’) A performs an <order> to 
B. In language use, it is one of the important factors to recognize the speaker (=A) 
intention of <order>. In speech act theory, the speaker intention is called illocutionary 
force (e.g. <order>) which is expressed in the form of performative verb. 
Performative verbs are generally defined as verbs that possess a particular force (act) 
toward others in saying something. 

There are two types of performative verbs; (i) implicit performative verbs, and (ii) 
explicit performative verbs. When person A tells B “I want to have a cup of coffee” 
with an intention of <order> to make a coffee, the verb <order> is the implicit 
performative verb. In this way, performative verbs appear implicitly in natural 
conversations [2] [4] [5]. The fact that people tend to use performative verbs implicitly 
in the utterance causes one of communication errors. For instance, in the above example 
of person A’s utterance “I want to have a cup of a coffee”, person B would reply A just 
“me too”, if person B do not recognize A’s intention of <order> and consider that A just 
describe his / her state. In this case, person A cannot perform an <order> which is 
ignored by B, and communication error has occurred. In order to avoid the 
communication error, it might be effective the mapping between performative verbs and 
a specific utterance. However, there is no one-to-one mapping [2].  

There is a proposal that using explicit performative verbs in the utterance would 
decrease the communication errors [5]. When performative verbs are expressed 
explicitly in the utterance, it is not difficult to identify the speaker intention which is 
indicated by the performative verb in the utterance (e.g. when the speaker intends to 
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have a request on the hearer, he / she just says “I request you to do something”, the 
performative verb <request> in the utterance would be the speaker intention). 
However, even if performative verbs are expressed explicitly in the utterance, there is 
a possibility that the cognitive differences for the specific performative verb would 
cause the misunderstanding between the addressee and addresser. For example, what 
is the detailed cognitive environment (e.g. goal, beliefs, and emotions) of the speaker 
who uses the performative verb <order> in the utterance? Why does the speaker use 
not the performative verb <request> but <order>? What are the detailed differences 
between the performative verb <order> and <request>? 

In order to solve these problems, this paper focuses on the cognitive component of 
each performative verb based on the existing researches [1] [3] [6]. 

2.2   Elements Composing Each Performative Verb 

Then, is it possible to investigate under which condition does a specific performative 
verb tend to be used?  Several researchers have attempted to create lists of 
performative verbs and their underlying conditions (e.g. [1] [3] [6] [7]). In this 
section, studies of pragmatic researchers and a cultural anthropologist will be 
introduced. 

From Pragmatic Viewpoint. Within pragmatics, Kubo et al.'s research follows the 
traditional pragmatics speech act theory and analyzes performative verbs based on the 
theory of direction of regulation. They have created a list of 189 Japanese 
performative verbs, which is frequently used [6]. In this research, performative verbs 
are divided into five categories; [assertive] (e.g., tsugeru (tell)), [commisive] (e.g., 
odosu (threaten)), [directive] (e.g., tanomu (ask)), [declarative] (e.g., sengen-suru 
(declare)), and [expressive] (e.g., togameru (blame)). Each performative verb has 
conditions of success that include “mode of achievement”, “propositional content 
condition”, “preparatory condition”, and “sincerity condition”. A dictionary 
description of each performative verb has created by specifying each condition, as in 
the following example of the performative verb <Togameru (=blame)>. 

----------------------------------------------------------------------------- 
<Togameru>  
[Mode of achievement] 

(1) The speaker > The hearer (psychologically)  
(2) Unilateral attitude 

[Propositional content condition]  
Critical declaration 

[Preparatory condition] 
(1) There was some earlier speech act or behavior that was inconvenient for the 

speaker. 
(2) The speaker believes that the execution of this act is necessary for him/herself.  
(3) The speaker believes that the hearer does not want the execution of this act. 
(4) The speaker believes that the execution of this act is necessary for the hearer.  

[Sincerity condition] 
(1) The speaker has critical feelings towards the hearer. 
(2) The speaker expects the hearer to reflect on the utterance and their prior behavior 

----------------------------------------------------------------------------- 
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This research makes important contributions in two respects. First, it provides 
detailed descriptions of the conditions for each performative verb, including 
emotional states that are described in detail, such as “critical feelings”, “shame”, and 
“expectation of reflection”. That is, their research clarifies the components of each 
performative verb. Second, performative verbs are classified and organized within a 
hierarchical structure. As a result, the systematized performative verbs can be 
considered as a kind of knowledge representation. 

On the other hand, there are two aspects that need to be taken into account: (a) the 
viewpoint of socially-shared knowledge (e.g. everyone believes act X is not good 
within this community) is not always considered. Socially-shared knowledge is 
necessary because performative verbs and their constituents differ between 
communities (cf. Austin asserts that acts that have a certain force toward others in 
saying something, as noted above, are conventional acts [1]). (b) According to 
traditional pragmatics, performative verbs may be divided into five categories based 
on the relationship between the word and an object (the world). However, 
performative verbs could also be classified based on the cognitive elements that 
underlie performative verbs. 

From a Cultural Anthropological viewpoint. Wierzbicka, an antholopologist, 
identifies each performative verb with the minimum psychological elements using 
basic set of 2,000 words (the basic of words of Longman Dictionary of Contemporary 
English) [7]. She lists 270 English performative verbs that are widely and generally 
used. The following example of performative verb <blame> shows the process of 
decomposing. 

----------------------------------------------------------------------------- 
<Blame> 
- I assume that everyone would say that what has happened (Z) is bad for me (/us).  
- I assume we would want to know why it happened.  
- I say: I think it happened because Y happened (or : because X did Y). 
- I think something bad about Y (or: X) because of that. 
- I say this because I want to say what I think about why Z happened. 
----------------------------------------------------------------------------- 

Wierzbicka’s research makes two insightful contributions. The first is the inclusion 
of the socially-shared knowledge viewpoint as manifested in expressions like 
“everyone would say”. The second is the fact that the descriptions are relatively easy 
to understand because there are expressed with this basic set of 2000 words. 

On the other hand, there are also two details that deserve further attention: (a) The 
treatment of emotional states is not consistent, as it is not so simple to describe states 
like “shame”, “happy”, “sad” with just 2,000 basic words. (b) Performative verbs are 
listed in alphabetical order, at the expense of providing a classification of 
performative verbs. 

3   Systematization of Performative Verbs with Cognitive Elements 

In the previous section, we explained the contribution concerning the component of 
performative verbs in pragmatics and cultural anthropology. In pragmatics, conditions 
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when the performative verb is used are described in detail. Within cultural 
anthropology, psychological components for each performative verb are enumerated. 
It is possible to consider that both top-down approaches organize the cognitive 
environment when the speaker uses a specific performative verb. 

The results of the meta-analysis of existing research clearly indicate the need to 
provide detailed and consistent cognitive profiles for performative verbs with 
socially-shared knowledge.  

Regarding socially-shared knowledge, several studies stress that the recognition of 
speaker intention is context-dependent (e.g. [8] [9]), and one survey has even shown 
that the strategies for realizing certain speech acts vary between languages [10]. This 
highlights the fact that the recognition of speaker intention is bound up in the 
conventions shared within groups.  

The consistent cognitive structure of performative verbs might enable to construct 
a dictionary-like system in which components of each performative verb can be 
searched from a specific performative verb or in which a specific performative verb 
can be searched from a cognitive component. 

4   A Reference System for Performative Verbs 

Based on the analysis of performative verbs, an intention reference system has been 
developed on a local server. The system currently consists of 186 Japanese 
performative verbs and 452 cognitive elements. There are two kinds of references on 
the system; (a) a reference of the cognitive elements of intention and (b) a reference 
of intentions with cognitive elements. 

 

Fig. 1. Reference of cognitive elements for intention 
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Fig. 2. Reference of intention with cognitive elements 

4.1   A Reference of the Cognitive Elements of Intention 

Figure 1 presents a screen shot of the reference system for the cognitive elements of 
intentions (= performative verbs). In the upper part of the screen, the performative 
verbs are enumerated. When a user clicks on a performative verb, the cognitive 
elements relating to that verb are displayed in the lower part of the screen. 

4.2   A Reference of Intentions with Cognitive Elements 

Figure 2 presents a screen shot of the reference of intentions with cognitive elements. 
On the left of the screen, the 452 cognitive elements are displayed. When a user 
checks some cognitive elements (multiple selections possible), performative verbs 
that include those elements are displayed on the right of the screen. For instance, 
when the “unilateral” element is checked, the system displays performative verbs 
such as <make fun>, <protest>, <scold>, and <complain>. 

4.3   Nuances within Intentions and the Multi-layered Nature of Conveyed 
Intentions 

With this system, (a) nuances within intentions and (b) the multi-layered nature of 
conveyed intentions are specified. For instance, subtle differences between the 
performative verbs of <be angry>, and <scold> can be differentiated within the 
utterance “I am not angry at you. I am scolding you” (where the verb “scold” has the 
cognitive element of “expecting improvement on the part of the hearer”). Moreover, 
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because the performative verb <scold> encompasses multiple cognitive elements, 
such as “criticism”, “anger”, and “expectation of improvement”, while it is possible 
that the hearer will be receptive to all the elements, it is also possible that they will 
only perceive one of the elements. While both cases may be sources of misunder- 
standing, the system can help the involved parties achieve a more appropriate 
interpretation of their interactions. 

5   Conclusion and Future Works 

In order to support effective and smooth recognition of the intentions embedded 
within texts shared by multiple knowledge agents, this paper has proposed an 
intention reference system based on a meta-analysis of existing research. The system 
enables two kinds of references; (a) a reference of the cognitive elements of intention 
and (b) a reference of intentions with cognitive elements. This research constructs the 
foundation of the knowledge systematization about performative verbs, that is, 
knowledge concerning in what cognitive element a specific performative verb is used. 
Consequently, it becomes easy to share the text addressor’s intention at least in the 
group even in the text-based communications on the Web.  
  This paper did not deal with the large-scale knowledge resources itself, but the 
systematization of knowledge about performative verbs that this paper proposed 
would be important foundation for text-based communication. In addition to semantic 
web that tags the semantic content of the text, tagging the action of the text expects to 
realize more smoothly text communication with less misunderstanding. In that case, it 
is necessary to define set standards for pragmatic tags to be used with text corpora. 
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Abstract. The first author has designed and implemented college English 
classes emphasizing face-to-face oral interactions within small groups of 
students in class, presupposing and expecting further cultivation of learners’ 
ability to learn for themselves, by themselves and among themselves.  Previous 
experiences confirm such expectations, and the authors are currently working 
on collecting learners’ spoken interactions with high-quality digital audio and 
video recording devices along with written materials, scores of language 
proficiency tests and questionnaire responses of those students.  In this 
presentation, we describe the scope and objective of our project, summarize 
class activities and recording procedures, and then touch on expected 
transcription procedures and possible tools for annotation.  It may be interesting 
to notice, in passing, how introduction of various recording devices positively 
affect students’ motivations and performances in their language learning 
activities.  

Keywords: spoken corpora, learner corpora, annotation, learner profiling, 
automated spoken language test, transcription tools.  

                                                           
* Parts of materials presented here are described and discussed in [1] and [2] in Japanese. 
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1   Introduction 

Learner corpora, or collection of data produced by learners of a given language, are 
drawing greater attention in recent years.1  Among English-language educators in 
Japan, more and more emphasis is being placed on cultivating ‘communicative 
competence’ of the learners, but it is often difficult to fathom, for English-language 
teaching faculty at universities, what their students know about and can do with 
English.  This is partly because learning experiences and mastery of English before 
they enter college differ greatly in depth and coverage, and the situation is getting 
aggravated by recent MEXT2 initiatives to diversify educational institutions, systems 
and curricula in Japan. 

In the research project outlined below, our focus is on obtaining utterance data that 
are produced by the learners on the fly and relatively spontaneously.  Since Japanese 
learners of English do not utter English sentences completely spontaneously and 
completely on the fly, we need to set things up in such a way that would invite those 
learners to express themselves in English.  One such device is providing a question in 
English read by their peer learners and giving a restricted time-frame in which to 
respond to those questions.  Although the learners are constrained in the topics (or the 
questions they are expected to answer to) and the length (in general, they are given 10 
seconds to think and 45 seconds to answer after a question is read aloud twice), there 
is much freedom and flexibility in what can actually be said. 

At the moment, our research project is in a data-acquisition phase, and it is rather 
premature to say what insights we might be able to obtain from the collection of data.  
However, it is our expectation that there is interesting knowledge to be extracted from 
the compiled data.  Depending on the topic or the particular question asked, on the 
one hand, and the ingenuity and proficiency in oral English of the respondent, the 
responses or the sentences uttered would show a wide range of difference, in the 
vocabulary and expressions used, in accuracy in construction and choice of words and 
phrases, in pronunciation and fluency, and in the kinds of errors to be found.  If each 
response came with indications of the speaker’s English proficiency, such as might be 
measured by TOEIC3, Versant for English4 and other standardized tests, we should be 
able to make interesting pedagogical observations from these data. 

                                                           
1 As far as Japanese learners of English are concerned, data on written language are relatively 

widely accumulated and some are made publicly accessible but data on spoken language are 
scarcer and harder to obtain.  A well-known exception to this may be NICT JLE Corpus, 
which is a compiled and annotated collection of spoken English produced by Japanese 
learners of English, but the published corpus contains only the transcribed material and not 
the original speech. See [3] and [4]. 

2  Japanese Ministry of Education, Culture, Sports, Science and Technology: http:// www. 
mext.go.jp/english/ 

3 TOEIC, or Test of English for International Communication, is a standardized test of English 
focusing on reading and listening comprehension and is widely accepted in Japan and Korea: 
http://www.toeic.or.jp/toeic_en/ 

       Some additional details are discussed in Section 3.2. 
4  Versant for English is an automated test of spoken English delivered over the phone: 

 http://www.versanttest.com 
        Some additional details are discussed in Section 3.2. 
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2   Collection of Utterance Data 

The recording takes place during class.  On the one hand, the class activities are 
organized in such a way that those recordings are made possible and meaningful.  On 
the other hand, the recordings help student motivate in their activities.  In general, the 
collected audio data runs for about 20 minutes in length and consist of 10 to 12 tracks.  
The beginning of the track usually records a group of students discussing in Japanese 
how to proceed with the task.  After a while, one of the students read a printed 
question twice and another student would give a relatively spontaneous response to 
the question for something around 45 seconds.  In this section, we will describe the 
target population and the environment in which the data collection is taking place 
during the freshmen classes, and touch upon equipment and human resource required 
for the data collection and the volume of raw data being accumulated.  

2.1   Target Population 

For various practical reasons, we are collecting data from students5 that are enrolled in 
the English language classes taught by the principal researcher, who teaches six 
English classes every semester.  Three of those are freshmen classes, usually with 25 
to 36 students enrolled.  English proficiency differs greatly among those students.6 
Two classes are for sophomores and students choose the particular class they enroll in 
based on class schedule, syllabus, and other factors they think are important.  The 
remaining one class is for juniors and seniors, which is completely elective with only 
a handful of students.  Class activity and data collection differ according to classes.  
For expository purposes, we will focus on data collection conducted in the freshmen 
spring semester classes. 

2.2   Student Activities 

The English classes in which those data collection activities are conducted convene in 
computer cluster rooms.  The numbers of students in those classes are in general less 
than or equal to 36, partly because of the curriculum design and partly because of 
facility constraints, namely the number of personal computers per classroom. 
  The main target activity of recording in the freshman spring semester classes is what 
we call `oral response practice`, where three students form a group, one in the role of 
questioner, another in the role of time-keeper and camera-person, the other in the role 
of respondent.  For each class, 10 questions around one particular topic are prepared 
in advance and printed on a business-card size piece of paper.  The questioner picks 
up one of those 10 question cards and reads the question aloud to the respondent 
twice.  The respondent has 10 seconds to think and formulate the answer and 45 

                                                           
5 We do intend to restrict our research scope to those learners of English whose native or first 

language is Japanese, although the actual number of such students at the moment is very 
small.  We also do not restrict our attention to those data produced by some kind of `typical 
Japanese`, thereby excluding data produced by students who have spent some substantial 
period of time outside Japan or outside Japanese school systems. 

6 Their TOEIC scores range from less than 300 to more than 900.  Their Versant for English 
scores range from less than 30 to 80. 



174 Y. Harada et al.  

 

seconds to speak whatever comes to the mind.  The time-keeper prompts the 
respondent by saying “Start!” 10 seconds after the question is read for the second 
time, and says “Stop!” 45 seconds later.  The time keeper is also in charge of the 
shooting the questioner and the respondent with the video camera.  After the response 
is given, the questioner and the time keeper each gives a score to the response based 
on a rubric given and write the score onto a peer-review sheet for the respondent.  
Then, the three students change the roles and go on to the next question.  Usually, 20 
to 25 minutes is devoted to this activity. 

The question is printed in English and the questioner simply reads those sentences 
aloud twice.  This part of the utterance is mainly in English, except where the 
questioner encounters a word or phrase s/he is not familiar with and the student either 
proceeds with some dubious or erroneous pronunciation or other students offer a 
suggestion or someone might look up the expression in the dictionary.  The response 
is supposed to be given in English, but when the respondent is not sure of the question 
or how to start her/his response, there may be long pauses or lengthy utterances or 
interactions in Japanese.  Before the first question and answer begins, the students 
spend some time deciding on who goes first and how to change roles.  After one 
question is answered, the students spend some additional time coordinating their 
activities.  Those interactions are mostly in Japanese but some times the discussion 
concerns particular phrases in a question, and in those cases, student go back and 
forth between Japanese and English. 

2.3   Digital Audio Recorder 

Since the expected maximal number of students in the freshmen class was 36, divided into 
groups of threes, we were to expect at most 12 groups of students working at the same 
time.  As the format of the question and answer was designed in such a way that no 
substantial overlap was to occur between the end of the question and the beginning of the 
response, we presumed that one microphone per group should suffice in order to record 
the question read twice in English and the response spontaneously given on the fly mostly 
in English with sporadic Japanese interjections and what not.  Some other desiderata that 
we had in mind when deciding on this particular configuration are as follows. 

- Recording quality: linear PCM with highest sampling rate / highest bit rate 
- Storage and post-processing of sound files can be handled on Windows 

machines. 
- Equipment can be deployed and used in any classroom. 

The digital audio recording equipment used in this project mainly consists of the 
following components: 

- Alesis ADAT HD24 XR: 24-Track Hard Disk Recorder 
- Alesis MultiMix 12R: 8ch microphone fader (amplifier/mixer)  
- Sony ECM-360: electret-condenser microphone 
- microphone cables 
- portable container for the equipment 

Alesis ADAT HT24 XR: This hard disk audio recorder is designed mainly for 
musicians and to be quite robust.  As the recorder makes use of widely available low-
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cost IDE computer hard drives, which is the only movable element in the equipment, 
it is cost effective and reliable.7 
- 24-track, 24-bit digital audio recording at 48kHz  
- 12-track, 24-bit digital audio recording at 96kHz 
- digital sample rates: 44.1–96kHz.  
- dual recording bays for standard IDE drives 
- files can be ported to computers from hard disks via fire-wire connectors 

Alesis MultiMix 12R: In order to match microphone output to recorder input, we use 
mixers that also provide phantom power to microphones via cables.8 

- 12-channel mixer in a 3U rack 

- 8 high-gain microphone/line  
- 8 inputs with phantom power  
- front-panel headphone out 
- 60 mm fader on each channel 
- 2 peak indicator 

Sony ECM-360: We employed this microphone for high quality recording of stud- 
ents’ utterances.9 
- frequency response: 50Hz～16kHz  
- sensitivity: 46dB ± 3dB  
- dynamic range: 100dB or more 
- signal to noise ratio: 68dB or more 

2.4   Digital Video Cameras with Bluetooth Wireless Microphones 

Along with audio recording device operated by the teacher, we purchased 13 video 
cameras with wireless microphones to be used by each group of students.10  The 
internal hard disk is recognized as an external drive of a Windows machine when 
connected via USB 2.0 cable and the time stamps of those files keeps track of when 
the segment was shot, or more accurately, the time that the recording was terminated.  
As long as all the video cameras’ internal clocks are synchronized, it is easy to tell 
when a given file was shot from the time stamp of the file.  In addition, the video 
cameras come with 5.1 channel surround sound recording system, with the centre 
channel assigned to the Bluetooth wireless microphone when attached.  With a 
reasonably decent stereo playback system, you can tell which direction a given voice 
is coming from, which may be of help in identifying the speaker of a given segment. 

Sony DCR-SR100: Video camera with 30GB hard-drive11 

- 2.7" touch screen LCD 

                                                           
7  Alesis: http://www.alesis.com/product.php?id=1 
8  Alesis: http://www.alesis.com/product.php?id=3 
9  Sony Drive, http://www.ecat.sony.co.jp/avacc/mic/acc/index.cfm?PD=887&KM=ECM-360 
10 One additional set is for backup in case of failure and repair. 
11 Sony Drive: http://www.sony.jp/products/Consumer/handycam/PRODUCTS/DCR-SR100/ 
    index.html 



176 Y. Harada et al.  

 

- 5.1 channel Dolby® Digital Surround Sound recording  
- 16:9 widescreen video recording  

Sony HCM-HW1: When the sound recording is set for 5.1 surround, the voice from 
this Bluetooth wireless microphone is recorded in the center channel.12 

- microphone / transmitter: 
- width 34 mm, height 65 mm, depth 23 mm, weight 25g (not including batteries) 
- receiver (to be attached to the camera): 
- width 48 mm, height 71mm, depth 53mm, weight 58g 

3   Profiles, Annotations and Written Data 

3.1   Sample Transcription of Utterances 

Audio data of learners’ utterances may be interesting, especially when it comes with 
TOEIC and/or Versant scores and other profiles of the students along with some 
related written material by the same student, but they are almost unusable without 
some proper annotation or indexing.  After some experimentation with other tools, we 
are currently experimenting with TableTrans, available from LDC13 AGTK14. 

Quite tentatively, we choose one class conducted at the beginning of the spring 
semester of 2007 and tried transcribing the entire audio recordings on all twelve 
tracks.  It took an untrained transcriber to go over one track 6 to 20 hours.  One major 
problem is that when students begin their informal interaction in Japanese, it is often 
rather difficult to identify the speaker, or the change of speakers, of a particular 
segment of recorded utterances.  If we restrict our efforts on the questions in English 
and responses to those questions, the turns are relatively well-defined and the 
responses are not that much entangled so the task becomes much more manageable. 

3.2   Student Profiling 

As is mentioned in the previous section, English proficiency of students enrolled in 
those classes show substantial diversity.  The students’ TOEIC total scores range from 
a little less than 300 to well over 900 and averaged around 570.  TOEIC total score is 
obtained by adding its two sub scores for reading and listening.  Each sub score 
comes with a standard error of measurement of 35 and the total score has a standard 
error of measurement of 50.   

Versant for English is an automated spoken English proficiency test, delivered over 
the telephone and scored automatically using speech recognition engine and auto- 
mated scoring engine.  Each test consists of a little less than 60 questions, taken from 
an item bank of a few thousand, and it takes about 10 minutes to complete.  Versant 
for English total score is obtained by weighted average of the four sub scores for 
vocabulary, phrase structure, pronunciation and fluency.  Each of those scores is 
given by two digits between 20 and 80 and the total score comes with a standard error 

                                                           
12 Sony Drive: http://www.ecat.sony.co.jp/handycam/acc/acc.cfm?PD=23473 
13 LDC (Linguistic Data Consortium): http://www.ldc.upenn.edu/ 
14 AGTK(Annotation Graph ToolKit), http://sourceforge.net/projects/agtk/ 
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of measurement of 2.  Most often the scores are between 30-45 and those whose total 
is higher than 55 usually have spent more than a few years outside the Japanese 
school system before they entered college. 

Students in the target population are requested to submit response to a 
questionnaire along with non-disclosure based research and development use-of-data 
(non-)agreement forms during the course of a semester.  In the questionnaire, we tried 
to get information regarding the students’ history of English learning, experience 
outside the Japanese school system, exposure to English speaking environment, 
courses and extra-curricular activities related to English learning while at university 
and so on.  Those pieces of information are expected to be incorporated into the 
speech data, but it is difficult to place a reasonable balance between protection of 
personal information and privacy on the one hand and compilation of multi-modal 
and multi-faceted data for research and development purposes.  For instance, no 
student would be happy if they are asked whether their recorded voices or video 
images can be uploaded on the web for anyone in the world to see.   

3.3   Essays, Slides and Research Summaries 

In the freshman spring classes, after students spend 25-30 minutes for oral interaction 
practices of the day, they would spend 30 minutes trying to come up with a 300-400 
word essay on the topic they just discussed.  Since most of the students cannot 
complete this task in the time given in class, they would finish it as homework.  In the 
next class, they are to bring the computer file of the essay thus completed and 6 
printed copies.  They exchange the printed essay among groups of six, review and 
evaluate each others’ essay and come up with the final version by the third week.  The 
tentative version written in 30 minutes, homework version and the final version are 
each submitted as computer files. 

Thus, along with recordings of the students’ oral utterances, we have some written 
material by the same students in different time constraints and for different purposes.  
A careful comparison of these materials may reveal some interesting properties and / 
or differences in the students’ productive skills and vocabulary in different modalities. 
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Abstract. In this paper, a methodology of developing a multimodal interaction 
system using a large-scale database as a knowledge source is proposed. We 
extend one application of Rails frameworks, which is used for rapid prototyping 
of GUI-based Web applications, to a multimodal interaction development 
platform. The proposed method enables the developer to implement a prototype 
system rapidly by defining the data model of the target database.  

Keywords: multimodal interface, large-scale database, rapid prototyping. 

1   Introduction 

Recently, various kinds of large-scale databases, such as a newspaper article archives, 
telephone directories, nationwide restaurant guides, etc., have become available for 
practical use. Searching for appropriate data from these databases requires a 
sophisticated user interface. A multimodal interface, such as speech and pen inputs 
combined with audio and graphical outputs, is a candidate for such a user interface. 

To date, many multimodal dialogue systems have been developed and put into use in 
several laboratories and commercial mobile services that use speech as input (e.g., a 
departure station name and a destination station name) and a display as output (e.g., 
transfer information) [1]. However, there is a large development gap between the 
application logic that manipulates back-end databases and the description of the 
human-computer interaction. There exists an urgent need for prototyping tools for 
multimodal dialogue systems that serve as the front-end of large-scale database 
searches.  

Many previous prototyping tools of multimodal dialogue systems, such as those 
proposed by [2] and [3], are based on a finite-state model that can be manipulated by a 
GUI (Graphical User Interface) tool. Such finite-state-based tools allow developers to 
carry out intuitive operations in multimodal interaction system prototyping. However, 
because the current accuracy of speech input components is inadequate, typical 
dialogue patterns are limited to system-initiative dialogue, and state transition patterns 
tend to fall into a few typical patterns, such as slot-filling, DB search, and explanation 
[4]. Therefore, there is little benefit in using a finite-state-based tool for customizing 
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typical system-initiative patterns of interaction. In addition, this kind of tool provides 
little assistance in communication with the back-end database application. 

In order to overcome this problem, we propose a data-driven approach for proto- 
typing multimodal dialogue systems. In recent years, some dynamic- language- based 
and data-model-centered frameworks, such as Ruby on Rails1, have been developed 
and are widely used in GUI-based Web application development. These frameworks 
dramatically reduce the amount of code in the server-side program and reduce Web 
application configuration steps by following the methodology of “Convention over 
Configuration.”2 We developed Mrails for multimodal Web application development 
based on Grails3, which is a Rails product that uses the Java-based scripting language 
Groovy. In multimodal dialogue system development using Mrails, the first step is to 
define a data model that corresponds to the back-end database schema. Prior to Mrails 
processing, Grails generates necessary components of a Web application based on 
model-view-controller (MVC), such as Groovy script as a controller component and 
HTML files as a view component. Then, Mrails generates a voice interaction 
description by referring to the generated HTML and combining the voice component 
with the HTML. As a result, Mrails generates XHTML+Voice files as the view 
component of the multimodal dialogue system. 

The rest of this paper is organized as follows. Section 2 illustrates the process of 
rapid prototyping of a GUI Web application using Grails. Section 3 explains how to add 
a speech interaction description to HTML pages generated by Grails. Section 4 presents 
an illustrative example of multimodal Web application development with Mrails. 
Section 5 discusses the advantages and disadvantages of this approach. Section 6 gives 
conclusions and future work. 

2   Overview of Web Application Development on the Rails 
Framework 

Spurred by the success of Ruby on Rails, several projects began to develop dynamic 
language-based Web application frameworks, such as Catalyst for Perl, Cake for PHP, 
Grails for Groovy, and so on. A common feature of these frameworks is they provide a 
set of typical codes and configuration files for MVC-based Web applications which are 
automatically generated from the description of the domain model. The main concept 
of the MVC model (Fig. 1) is to separate the application logic (Model), transitional 
information (Controller) and presentation (View) in order to ease development and 
maintenance of each code. 

 

                                                           
1 http://www.rubyonrails.org/ 
2 It means that there is no need to write redundant configuration information in the program code 

or outside configuration files. For example, a database record is mapped directly to the data 
object of the scripting language (using the same name for the field name of the database and the 
field variable name of the object) and also, the data object is mapped to the field variables of the 
user interface description language (e.g., the name attribute of the <input> element of HTML). 

3 http://grails.codehaus.org/ 
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Fig. 1. Concept of MVC model 

We use Grails as the base framework of our multimodal dialogue system prototyping 
tool. Grails can automatically generate the necessary files for an MVC-based Web 
application from the description of a model object written in Groovy language, which is 
a Java–based dynamic language. 

For example, in order to develop a Web application for registration of a banquet at 
some conference, the developer defines the model name and attribute (or field) of this 
model in Groovy language (Fig. 2). 

class Register {  
    Integer memberId 
    String food 
     
    static constraints = { 
         food(inList:[“meat”, “fish”, “vegetable”]) 
    } 
}

 

Fig. 2. Model description in Grails 

In Fig. 2, two field variables are declared. One is the member ID, which is an integer 
value. The other is the type of food, the value of which is either “meat,” “fish” or 
“vegetable,” as indicated by the constraints definition. From this definition, Grails 
generates a typical Web application that can create a new entry, list all the entries, and 
edit and delete a specific entry. For each function, a corresponding view file, actually 
an HTML file with embedded Groovy script, is generated. 

The controller, which is also generated automatically by Grails, dispatches the 
request of the abovementioned functions to the corresponding view file. This 
dispatcher information is written in Groovy action script for each action request (see 
Fig. 3). 
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class RegisterController { 
    def index = { redirect(action:list,params:params) } 

    def list = { 
script of listing up all entries 

    } 
    def creare = { 

def register = new Register() 
        register.properties = params 
        return ['register':register] 
    } 
def delete = { 

script of deleting specified entry
    } 
...
}

 

Fig. 3. An example of a portion of a controller script 

3   Adding a Multimodal Interface to a GUI Web Application 

To develop a multimodal Web application, Mrails takes two steps. The first step is to 
generate speech pages written in VoiceXML4. The second step is to add the VoiceXML 
to the HTML pages which are automatically generated by Grails. Therefore, the output 
pages of Mrails are written in XHTML+Voice5. 

3.1   Generating Speech Interaction 

The major benefit of adding speech modality to the GUI is speech input functionality 
for small devices such as cell phones or PDAs (Personal Data Assistants). Therefore, 
we focus on the speech input function as the first step towards full-blown multimodal 
dialogue systems.  

For example, in creating new entry data, the purpose of generating a VoiceXML file 
from HTML is to generate system-directive input guidance and to generate speech 
grammar for the user’s input. The essence of the conversion is shown in Fig. 4 (in this 
figure, unimportant code is omitted or modified). In order to convert child elements of 
the <form> elements in HTML (e.g., <input>, <select>) to VoiceXML <field> 
elements, we need information stating what the system should say (i.e., the content of 
the <prompt> element) and how the user will reply (i.e., <grammar> element). The 
content of the <prompt> element is label information, which is automatically generated 
by Grails from the attribute name of the model object with slight modification.  

 

                                                           
4 http://www.w3c.org/TR/voicexml21/ 
5 http://www.voicexml.org/specs/multimodal/x+v/12/ 
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Fig. 4. An example conversion from HTML to VoiceXML 

The <grammar> element is generated by the following rules. 

1. If the attribute has an option list (e.g., the food attribute in Fig. 2), the <option> 
elements are added to the equivalent <field> element to define a grammar for each 
option. 

2. If the type of attribute has a corresponding built-in grammar in VoiceXML (e.g., 
date, number, currency), the type attribute of the <field> element is specified for 
the corresponding grammar type, 

3. Otherwise, only the skeleton of the grammar files and its link is generated. The 
developer has to define the grammar in a later stage. 

3.2   Enabling Multimodal Interaction 

As explained above, the target language of multimodal interaction is XHTML+Voice. It 
assigns a VoiceXML (i.e., speech interaction) script as an event handler of the <form> 
element of HTML. Because the <form> element of HTML itself is created by Grails, all 
Mrails has to do is to assign the VoiceXML script generated in the previous step to each 
child element of the <form> element of HTML. This process is illustrated in Fig. 5. 

4   Illustrative Example 

In the banquet registration example, all the steps described in Sections 2 and 3 can be 
completed within 5 minutes. This is due to Grails’ powerful automatic generation ability and 
Mrails’ VoiceXML conversion. The example of a realized interaction is shown in Fig. 6. 
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Fig. 5. An example of the generation of an XHTML+Voice file 

After creating new registration data, the controller dispatches the dialogue to the 
listing view so that the user can see all the registered records and can select the action to 
edit or delete the existing record. This construction is based on Rails’ standard CRUD 
(Create-Read-Update-Delete) functionality.  

S: This is Create Register page.
Please input member ID.

U: 2024

S: Please select food from
meat, fish, vegetable.
U: meat.

S: Is it OK to submit?
U: yes.

 

Fig. 6. An example of multimodal dialogue 
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5   Discussion 

There are other approaches for rapid prototyping of dialogue systems. As mentioned in 
Section 1, state-based tools are the most popular for prototyping a spoken dialogue system. 
In these tools, the dialogue flow is constructed as a set of state and state transition rules. 
Consequently, skillful developers have to define a similar pattern many times for dialogue 
description. In addition, there is little support for back-end applications in these types of 
tools. 

Our proposed Mrails follows the common concept of the Rails family, which is 
“Convention over Configuration.” This concept can cover typical interaction patterns to 
back-end application management (e.g., database management). If the developer finds 
out that the prepared actions are not suitable for the target task and domain, he or she can 
overwrite the scripts directly in the controller file. 

The example database shown in Section 5 is obviously small. However, the 
methodology is applicable to large-scale databases in a straightforward manner, except 
for the problems listed below. 

1. In a large-scale database, the volume of the target word set of grammar which is 
generated by the method described in Section 3 might exceed the vocabulary 
limitation of the speech recognizer. 

2. If the key field of the database is a proper noun (e.g., restaurant name), people may 
refer to the name in different ways. In order to deal with such a problem, statistical 
speech recognition with the capability of phoneme-to-listing mapping is a 
promising option [5]. 

6   Conclusion 

In this paper, we propose the rapid prototyping tool Mrails for multimodal dialogue 
systems for database access. We extend Grails, which is one of the Rails frameworks, 
to a multimodal interaction development platform. The proposed method enables the 
developer to implement a prototype system rapidly by merely defining the data model 
of the target database. 

In the present implementation, this tool handles only typical CRUD-type 
applications with simple interactions. But, it is suitable for mobile Web access via 
small devices such as cell phones and PDAs. The realization of more user-friendly 
interaction for a rich client, such as mixed initiative multimodal dialogue on a kiosk 
terminal, is planned as our future work.  
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Abstract. Sense tagged corpus plays a very crucial role to Natural Language 
Processing, especially on the research of word sense disambiguation and natural 
language understanding. Having a large-scale Chinese sense tagged corpus 
seems to be very essential, but in fact, such large-scale corpus is the critical 
deficiency at the current stage. This paper is aimed to design a large-scale 
Chinese full text sense tagged Corpus, which contains over 110,000 words. The 
Academia Sinica Balanced Corpus of Modern Chinese (also named Sinica 
Corpus) is treated as the tagging object, and there are 56 full texts extracted 
from this corpus. By using the N-gram statistics and the information of 
collocation, the preparation work for automatic sense tagging is planned by 
combining the techniques and methods of machine learning and the probability 
model. In order to achieve a highly precise result, the result of automatic sense 
tagging needs the touch of manual revising. 

Keywords: Word Sense Disambiguation, Sense Tagged Corpus, Natural Lang- 
uage Processing, Bootstrap Method. 

1   Introduction 

The availability of large-scale sense tagged corpus is crucial for many Natural 
Language Processing systems, because such a corpus usually contains a lot of rich 
semantic knowledge resources that can be applied as the basis for the representation 
and processing of meaning. Due to the popularization of digital documents, there are 
more and more various types of corpora appearing and the content in the corpora are 
very abundant. Basically, a corpus with the complete tagging information is more 
helpful to researches. Some corpora only simply display the content of original texts 
and some cover the relevant information, such as part-of-speech (POS) and senses. At 
present, a few corpora having the POS tagging have already existed, such as Sinica 
Corpus with 10 million words, Chinese Gigaword Corpus and so on. However, the 
corpora with sense tagging are fairly few no matter in Chinese or English. To the 
research in theoretical linguistics, the resources on sense tagging or semantics are 
useful in providing many rich materials or the basic structures. To the research in 
computational linguistics, those resources play the crucial breakthrough applying on 
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the core works in Natural Language Processing, for instance, the multiple senses 
analysis, such as WSD, and Natural Language Understanding. Moreover, the statistic 
data extracted from Sense tagged corpus can be implemented in the research issues 
such as Information Retrieval, Information Extraction, Text Summarization, 
Automatic Question Answering and so on. 

Massive accurate sense tagged data does provide rich resources to different 
relevant researches in computational linguistics. However, the main bottleneck of 
making a Chinese sense tagging corpus is the deficiency of reference material for 
automatic tagging. In addition, manually tagging is very expensive and time-
consuming. Those reasons make the sense tagging for corpus become more difficult. 
In the recent years, in many researches, the need of large-scale sense tagged corpus is 
growing. The completeness of a sense tagged corpus often affects the research 
direction and the accuracy of the research result. In certain languages, there has 
existed some representative sense tagged corpora, such as the SemCor [3] for English 
language materials and SENSEVAL [4], providing a multi-lingual full text tagged 
corpus in Czech, Dutch, Italian and English. When we look back to the corpus 
development in Chinese, a large-scale corpus is still the critical deficiency at the 
current stage. There only exists several small Chinese Sense tagged corpora, for 
example, the SENSEVAL-2, covering the Chinese sense tagging for 15 Chinese 
words, and SENSEVAL -3 for 20 Chinese words. There is a huge gap between the 
scale of the corpus and the real language environment. Cost is the main issue in 
constructing a massive corpus. Manual tagging does acquire a higher accuracy rate, 
but the cost of manual tagging is too expensive. Besides, finding the proper experts 
for doing sense tagging manually is another issue. In order to overcome such 
difficulties, we propose a method of semi-automatic tagging as the preparation work 
for doing manual sense tagging and then the result from the semiautomatic tagging 
can be revised manually by the professionals. Here, the Academia Sinica Balanced 
Corpus of Modern Chinese (also named Sinica Corpus) is treated as the tagging 
object. We extract the words in the articles from Sinica Corpus and design a large-
scale Chinese sense tagged corpus for the researches in Natural Language Processing. 

2   Dictionary of Sense Discrimination 

The Dictionary of Sense Discrimination in the third edition [5] used in this 
experiment is developed by the CKIP (Chinese Knowledge and Information 
Processing) group. CKIP group is a joint research team formed by the Institute of 
Information Science and the Institute of Linguistics of Academia Sinica in Taiwan. 
The entries are limited in the middle frequency term of Modern Chinese words. Each 
entry has a rich information list, including the sense definition, the phonetic symbols, 
meaning facets, part-of-speech (POS), example sentences and the synset number 
corresponding to Princeton English WordNet 1.6 (http://wordnet.princeton.edu/). As 
shown in Fig. 1, the entry “feng1 kuang2” has two senses. The first sense corresponds 
to the English WN synset, “crazy”; and the second sense corresponds to the WN 
synset, “madly”. In this example, each sense can be divided into two meaning facets 
respectively. 
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瘋狂 feng1 kuang2 ㄈㄈ  ㄎㄎㄎˊ 
 詞義1：【不及物動詞，VH；名詞，nom】形容人因精神錯亂而舉止失常。 
                  ｛crazy, 00872382A｝ 
  義面1：【不及物動詞，VH】形容人因精神錯亂而舉止失常。 
   例句：片中一名〈瘋狂〉殺手，拿著剃刀。 
   例句：石門五子命案的父母與其說是迷信，不如說是〈瘋狂〉。 
  義面2：【名詞，nom】形容人因精神錯亂而舉止失常。 
   例句：因此，石門五子命案的〈瘋狂〉，其實也正是我們社會瘋狂

的一粒種籽啊！ 
 詞義2：【不及物動詞，VH；名詞，nom】形容行為或事物無節制，超乎平常的

程度。通常用於人的情感或事件的程度。｛madly, 00045197R｝ 
  義面1：【不及物動詞，VH】形容行為或事物無節制，超乎平常的程度。通常

用於人的情感或事件的程度。 
   例句：他〈瘋狂〉的愛上一個女孩子。 
   例句：每年都有不計其數的台灣客前往香港〈瘋狂〉大採購。 
   例句：當時少棒青少棒在台灣很〈瘋狂〉，連我們城市的小孩子也

愛打棒球。 
 義面2：【名詞，nom】形容行為或事物無節制，超乎平常的程度。通常用於

人的情感或事件的程度。 
  例句：經過一陣〈瘋狂〉後，大家都累了，個個都喊著喉嚨痛、腳

痛。 
  例句：死了七九百餘人的人民教室案，也使人想到愈來愈多的宗教

〈瘋狂〉事件。 
 例句：只要幅度不超過，則多頭仍然大有可為，但仍切忌一味追高

的〈瘋狂〉舉動。 

Fig. 1. The sense discrimination for “feng1 kuang2 (crazy/ madly) 

3   The Data Source for Sense Tagging 

In the experiment, we use the Academia Sinica Balanced Corpus of Modern Chinese 
(also named Sinica Corpus) as the basis for semi-automatic sense tagging. The content 
of this corpus has been segmented and marked with the POS tags. In order to preserve 
the context  completeness, `text’ is chosen as the processing unit of tagging materials. 
The basic principle of sense tagging here is to do a full text tagging. However, the 
construction of the Dictionary of Sense Discrimination is still under processing, so not 
all the words in the corpus are included in the dictionary at the moment. For those words 
that cannot be found in the dictionary, what we do is to use the POS tags to mark them. 
Tagging by POS tags is able to disambiguate the word senses, so the POS tagging here 
is fairly general. 

Based on coverage rate for the words in the dictionary appearing in the article content 
and the length of article, there are 56 articles, containing 114,066 words and 148,863 
characters, extracted from the corpus. The statistics for the distribution of article 
subjects is shown in Table 1. There are many articles in the subject for Literature, but 
the type, Life, has longer article length. Analysis of the statistics shows that the subject 
Literature has the most articles and the subject Life contains the most words. 
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Overall, among the target words for sense tagging, there are 863 words having only 
one POS (one lemma to one POS) and 650 words having multiple POS. The frequency 
of the appearance for the ones having one POS is 12,124 times and 23,521 times for 
multi POS ones. The statistic of POS distribution is shown in Table 2. The sense 
amount for multi POS words are from 2 (e.g. 自 然 D “natural”、堆 Nf “a pile” and 
喜 V K “like”) to 27 (e.g. 吃 VC “eat”) and the average sense number is 2.97. If the data 
is distinguished by POS, particles have the most senses by reaching the average of 4.83 
and the lowest one is interjections, where the average of sense amount is 1.32. If the 
statistics is based on lemmas, without considering the difference of the POS, there are 
598 lemmas from the extracted articles that have been included in the Dictionary of 
Sense Discrimination, so the average sense number of each lemma is 4.53. 

 
Table 1. The distribution of article subjects in the tagged corpus 

Article Length Subject no. of Article 
 in words in characters 

Philosophy 4 1451 1976 
Society 5 27385 35918 
Life 12 57605 74710 
Literature 35 27625 36259 
Total 56 114066 148863 

Table 2. The distribution of POS for the tagged corpus 

POS no. of word no. of instances Example 
Intransitive Verb 231 3,317 對VH, 跑VA, 走VA 

Preposition 51 1,854 在P, 跟P, 到P 
Transitive Verb 373 5,733 說VE, 沒有VJ, 開始VL 
Noun 321 5,070 人家Nh, 感覺Na, 下Ncd 
Adjective 21 45 一般A, 原A, 定期A 
Determinatives 55 3,175 那Nep, 前Nes, 多Neqa 

Postposition 31 455 上Ng, 裡Ng, 當中Ng 
Adverb 287 8,892 就D, 又D, 起來Di 
Conjunction 69 1,554 就是Cbb, 而Cbb, 或Caa 
Measure 81 976 回Nf, 份Nf, 間Nf 

Particle 47 4,574 啊T, 喔T, 哇I 
Total 1567 35,645  

4   Sense Tagged Corpus 

The file type of our sense tagged corpus is encoded in XML format. The usage of the 
tags is specified in Table 3. Each document is segmented by using the tag <doc> and 
</doc>. The content for each article can be segmented by sentences. Each sentence is 
marked by the tag <sent>. The tag <w> is used to segment words and it can be further 
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divided into three respective tags: “word” for the information of lexicon, “pos” for the 
information of part-of-speech and “tag1” for the information of sense tagging. 

For part of the sense tagging, there are three tagging types. The first type is based on 
the definition in Huang et al. [6]. It is a four-digit code. The first two digits are for the 
sense, which are used to indicate the sequence of senses in the dictionary. The third and 
fourth digits are for lemma and meaning facets. The second type is to deal with the 
tagging for punctuation. Basically, there is no point in doing the sense tagging for the 
punctuation, so we use those punctuations symbols as the tagging codes directly. The 
third type is for the unknown words, i.e. the words have not been included in the 
dictionary yet or have not analyzed through the sense discrimination. The POS tags of 
those unknown words are used as the sense tagging codes temporarily. 

The whole tagged corpus contains a total of 114,066 words. The statistic result 
based on the tagging types is shown in Table 4. A total of 27,530 words are 
punctuation symbols and a total of 35,645 words are successfully tagged by assigning 
the sense ids. There are 50,891 unknown words are tagged by using their POS tags. 
We further analyze those unknown words and realize some of those unknown words 
are actually the English abbreviation, numbers or proper nouns, for example, （二）, 
CPU, National Tsing Hua University and so on. Such examples in our tagged corpus 
are a total of 4,258 words. In addition, due to the Dictionary of Sense Discrimination 
adopted in this experiment is still under construction, some words have not yet been 
included in the dictionary. There are 4,541 words that have not been included in the 
dictionary and the frequency for appearing in the corpus is 31,730 times. As for the 
remaining 14,903 words, they are the words that have already been included in the 
dictionary but they are not within the scope of tagging for this time. Therefore, we 
mark those words by using the POS tags because tagging by the POS tags is able to 
disambiguate the polysemy. 

Table 3. The instruction of the tags used in the corpus 

Tag Name Meaning Example 
<corpus> The beginning of the corpus <corpus> 
<doc id=> The beginning of the document 

and its id number 
<doc id="100863"> 

<sent id=> The beginning of the sentence 
and its id number 

<sent id="1"> 

<w id=> The information of the word and 
its id number  

<w id="1"> 

 <word>  Word  <word>人人</word>  
 <pos>  Part-Of-Speech  <pos>Nh</pos>  
 <tag1>  Sense Tagging  <tag1>0122</tag1>  

5   The Method of Sense Tagging 

Generally speaking, doing manual tagging relies on a lot of people’s efforts. 
Therefore, in order to save the costs, we design a method for semi-automatic tagging 
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[7]. This method can complete the initial tagging task, so it can be treated as a 
preparation work for doing the manual tagging. 

Table 4. The statistic for the tagging types in the corpus 

Tagging 

Type  

no. of instances Meaning 

Punctuation 27530 No need to tag the sense 

Sense code 35645 Complete the sense 

tagging 

4258 No need to tag the sense  

(English abbreviation, numbers 

or proper nouns) 

31730 4541 words have not 

included in the dictionary 

yet 

POS 

tagging 

50891 

14903 Not finished yet 

Total 114066   

The semi-automatic tagging in the experiment has implemented the bootstrap 
method to gradually loosen the tagging conditions and enlarge the tagging materials. 
The example sentences of the dictionary is treated as the training set and the 56 
articles randomly extracted from the Sinica Corpus as the testing set. 

The N-gram model is used for automatic sense tagging at the first stage. Using N-
gram to process the sense tagging is based on the following assumption: For the given 
target word, if there exist two sentences in which their N surrounding words are all 
the same, we infer they should be assigned the same sense tag [8]. Using N-gram here 
has two main purposes. The first is to enlarge the training set because it is quite often 
to see the similar clauses in the corpus. The second purpose is to filter the noise in the 
training data set and to use this to examine the inconsistency of manual tagging. 

In the second stage, we use the information of collocations to increase the amount 
of tagged set. The information of collocations is a very powerful linguistic relation for 
determining the sense meaning for the target word [9]. We start by using some 
conditions, such word frequency, collocation words and the distance variation to the 
target word, as the preliminary basis. Then use the MI values to examine the 
association between target word and its collocation word. 

After the previous stages, we do extend the tagged amount of the training data. 
Then, through the calculation of the probability model, we try to mark the most words 
with the sense information. Finally, in order to get the high accuracy of tagged data, 
we send the automatic tagging result back to CKIP/CWN group for manual 
reviewing. 

The experimental results for the automatic tagging are shown in Table 5, the over- 
all accuracy rate is 64.5%. 
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Table 5. The experimental result of sense tagging 

POS no. of word no. of instances no. of corrected 
instances 

Accuracy rate% 

A 6 22 14 63.7% 
Caa 2 38 37 97.4% 
Cbb 7 231 37 16.0% 
D 64 3454 2158 62.5% 
Da 7 22 21 95.5% 
Dfa 5 202 200 99.0% 
Dfb 1 1 1 100.0% 
Di 7 1146 934 81.5% 
Dk 2 5 5 100.0% 
I 15 693 307 44.3% 
Na 98 648 570 88.0% 
Nb 5 18 18 100.0% 
Nc 8 29 27 93.1% 
Ncd 13 283 209 73.9% 
Nep 6 2227 642 28.8% 
Neqa 2 38 32 84.2% 
Nes 6 128 118 92.2% 
Neu 3 127 114 89.8% 
Nf 40 228 212 93.0% 
Ng 13 147 102 69.4% 
Nh 8 1668 1549 92.9% 
P 33 1659 1143 68.9% 
T 13 2838 1660 58.5% 
VA 28 451 347 76.9% 
VAC 1 4 3 75.0% 
VB 9 14 14 100.0% 
VC 76 1177 1065 90.5% 
VCL 5 174 107 61.5% 
VD 19 170 128 75.3% 
VE 26 1703 1475 86.6% 
VF 5 20 11 55.0% 
VG 9 170 103 60.6% 
VH 66 1940 664 34.2% 
VHC 2 13 13 100.0% 
VI 3 4 4 100.0% 
VJ 19 326 206 63.2% 
VK 11 63 55 87.3% 
VL 5 160 140 87.5% 
V_2 1 823 433 52.6% 
Nom 1 1 1 100.0% 
Total 650 23065 14879 64.5% 
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6   Conclusion  

Sense Tagged Corpus plays a very important part to Natural Language Processing, 
especially for creating successful WSD systems. At the current stage, such large-scale 
Chinese Sense Tagged Corpus is only few and for between, so we design a large-scale 
Chinese sense tagged corpus, containing about 100,000 words, for research on natural 
language processing. The automatic sense tagging is a preparation work for manual 
tagging. The automatic tagging uses the information provided by the peripheral 
words, the N-gram method, the information of collocations, and the probability model 
to calculate the most likely sense meaning. We sincerely hope that through the 
completeness of the Dictionary of Sense Discrimination, it is possible to complete the 
task for doing the full text tagging for whole five million words contained in the 
Sinica Corpus. 
 
Acknowledgments. This work was partly supported by National Science Council, the 
ROC, under contract no. NSC-94-2213-E-031-003-, 96-2221-E-031-002- and 96-
2422-H-001-002. The authors would like to thank the reviewers for their valuable 
comments. 

References 

1. Chen, K.-j., et al.: Sinica Corpus: Design Methodology for Balanced Corpora. In: Park, 
B.-S., Kim, J.B. (eds.) Proceeding of the 11 th Pacific Asia Conference on Language, 
Information and Computation, pp. 167–176. Kyung Hee University, Seoul (1996) 

2. Ma, W.-Y., Huang, C.-R.: Uniform and Effective Tagging of a Heterogeneous Giga-word 
Corpus. In: Presented at the 5th International Conference on Language Resources and 
Evaluation (LREC2006). Genoa, Italy, May 2006, pp. 24–28 (2006) 

3. SemCor, http://multisemcor.itc.it/semcor.php 
4. Senseval, http://www.senseval.org/ 
5. Huang, C.-R. (ed.): Meaning and Sense. Technical Report 06-03, Chinese Wordnet Group, 

Academia Sinica, Taiwan (in Chinese) (2006) 
6. Huang, C.-R., et al.: The Sinica Sense Management System: Design and Implementation. 

Computational Linguistics and Chinese Language Processing 10(4), 417–430 (2005) 
7. Ker, S.-J., Huang, C.-R., Chen, J.-N.: A Preliminary Study of Large-scale Corpus Sense 

Tagging. In: The 5th Lexical Semantics Workshop, Beijing (in Chinese) (2004) 
8. Ker, S.-J., Chen, J.-N.: Large-scale Sense Tagging by Combining Machine Learning and 

Linguistic Knowledge. In: The 8th Lexical Semantics Workshop, Hong Kong (in Chinese) 
(2007) 

9. Yarowsky: One Sense Per Collocation. In: Proceedings of ARPA Human Language 
Technology Workshop, Princeton (1993) 



Soccer Formation Classification Based on Fisher
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Abstract. This paper proposes a method that analyzes player forma-
tions in order to classify kick and throw-in events in soccer matches. For-
mations are described in terms of local head counts and mean velocities,
which are converted into canonical variates using a Fisher weight map in
order to select effective variates for discriminating between events. The
map is acquired by supervised learning. The distribution of the variates
for each event class is modeled by Gaussian mixtures in order to han-
dle its multimodality in canonical space. Our experiments showed that
the Fisher weight map extracted semantically explicable variates related
to such situations as players at corners and left/right separation. Our
experiments also showed that characteristically formed events, such as
kick-offs and corner-kicks, were successfully classified by the Gaussian
mixture models. The effect of spatial nonlinearity and fuzziness of local
head counts are also evaluated.

Keywords: Formation analysis, Fisher weight map, Gaussian mixture
model, supervised learning, soccer.

1 Introduction

In large-scale video archives, we often encounter difficulties in finding video re-
sources that meet our requirements for genre, title, actor, director, place, video
format, etc. The difficulty would reach the level of impossibility if we were to ac-
cess scenes or shots of specific semantic situations without temporally segmented
video indices (segment metadata).

Depending on the temporal and semantic granularity, the production of
manually-indexed segment metadata usually requires a vast amounts of time,
manpower, and concentration, especially in the case of sports video, where
prompt editing operations are requisite despite the unavailability of a priori
scenarios.

To support metadata production, automatic event detection and scene analy-
sis have been widely studied for audio and speech [1][2], video [3][4][5], and their
combination [6]. As the formation and the global motion of the players charac-
terize tactical situations, especially in field sports, we focused on positional in-
formation acquired from image-based object detection and tracking techniques,

T. Tokunaga and A. Ortega (Eds.): LKR 2008, LNAI 4938, pp. 194–209, 2008.
c© Springer-Verlag Berlin Heidelberg 2008
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and have already develped a soccer event detector [7], that can detect free-kicks,
corner-kicks, throw-ins, etc., according to a manually given rule base. Nagase
et al. [8] propose a rule-based event detection method that classifies the ball
position when it is placed on the turf.

To automate the purpose-dependent rule design processes, we employed a
four-layer event classifier that can be tuned through supervised learning. It in-
volves extraction of low-level physical features, their conversion into general-
purpose mid-level features by using simple statistics, subsequent conversion into
purpose-oriented high-level features by Fisher discriminant analysis (FDA), and
a calculation of the probabilities of event types based on Gaussian mixtures.

2 Representation of Knowledge about Formations

Figure 1 depicts the training and testing processes of the event classifier. The
knowledge about the formations is represented by the following three compo-
nents:

– the allocation of subregions for counting heads (K1 in Fig. 1),
– the weight matrix for extracting of high-level features (K2), and
– the probabilistic models for the high-level feature distributions (K3).

The knowledge component K1 is for partitioning the soccer field model, from
which the instantaneous spatial density of players is determined. We tested
three types of partition: crisp equi-sampled (CES) subregions, crisp histogram-
equalized (CHE) subregions, and fuzzy equi-sampled (FES) subregions. The
team-wise local head counts based on these partitions and the mean velocity
of all the players are combined to form a mid-level feature vector.

In the knowledge component K2, the mid-level features are linearly mapped
to high-level features that form compact event-type-wise clusters. We applied
the Fisher discriminant criterion to this mapping.
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The knowledge component K3 describes the shapes of the clusters in the high-
level-feature domain. The non-Gaussianity and the multimodality of the clusters
are approximately modeled using Gaussian mixtures.

3 Testing Processes

The right side of Fig. 1 shows the testing processes of the classifier. The classifier
receives a sequence of video frames acquired by one or two video cameras, and
outputs the estimated class from the 12 event types listed in Table 1. The instant
of event occurrence is defined as the moment at which a kick or throw is made.
The classifier is not intended to detect the instant of each event, but to classify
every observed formation to the most probable event type.

3.1 Low-Level Features — Physical Quantities

The first stage estimates the following quantities for each player silhouette � ∈
{1, . . . , L}:

– the position (x�, y�) and the velocity (u�, v�),
– the number of players n�, and
– the team category κ� judged by the shirt color.

The estimation is made with our player tracker, that was originally developed
for a real-time offside-line visualization system [9].

Note that the position and velocity are those of the footprint and are measured
in real scales in a world coordinate system. The origin of the world coordinate
system is the center mark of the field. Viewed from the coach’s position, the x-
and y-axes point rightward along the touch lines and forward along the halfway
line. The tri-state team category κ� ∈ {−1, 0, +1} stands for the left, unidenti-
fied, or the right team, respectively. Although individual low-level features may

Table 1. Event-types to be classified

Category Actor’s Team Site of Incidence Abbreviation
Kick Off (either) Center Mark KO
Free Kick (either) (anywhere) FK

Left Far Right Corner CKLF
Corner Kick Near Right Corner CKLN CK

Right Far Left Corner CKRF
Near Left Corner CKRN

Left Far Side TILF
Throw In Near Side TILN TI

Right Far Side TIRF
Near Side TIRN

Goal Kick Left Left Goal Area GKL GK
Right Right Goal Area GKR
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contain errors due to occlusions, their influence is diminished by the statistical
operations described in Subsections 3.2 and 3.6.

3.2 Mid-Level Features — General-Purpose Quantities

The classifier then converts the physical low-level features into general-purpose
mid-level features. The mid-level features represent the positional pattern of
players (formation) and the global motion (offense-defense balance) that char-
acterize the tactical situation of general field sports including soccer games.

In order to quantify the local density of players, the “Local Head Counting”
function counts the team-wise number Np,k of players within each rectangular
subregion Dp of the soccer field, as exemplified in Fig.2, where p ∈ {1, 2, . . . , P}
and k ∈ {−1, +1} denote the positional index and team index (−1 and +1 for
left and right teams, respectively):

Np,k =
L∑

�=1

mp(x�, y�) · n� · δ̃κ�,k, δ̃κ�,k =

⎧
⎨

⎩

1 (if κ� = k)
1/2 (if κ� = 0)
0 (otherwise)

(1)

mp(x, y) =
{

1 (if (x, y) ∈ Dp)
0 (otherwise) , (2)

In Eq. (1), player silhouettes � with an ambiguous team category κ� = 0 half-
and-half contribute to the left and the right teams’ local head counts.

Since the global motion of players characterizes the offense-defense balance,
and also indirectly, the ball position, the mean velocity (U, V ) of all the detected
players is also calculated in the “Averaging” stage:

(U, V ) =

(
1
L

L∑

�=1

u� ,
1
L

L∑

�=1

v�

)
. (3)

By stacking all the components of the local head counts
{Np,k}p∈{1,...,P},k∈{−1,+1} and the mean velocity (U, V ), we define a (2P + 2)-
dimensional mid-level-feature vector f as follows:

f = [N1,−1, N2,−1, . . . , NP,−1; N1,+1, N2,+1, . . . , NP,+1; U, V ]T . (4)

Local Head Count Using Crisp Equi-Sampled (CES) Subregions. As
one of the simplest allocations of subregions Dps, CES divides the soccer field into
P rectangular subregions by using equally spaced horizontal/vertical partitions
as shown in Fig. 2(a).

Local Head Count Using Crisp Histogram-Equalized (CHE) Subre-
gions. It would be natural to extend the above-mentioned equi-spaced partition
to an uneven one. As illustrated in Fig. 2(b), CHE uses a non-linearly sampled
partition that densely samples the field areas where the players are more fre-
quently observed.
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D1 D2
…

DP
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D1 D2
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DP
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(a) Crisp equi-sampled subregions (b) Crisp histogram-equalized subregions
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Fig. 2. Examples of subregions Dps and fuzzy membership function mp(x, y)

Local Head Count Using Fuzzy Equi-Sampled (FES) Subregions. The
pattern of the local head counts may change dramatically if some players move
across the crisp borders of the subregions. To avoid this instability, we tested
fuzzy subregions Dps with the membership functions mp(x, y)s shown in
Fig. 2(d):

mp(x, y) = Λ

(
x − ξp

Rx

)
· Λ

(
y − ηp

Ry

)
, Λ(x) = max{0, 1 − |x|}, (5)

where (ξp, ηp) is the position of the pth lattice point (cf. the disc (•) in Fig. 2(c)).

3.3 High-Level Features — Specialized Quantities

From a mid-level-feature vector f , a high-level-feature vector x, which efficiently
describes the difference between event types, is extracted using the following
simple multiplication:

x = Wf , (6)

where W is a weight matrix called the Fisher weight map [10] (i.e. a subset of
eigenvectors in FDA). This map reduces the redundant/ineffective dimensions of
the mid-level features f in order to extract a small set of specialized quantities
(canonical variates) x for a specific sport and purpose.

3.4 Probabilistic Modeling of High-Level-Feature Distribution

The high-level-feature vector x is substituted into the probability density func-
tion (pdf) P (H(e) | x) of each event type e’s probabilistic model H(e), which is
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prepared through the training, to evaluate the posterior probability. Bayes’ rule
gives the following relationship with respect to the event type e:

P (H(e) | x) = p(x | H(e))P (H(e))/p(x) ∝ p(x | H(e))P (H(e)), (7)

where p(x | H(e)) denoted the conditional pdf of a high-level feature x given
event-type e’s model H(e), and P (H(e)) denotes the model H(e)’s prior. They
are implemented as Gaussian mixtures and the prior itself:

p(x | H(e)) =
K(e)∑

k=1

α
(e)
k

exp
{

− 1
2 (x − μ

(e)
k )T [Σ(e)

k ]−1(x − μ
(e)
k )

}

√
(2π)dim(x)|Σ(e)

k |
(8)

P (H(e)) = P (e). (9)

Hence, event-type e’s model H(e) consists of the prior P (e), the number of mix-
tures K(e), the kth mixture’s weight α

(e)
k , the mean vector μ

(e)
k , and the covari-

ance matrix Σ
(e)
k , i.e. H(e) = {P (e), K(e), {α

(e)
k , μ

(e)
k , Σ

(e)
k }k∈{1,2,...,K(e)}}.

3.5 Preliminary Decision by Posterior Maximization

By substituting the high-level-feature vector x = x(t) at an instant t into Eq. (8),
the likelihood p(x(t) | H(e)) of the event type e can be obtained. The most
probable event type ê(t) that maximizes the posterior given in Eq. (7) can be
estimated by:

ê(t) = argmax
e∈E

P (H(e) | x(t)) = argmax
e∈E

{p(x(t) | H(e)) · P (H(e))}, (10)

where E = {KO, FK, CKLF, . . . , GKR} is the total event-type set (cf. Table 1).

3.6 Final Decision by Temporal Post-Filtering

The frame-wise most probable event type ê(t) obtained by Eq. (10) would have
instantaneous errors since similar short-term formations may appear even if they
are of different event types. A majority rule is applied as a temporal post-filter
to suppress this kind of error.

First, the histogram h(t; e) of preliminary decisions ê(τ) during a certain time
period τ ∈ [t − τb, t + τa] is calculated (hereinafter, we consider τb = 120 and
τa = 30 frames):

h(t; e) =
t+τa∑

τ=t−τb

δê(τ),e, (11)

where δ•,• denotes Kronecker’s delta. The nth probable candidate En(t) can be
obtained by choosing the nth-most frequent bin of the histogram h(t; e):

E1(t) = argmax
e∈E

h(t; e) (12)

Ec(t) = argmax
e∈E,e/∈{Eχ}c−1

χ=1

h(t; e) (for 2 ≤ c ≤ |E|). (13)
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4 Training Processes

From soccer videos, we manually compiled a training set F (e) for each event
type e. The training set F (e) contains the mid-level-feature vectors f s around
the instants of event type e’s occurrences:

F (e) =
⋃

τ∈T (e)

{f(τ)} (14)

where f(t) denotes the mid-level-feature vector of the frame index t, and T (e) is
the set of frame indices around (during the frames in the intervals of τb frames
before to τa frames after) the instants of event type e’s occurrences, i.e.:

T (e) �
=

⋃

t∈T̂ (e)

[t − τb, t + τa], (15)

where T̂ (e) is the set of the very “one-frame”s (i.e. not segments but points) of
event type e’s occurrences.

Assuming the symmetries of the formations, we quadruplicated the content
of each training set F (e) by flipping horizontally/vertically/around the signs of
the positions and the velocities, team indices, and the far/near sides of event
incidence as shown in Table 2.

4.1 Subregions Dps for Mid-Level-Feature Extraction

CES, CHE, and FES have tunable granularity parameters: the horizontal and
vertical resolutions Dx and Dy. The parameters were given manually in the
experiments discussed below.

In addition, CHE has another flexibility of unequal sampling. Plotting the
history of all the player’s positions in all the training set

⋃
e∈E T (e), we see that

the set of positions is not uniformly distributed on the field. To sample at finer

Table 2. Quadruplication of a training set by exploiting formation symmetry

Symmetry Original Left ↔ Right Far ↔ Near Rotation
Formation Np,k Nl(p),−k Nb(p),k Nb(l(p)),−k

Vector f (U, V ) (−U, V ) (U, −V ) (−U, −V )
KO KO KO KO
FK FK FK FK

Event type e ••LF ••RF ••LN ••RN
••LN ••RN ••LF ••RF
••RF ••LF ••RN ••LN

•• ∈ {CK, TI} ••RN ••LN ••RF ••LF
GKL GKR GKL GKR
GKR GKL GKR GKL

l(p) returns laterally flipped index of p. b(p) returns backflipped index of p.
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Fig. 3. Visualization of Fisher weight map

resolutions for more densely distributed areas, we first horizontally partitioned
the field into Dx strips to make the frequencies (i.e. the histogram) of players’
existences equal to each other. Then, similarly, vertical partitions were placed
to make Dy strips.

4.2 Fisher Weight Map W for High-Level-Feature Extraction

We employed the Fisher discriminant criterion to obtain the optimal weight
matrix W . The criterion classifies the features between different event types and
organizes those of the same type, in order to reduce the dimensionality of the
mid-level-feature vector f by x = Wf .

The intra- and inter-class covariances ΣW and ΣB are defined as follows:

ΣW =
∑

e∈E

∑

f∈F(e)

(f − f̄
(e))(f − f̄

(e))T

/∑

e∈E
|F (e)| (16)

ΣB =
∑

e∈E
|F (e)|(f̄ (e) − f̄ )(f̄ (e) − f̄ )T

/∑

e∈E
|F (e)| (17)

f̄
(e) =

⎛

⎝
∑

f∈F(e)

f

⎞

⎠
/

|F (e)|, f̄ =

⎛

⎝
∑

e∈E

∑

f∈F(e)

f

⎞

⎠
/ ∑

e∈E
|F (e)|,

where |F| denote the number of elements in a set F .
The optimal weight matrix W — the Fisher weight map can be constructed by

piling the eigenvectors ws with the M largest eigenvalues λs of the generalized
eigenvalue problem ΣBw = λΣWw as follows:

W = [w1 w2 · · · wM ]T , (18)

where wm is the eigenvector with the mth-largest eigenvalue.
Each row wT

m (i.e. the eigenvector) of a Fisher weight map W is visualized by
grayscale boxes, as depicted in Fig. 3.
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4.3 Probabilistic Model H(e) of High-Level-Feature Distribution

The meaning of the prior P (e) ∈ H(e) is how often the event type e occurs in
soccer matches. As the total period of event type e’s occurrences |T (e)| (cf. Eq.
(15)) reflects the frequency, we assume the prior to be:

P (e) = |T (e)|
/ ∑

ε∈E
|T (ε)|. (19)

For simplicity, we fixed the number of mixtures K(e) ∈ H(e) to a common K
for all the event-types; K(e) := K for ∀e ∈ E .

After creating the Fisher weight map W , the GMM parameters
{α

(e)
k , μ

(e)
k , Σ

(e)
k }k∈{1,...,K(e)} ∈ H(e) are determined using the mapped training

set X (e) �
= {Wf | f ∈ F (e)}. We employed an expectation-maximization (EM)

algorithm in the optimization.

5 Experiments and Discussions

The mechanism, trend, and precision were evaluated using 253 events occurred in
five halves from three games of the Japanese professional soccer league (Table 3).

The columns of the left/right teams represent the colors of field-players’ shirts.
The set of events in the nth half is referred to as the (training/testing) set #n.
Table 4 shows the titles and conditions for the experiments. Based upon the
FES’s optimal values obtained from the experiments in Subsections 5.2 and 5.3,
we chose 6 × 6 FES subregions and K = 7 Gaussian mixtures as the default
parameters for the classifier.

5.1 Fisher Weight Map

Figure 4 visualizes (cf. Fig. 3 for the way) the eigenvectors wm (m = 1, . . . , M)
that configure the Fisher weight map W . The distribution of the high-level fea-
tures (canonical variates) xs, which were obtained by mapping the mid-level-
feature vectors f s of the training sets, are plotted in Fig. 5.

Table 3. Data sets for training and testing

Set Match Half Left Team Right Team Number of Event Occurrences
#1 A First Blue-1 Yellow 53
#2 A Second Yellow Blue-1 43
#3 B First Red Blue-2 52
#4 B Second Blue-2 Red 50
#5 C First Red Blue-1 55

Total Number of Event Occurrences 253
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Table 4. Experimental conditions

Experiment(s) and Data Set(s) Subregions Dps GMM
Discussions on: Training Testing Dx × Dy Membership/Sampling K

5.1 Fisher Weight Map #1–#4 #1–#4 6×6 FES 7
5.2 Subregions Cross-Validation 3×3–8×8 CES/CHE/FES 7
5.3 Gaussian Mixtures Cross-Validation 6×6 FES 1–8
5.4 Post-Filter #1–#4 #5 6×6 FES 7
5.5 Confusion Matrices Cross-Validation 6×6 CES/CHE/FES 7
Cross-Validation: 1-out-of-5 Set-Wise Cross-Validation

Eigenvector
of the Fisher
weight map

Contribution 20.8% 18.7% 14.1% 12.8% 11.4%
(a) w1 (b) w2 (c) w3 (d) w4 (e) w5

5.2% 4.7% 4.3% 3.2% 2.8% 1.8%
(f) w6 (g) w7 (h) w8 (i) w9 (j) w10 (k) w11

Fig. 4. Fisher weight map obtained from training sets #1–#4

(a) x7 and x2 (b) x3 and x9 (c) x1 and x2

Fig. 5. Distribution of high-level features colored according to event type
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The weight vector w2 in Fig. 4(b) for the second canonical variate x2 reveals
an impressive map with negative weights on the left-team’s right corners and
positive weights on the right-team’s left corners. This implies that an offensive
player strikes a corner-kick at an opponent’s corner. The weight vector w7 in
Figure 4(g) for x7 shows a similar weight map except for far/near allocation of the
signs. By plotting variates on the x7x2-plane, we can see that the distribution
forms an X shape with CKRN, CKRF, CKLF, and CKLN arms as shown in
Fig. 5(a).

The weight vector w3 in Figure 4(c) for x3 is sensitive to the touch lines with
the opposite signs for far/near sides. The weight vector w9 in Figure 4(i) for x9
also watches the touch lines, and the signs discriminates between the teams. The
four TI types are well-separated by the variates (x3, x9) as shown in Fig. 5(b).

By looking at the two major variates (x1, x2) (Fig. 5(c)) with the greatest
and the second greatest contributions (i.e. the eigenvalues), we see that almost
all event types are distinguishable by the variates’ loci in the plane.

5.2 Subregion Types for Local Head Counts

More localized information on the formation can be gotten from the finer sub-
regions Dps. However, using more subregions leads to an explosion of variations
of the mid-level-feature vectors fs, which makes the training set insufficient.

Figure 6 shows the percentage of correct answers with respect to type and
number of subregions. The CES and FES curves have increasing trends. The FES
curve has a small peak (70%) for the 6 × 6-partition, which notably surpasses
the others’ scores by 6 points.

The merit of introducing fuzzy membership is soft handover of players who
cross over the borders, but this merit is accompanied by the drawback of poor
spatial discrimination especially at low resolutions. However, the difference be-
tween CES and FES would become smaller at high resolution since the mid-level
features become quite expressive and the fuzzy-effect goes discreet. This might
be why FES showed an advantage to CES for 6× 6 and 7× 7 partitions, but not
for 4 × 4 or 5 × 5.
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We found no benefit in moving partitions on the criterion of CHE (see Fig. 7
for an example). We believe that this is because the formation is character-
ized not by the player density but by differences between inter- and intra-class
densities. Thus, at higher resolution, most of the subregions are assigned to less-
important areas and the trend saturates. Other criteria should be considered.

5.3 Number of Gaussian Mixtures

A GMM with the more mixtures gives a more precise approximation of the
original distribution. This capability, however, also means a risk of over-fitting
when the training set is insufficient.

Figure 8 shows percentage of correct answers given by the FES-based classifier
with respect to the number of mixtures K. The nearly convex curve has a peak
at K = 7 mixtures.
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Table 5. Preliminary GMM classification ê(t) (ground truth: KO)

Time t ê(t) Time t ê(t) Time t ê(t)
19:38:15:10 KO 19:38:15:20 KO 19:38:16:00 CKRN
19:38:15:11 KO 19:38:15:21 KO 19:38:16:01 CKRN
19:38:15:12 KO 19:38:15:22 KO 19:38:16:02 TIRN
19:38:15:13 KO 19:38:15:23 KO 19:38:16:03 GKL
19:38:15:14 KO 19:38:15:24 KO 19:38:16:04 GKL
19:38:15:15 KO 19:38:15:25 KO 19:38:16:05 KO
19:38:15:16 KO 19:38:15:26 KO 19:38:16:06 KO
19:38:15:17 KO 19:38:15:27 CKRN 19:38:16:07 CKRN
19:38:15:18 KO 19:38:15:28 TIRN 19:38:16:08 CKRN
19:38:15:19 KO 19:38:15:29 CKRN 19:38:16:09 CKRN

Time t is represented in 29.97Hz drop-frame timecodes.

5.4 Effect of Post-Filter

Table 5 is an example of the preliminary classification ê(t) of testing set #5 using
the models with FES subregions learnt by training sets #1–#4. The whole time
period in the Table 5 belongs to the event-period of the ground-truth KO at
19:38:15:16. While almost of all of the ê(t)s in Table 5 are correctly classified to
KOs, several misclassifications to CKRN, TIRN, etc. occurred.
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(a) KO at t = 19:38:15:16 (b) TIRF at t = 19:38:40:12
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(c) GKL at t = 19:44:02:12 (d) TILN at t = 19:44:15:25

Fig. 9. Event histogram h(t; e) calculated by post-filter
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The histograms h(t; e)s for KO at 19:38:15:16, TIRF at 19:38:40:12, GKL at
19:44:02:12, and TILN at 19:44:15:25 are shown in Fig. 9.

In the cases of Figs. 9(a), (b), and (c), the event type of the ground-truth
(KO, GKL, and TIRF, respectively) received the largest numbers of votes.

As shown in Fig. 9(d), the ground-truth TILN took second place. It might
be better to design a user interface that enables multi-candidate selection from

Table 6. Precision and recall of event classification

(a) Crisp Equi-Sampled Subregions (CES)
Results of Classification (First Candidate E1) Recall F-Measure

KO FK CK TI GK
KO 8 1 0 0 2 73% (8/11) 0.73

Ground FK 1 20 3 11 11 43% (20/46) 0.53
Truth CK 0 1 16 0∗1 0 0 94% (16/17) 0.84

TI 0 4 2 68 36∗2 5 59% (68/115) 0.58
GK 2 4 0 4 52 2∗3 81% (52/64) 0.76

Precision 73% 67% 76% 57% 72% Proportion Correct
(8/11) (20/30) (16/21) (68/119) (52/72) 65% (164/253)

(b) Crisp Histogram-Equalized Subregions (CHE)
Results of Classification (First Candidate E1) Recall F-Measure

KO FK CK TI GK
KO 10 1 0 0 0 91% (10/11) 0.95

Ground FK 0 15 6 11 14 33% (15/46) 0.40
Truth CK 0 1 15 1∗1 0 0 88% (15/17) 0.71

TI 0 8 3 71 29∗2 4 62% (71/115) 0.61
GK 0 4 0 7 52 1∗3 81% (52/64) 0.77

Precision 100% 52% 60% 60% 73% Proportion Correct
(10/10) (15/29) (15/25) (71/118) (52/71) 64% (163/253)

(c) Fuzzy Equi-Sampled Subregions (FES)
Results of Classification (First Candidate E1) Recall F-Measure

KO FK CK TI GK
KO 10 1 0 0 0 91% (10/11) 0.74

Ground FK 3 22 1 14 6 48% (22/46) 0.54
Truth CK 0 0 13 3∗1 0 1 76% (13/17) 0.70

TI 1 8 2 81 21∗2 2 70% (81/115) 0.69
GK 2 4 1 5 52 0∗3 81% (52/64) 0.83

Precision 63% 63% 65% 67% 85% Proportion Correct
(10/13) (22/35) (13/20) (81/116) (52/69) 70% (178/253)

∗1: Samples classified to CK on the wrong corner/team.
∗2: Samples classified to TI of the wrong side/team.
∗3: Samples classified to GK of the wrong team.
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E1, E2, . . . if we are to implement the classifier in commercially viable metadata
production systems.

5.5 Confusion Matrices

Table 6 shows the confusion matrices, precisions, recalls, F-measures, and per-
centages of correct answers obtained by the CES-, CHE-, and FES-based clas-
sifiers. For CK, TI, and GK, the classification result E1 is treated as “correct”
only if both the actor’s team and the site of incidence are perfectly classified.

For the ground-truth KO, 10 (either by CHE and by FES) or 8 (by CES) out
of 11 occurrences were properly classified as KO, but the rest were FK or GK.
The similarity that no one stands at corners or on touch-lines may have caused
the confusion among KO, FK, and GK.

CES, CHE and FES all have good scores for CKs, TIs and GKs. This is
because, in the case of CKs, in spite of its infrequency, the players form a very
characteristic formation with the opponent kicker at a corner and a crowd around
the goal area, which can be well described by a mid-level-feature vector f . When
TIs/GKs occur, although the players show relatively characterless formations
except for a thrower on a touchline on TIs or for uniform movement on GKs,
the system can acquire well-polished model parameters since there are quite a
lot of training patterns.

On the other hand, the FK formations are so diverse and their occurrences
are sparse. Therefore, the system had a remarkably low recall rate for FK.

The spectra of the precisions and the recalls of CHE manifested quite different
patterns from those of CES despite their comparable total scores. This difference
implies that the partitioning criterion in CHE, i.e. simple deterministic histogram
equalization, was not suitable for improving total performance, and that the
partition allocation should have been optimized to a training set by testing
various partition allocations.

6 Conclusion

We developed a soccer event classifier that discriminates among various set plays
on the basis of the formation and the global motion of the players. High-level fea-
tures that well describe the typical formations are selected by Fisher discriminant
analysis. The experiments showed the Fisher weight map forms watchdogs over
corners, touch-lines, etc., which resembles human interpretation. The Gaussian
mixture model allows for the multimodality of the canonical variates obtained
by the Fisher weight map. The experiments showed that the event types with
characteristic formation pattern (e.g. corner kicks, kick offs, etc.) are well classi-
fied by our classifier. The subregions for local-head counts for mid-level-feature
extraction were also examined. Fuzzy subregions showed advantages over the
crisp ones for a moderate number of partitions (6 × 6 or 7 × 7). The nonlinear
partitioning needs more investigation of the quantization criteria. The testing
process by a PC with 3.2GHz dual Xeon processors requires only about 1-second
computation per 1-minute video source, which is fast enough for online tagging.
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To improve system performance, we are planning to introduce the ball position
[11] [12] as yet another key formation descriptor since the ball tends to be placed
at specific positions during set plays: at the center mark, in a corner arc, etc.
Other classifiers, such as support vector machines, should also be tested for
finding the best combination of a set of features and a classifier.
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Abstract. In this paper we investigate on how the choice of similarity
measures affects the performance of content-based 3D model retrieval
(CB3DR) algorithms. In CB3DR, shape descriptors are used to provide
a numerical representation of the salient features of the data, while simi-
larity functions capture the high level semantic concepts. In the first part
of the paper, we demonstrate experimentally that the Euclidean distance
is not the optimal similarity function for 3D model classification and re-
trieval. Then, in the second part, we propose to use a supervised learn-
ing approach for automatic selection of the optimal similarity measure
that achieves the best performance. Our experiments using the Princeton
Shape Benchmark (PSB) show significant improvements in the retrieval
performance.

1 Introduction

In the digital era multimedia data are of high importance with many application
possibilities. A growing percentage of the stored information in a computer and
exchanged over the internet is visual wether it is still images or video clips. Con-
sequently a large amount of research is focusing on the development of efficient
algorithms for classifying and searching non-textual data. This can be put in the
context of organizing world information and make it universally accessible.

Over decades, images and video clips have been the dominant form of visual
media. In recent years, however, 3D models and virtual worlds are becoming very
popular. The developments in the field of Computer Graphics including high-
performance graphics hardware, easy-to-use 3D modeling software, and internet
communication made 3D models easy to create, visualize and share. Therefore,
the amount of 3D data available is increasing significantly.

Similar to other types of digital media, large collections of 3D models require
customized tools for classification, search, representation, and use of the embed-
ded knowledge. In fact, 3D models differ from images in two major aspects. First,
3D models are easy to process since they are not affected by lighting conditions,

T. Tokunaga and A. Ortega (Eds.): LKR 2008, LNAI 4938, pp. 210–225, 2008.
c© Springer-Verlag Berlin Heidelberg 2008
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occlusions, projections and shadows. On the other hand, images are often repre-
sented by regular 2D grids on which color information are encoded. 3D models
however lack such proper parameterization and existing representations, such
as polygon soup, point-based, implicit surfaces, and volume representations, are
mainly designed for visualization purposes. Moreover, the dimensionality of the
data is higher making search for pose registration and feature correspondences
more difficult [9].

There have been many attempts to develop search engines for 3D model collec-
tions [2,1,5,4,3]. In general indexing 3D models requires (1) the definition of good
shape descriptors, and (2) a good similarity function to measure the distances
between entities in the feature space. Shape descriptors provide a numerical rep-
resentation of the salient features of the data, while similarity functions capture
the distribution of the data in the feature space. Therefore, they can be used as a
mean for capturing the high level semantic concepts of the data. While 3D shape
description using effective features have been extensively studied, only very few
works investigated similarity measures in the context of content-based 3D model
retrieval (CB3DR). In fact, the Euclidean distance, called also L2−Sum of the
Squared Distances (SSD), is one of the most widely used measures. The SSD
is justified only when the feature data distribution is Gaussian, while the Man-
hattan distance, L1 Sum of Absolute Differences (SAD), is justified when the
data distribution is exponential [32]. In many applications, the real distribution
of the data is neither Gaussian nor Exponential [32].

The challenge is then finding a suitable distance measure when the data distri-
bution is unknown. This problem has been investigated in the context of image
retrieval [32,31] but little work has been done on learning distance functions
in CB3DR literature. Most of these works have been restricted to learning the
Mahalanobis distance of the form (x−y)T Σ(x−y) for relevance feedback [6,16],
where they try to estimate the weight matrix Σ which can be seen as the co-
variance matrix of the traditional anisotropic Gaussian distribution.

In this paper we investigate how different similarity measures affect the per-
formance of shape descriptors for content-based 3D model retrieval. We will show
experimentally that the extensively used Euclidean Distance is far from being
the most efficient. Then we implement a simple algorithm for automatic selec-
tion of the similarity measures that will achieve best performance. We adopt a
machine learning approach where the best similarity measure is selected among
others in a supervised manner at the training stage. We provide also a mean for
combining different similarity measures when describing 3D models with hetero-
geneous features. Our work is based on the recent results in machine learning
on feature selection and similarity learning [26,32].

The remainder of the paper is organized as follows; in the next section we
review the related work. In Section 3 we provide an experimental analysis of the
performance of existing 3D shape descriptors when used with similarity mea-
sures other than the Euclidean distance. In Section 4 we develop an efficient
framework for learning the suitable similarity measure for a given descriptor.
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Effectiveness and performance of the proposed framework is analyzed in Sec-
tion 5. We conclude in Section 6.

2 Related Work

3D shape analysis, classification and retrieval received significant attention in
recent years. In the following we review the most relevant techniques to our
work. For more details, we refer the reader to the recent surveys of the topic
[18,29,13].

2.1 3D Shape Description

For efficient comparison and similarity estimation, 3D models are represented
with a set of meaningful descriptors that encode the salient geometric and topo-
logical characteristics of their shapes. The objects in the database are then
ranked according to the distance of their descriptors to the descriptors of the
query model. These descriptors are either global or local depending on wether
they encode the entire shape or part of it.

Global descriptors describe an entire 3D shape with one single feature vector.
In this category, the Light Fields (LFD) [7] are reported to be the most effective
[28]. Funckhouser et al.[10] map a 3D shape to unit spheres and use spheri-
cal harmonics (SH) to analyze the shape function. Novotni et al. [20] uses 3D
Zernike moments (ZD) as a natural extension of SH. Laga et al. [15] introduced
flat octahedron parameterization and spherical wavelet descriptors to eliminate
the singularities that appear in the two poles when using latitude-longitude pa-
rameterization. Therefore, they achieve a fully rotation invariant description of
the 3D shapes. Recently, Reuter et al. [24] introduced the notion of shape DNA
computed from the spectra of the Laplace-Beltrami operators. These descriptors
are invariant under similarity transformations, and are very efficient in matching
2D and 3D manifold shapes. However, it is not clear how they can be extended
to polygon soup models.

Global descriptors are very compact, easy to compute, and efficient for broad
classification of 3D shapes. However, they are unable to achieve high perfor-
mance in intra-class retrieval, since they cannot capture the variability of the
shapes within the same class. Local feature-based methods can overcome these
limitations by computing a large set of features at different scales and locations
on the 3D model. Spin images [14], and shape contexts [19] have been used for
shape retrieval as well as for the matching and registration of 3D scans. Local
features are very efficient to discriminate objects within the same class. How-
ever, similarity estimation requires combinatorial comparison, making them not
suitable for realtime applications such as retrieval.

2.2 Similarity Measures

Most of existing work on 3D retrieval use the Euclidean distance to compare
shape descriptors. There are few works that experimented with other distance
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measures. Algorithms that are based on statistical descriptors, such as shape
distributions [23], used other metrics such as the χ2 statistic, the Bhattacharyya
distance and the Minkowski LN norm.

To handle the non-linearity of the feature space, Ohbuchi et al. [22,21] pro-
posed a method to adapt distance measures to the database to be queried by
using learning-based dimensionality reduction algorithms such as Principal Com-
ponent Analysis (PCA), Kernel PCA, Locality Preserving Projections, Lapla-
cian Eigenmaps, Locally Linear Embedding, and Isometric Feature Embedding
(ISOMAP). They demonstrated that a distance computed with non-linear di-
mension reduction techniques is database-adaptive and improves the retrieval
performance. Ohbuchi et al. [25] experimentally picked the best performing
distance measure among four: the L1−norm, L2−norm, cosine, and Kullbuck-
Leibler Divergence (KLD). As reported by the authors, the selection of the best
distance measure is performed manually via a preliminary set of retrieval ex-
periments. In this paper we propose an automatic selection method which can
be plugged to any type of shape descriptors. Also, as we will demonstrate it
in Section 3, the optimal distance function depends heavily on the type of fea-
tures used for comparison. Therefore, an automatic similarity selection method
is required.

In the field of relevance feedback existing work are restricted to learning Ma-
halanobis distance of the form (x−y)T Σ(x−y) [6,17], where they try to estimate
the weight matrix Σ, which can be seen as the covariance matrix of the tradi-
tional anisotropic Gaussian distribution. Leifman et al. [16] use Linear Discrim-
inant Analysis (LDA) to find an optimal linear transformation that re-weights
the shape features so that the maximum separation between the relevant and
irrelevant models to the query is achieved. Relevance feedback algorithms aim
to capture the human notion of similarity between 3D models. They are usu-
ally used in an online learning scheme. The approach we propose performs in
a supervised manner. Therefore, it is suitable for capturing the domain-specific
notion of similarity which is usually determined by the type of data to search.

Similarity learning is a popular subject in the field of machine learning with
several applications to image retrieval [11,31]. Our paper extends existing meth-
ods for learning similarity measures to the problem of content-based 3D model
retrieval. To the best of our knowledge this is the first paper that aims at auto-
matic learning of the similarity function in 3D model classification and retrieval.

2.3 Overview and Contributions

In the first part of this paper we follow an experimental approach in which we
evaluate the performance of four types of 3D shape descriptors using twelve
similarity measures. We show that the performance of each descriptor varies sig-
nificantly by varying the type of similarity measure. Then in the second part we
propose an algorithm based on AdaBoost for an automatic selection of the best
similarity measure for a given descriptor. We use a supervised approach where
the classifier is learned using a training set of 3D models. In our implementation
we use the training set of the Princeton Shape Benchmark (PSB) [28].
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This paper extends existing work on learning similarity measures to boost the
efficiency of content-based 3D model retrieval algorithms. We make the following
contributions:

– We demonstrate experimentally that for many existing descriptors, the Eu-
clidean distance is not the optimal similarity function for 3D model classifi-
cation and retrieval.

– We provide a mean for automatic selection of the optimal similarity mea-
sure that achieves the best performance. The method is flexible in the sense
that many similarity measures can be plugged in and it can operate with
heterogeneous features.

– Our experimental results show significant improvement in the retrieval per-
formance over the state of the art 3D model retrieval algorithms.

3 Similarity Measure Analysis

3.1 Feature-Based 3D Shape Description

The basic idea of feature-based approach to 3D model retrieval is to represent
each object in the database and the query with a vector of numerical values. The
feature vector can be derived from the object geometry or other properties such
as topology. Good feature vectors should be robust against small changes of the
shape due to noise or level of detail, and invariant to similarity transformations
such as translation, scale and rotation. In this paper we consider four geometry-
based descriptors, but it can be easily extended to other types of feature vectors;

– Spherical wavelet transform of the Spherical Extent function
[28,15]: The 3D shape is mapped onto a unit sphere by measuring its ex-
tent in the radial direction. In this method, the spherical function is uni-
formly sampled using flat-octahedron parameterization, then represented by
its spherical wavelet coefficients. We refer to this descriptor by SW EXT.

– Spherical wavelet coefficients of the Gaussian Euclidean Distance
Transform [28,15]: A 3D function whose value at each point is the compo-
sition of a Gaussian with the Euclidean Distance transform of the shape. It is
generated using 32 spherical function. Each spherical function is represented
by its SW EXT descriptor. We refer to this descriptor by SW GEDT.

– Statistical moments of the spherical wavelet coefficients: It is a ro-
tation invariant descriptor of the SW EXT. It is obtained by taking the first
and second order statistical moments of the wavelet coefficients. In our imple-
mentation, we obtain shape descriptors of size 38. We refer to this descriptor
by SW MOMENTS.

– The Light Fields [7]: It is a view-based descriptor computed from 100
images rendered from cameras positioned on the vertices of a regular dodec-
ahedron. Each image is encoded with 35 Zernike moments, and 10 Fourier
coefficients. In this paper we use our own implementation. We refer to this
descriptor by LFD.

In the following we refer by d to the dimension of the feature space. That is,
every feature vector is a point in the feature space R

d.
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3.2 Similarity Measures

Given the feature vectors for all objects in a database and for the query, the
retrieval of similar objects to the query is performed by returning the k-nearest
neighbors (k−NN) of the query model. To this end, a metric in the vector space
R

d is used. Given two shapes O1 and O2 represented respectively by their feature
vectors x = (x1, . . . , xd)

T and y = (y1, . . . , yd)
T , we want to define a function Φ

that measures the distance (or similarity) between x and y. The function Φ is
maps each pair of points in the product space R

d × R
d to a point in R:

Φ : R
d × R

d �→ R

(x, y) → Φ(x, y)

Efficient similarity function should capture the semantic concepts of the data. It
should take small values when the two shapes O1 and O2 are semantically very
similar and large values when they are different.

For simplicity and computational considerations, existing works on 3D model
classification and retrieval often considered the unweighted Minkowski lp dis-
tance (when p = 2 the Minkowski distance is reduced to the Euclidean distance).
We propose to evaluate how other similarity measures affect the retrieval per-
formance. We base our evaluation on the twelve MPEG-7 quantitative distance
measures [8], labeled as Q1, . . . , Q12, and summarized in Table 1. The distances
Q1 and Q2 are the popular Manhattan and Euclidean distances. For the other
metrics we define the following quantities:

Table 1. The twelve distance measures proposed for the evaluation of 3D model re-
trieval algorithms

Label Type Name Measure

Q1 Distance City block distance
Pd

i=1 |xi − yi|
Q2 Distance Euclidean distance

Pd
i=1 (xi − yi)2

Q3 Distance Canberra metric 1
d

Pd
i=1

|xi−yi|
|xi|+|yi|

Q4 Distance Divergence coefficient 1
d

Pd
i=1

(xi−yi)
2

|xi|+|yi|

Q5 Similarity Correlation coefficient
Pd

i=1(xi−μx)(yi−μy)qPd
i=1(xi−μx)2

Pd
i=1(yi−μy)2

Q6 Similarity Profile similarity
Pd

i=1 xiyi+dm2−m(Pd
i=1 xi+

Pd
i=1 yi)q

(Pd
i=1 x2

i +dm2−2m
Pd

i=1 xi)(
Pd

i=1 y2
i +dm2−2m

Pd
i=1 yi)

coefficient
Q7 Similarity Intra-class coefficient 1

d

Pd
i=1

(xi−μ)(yi−μ)
σ

Q8 Similarity Catell 1949
√

2d−||x−y||√
2d+||x−y||

Q9 Similarity Angular distance
Pd

i=1 xiyiPd
i=1 x2

i

Pd
i=1 y2

i

Q10 Distance Meehl index
Pd−1

i=1 (|xi − xi+1| − |yi − yi+1|)
Q11 Distance Kappa

Pd
i=1

yi−xi
ln(yi)−ln(xi)

Q12 Similarity Inter-correlation
Pd

i=1(xi−μy)(yi−μx)qPd
i=1(xi−μy)2 Pd

i=1(yi−μx)2

coefficient
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μx =
1
d

d∑

i=1

xi, σ2
x =

1
d − 1

d∑

i=1

(xi − μx)2

μ = (μx+μy)
2 , σ2 =

1
2d − 1

{
d∑

i=1

(xi − μ)2 +
d∑

i=1

(yi − μ)2}

M =
xmax − xmin

2
, m =

M

2
.

3.3 Retrieval Effectiveness of the Similarity Measures

The database we use for the experiments is the Princeton Shape Benchmark
(PSB) [27]. It contains 1814 models and divided into a training set (907 models),
referred hereafter as train set, and a test set (907 models). The benchmark
provides also four classification levels of the data. We use the base classification
level which is the finest one. We propose to evaluate the performance of the
four descriptors described in Section 3.1 when using the similarity measures of
Table 1. We assume that a retrieval is correct if the retrieved model belongs to the
same class of shapes as the query. We use the following quantitative performance
measures commonly used in information classification and retrieval [28]:

– Precision-Recall graph: A plot describing the relationship between pre-
cision and recall in a ranked list of matches. For each query model in class
C and any number K of top matches, recall (the horizontal axis) represents
the ratio of models in class C returned within the top K matches, while
precision (the vertical axis) indicates the ratio of the top K matches that
are members of class C. A perfect retrieval result produces a horizontal line
at precision = 1.

– Nearest Neighbor (NN): The percentage of the closest matches that be-
long to the same class as the query. This statistic provides an indication of
how well a nearest neighbor classifier would perform.

– First and Second Tier (1st-Tier, 2nd-Tier): The percentage of models
in the query’s class that appear within the top K matches. Given a class C
with |C| members, K = |C|− 1 for the first tier, and K = 2× |C|− 1 for the
second tier. These statistics indicate the recall for the smallest K that could
possibly include 100% of the models in the query class. An ideal matching
result gives a score of 100%, and higher values indicate better matches.

– E-measure (E-): The intuition is that a user of a search engine is more
interested in the first page of query results than in later pages. This measure
considers only the first 32 retrieved models for every query and calculates
the precision and recall over those results [28].

– Discount Cumulative Gain (DCG): A statistic that weights correct re-
sults near the front of the list more than correct results later in the ranked
list under the assumption that a user is less likely to consider elements near
the end of the list.
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(e) LFD descriptor

Fig. 1. Performance of the four shape descriptors on different similarity measures

In the case of the LFD descriptor, for example, Figure 1e shows that the
Canberra metric (Q3) and the Kappa distance (Q11) achieved the best perfor-
mance on the quantitative evaluation metrics as well as on the precision-recall
graph (Figure 2d). These two similarity measures overcome the Euclidean dis-
tance (Q2) with more than 5% on the Nearest Neighbor performance metric. We
can see also that this difference exceeds 10% in the case of the SW MOMENTS
descriptor and Canberra metric.

This experimental evaluation reveals important facts; first the Euclidean dis-
tance is not the best for the descriptors we have experimented. Second, retrieval
performance of a shape descriptor depends significantly on the choice of the simi-
larity function. In fact, by choosing the adequate similarity function, the retrieval
performance can be boosted significantly as shown in Figure 1. Manual selection
of the efficient distance measure is usually not practical since the proximity re-
lation between models is related to the semantics of the data. We propose in the
next section a simple algorithm, based on recent results in machine learning, for
automatic selection of the optimal similarity measure.
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Fig. 2. Precision-recall graphes

4 Learning Optimal Similarity Measure

4.1 The Product Space

In the product space, a pair of points in the original space, i.e a pair of two
feature vectors x and y, is converted into a single point. There are many ways of
generating this mapping. In our case, since we are interested in learning the dis-
tance measure, we use the set of distance functions listed in Table 1. Given a pair
of feature vectors (x, y), their corresponding point in the product space is given
by Qi(x, y). When working with K similarity functions (in our case K = 12),
each pair (x, y) will be represented with a vector q = {Q1(x, y), . . . , QK(x, y)}.
In the following we call q the similarity vector. Also we refer to the j−th pair
of the product space by (x, y)j , which is then represented by a similarity vector
qj = {Q1(x, y)j , . . . , QK(x, y)j}.

Working in the product space has many advantages over the original feature
space; (1) it adds effectiveness and robustness in the case of small training sets
[31]. In fact, 3D models are provided without any labels or pre-defined classi-
fication. Manual classification for constructing large training sets is not practical.
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Therefore, it is suitable to use algorithms that rely only on small training sets.
(2) It converts a multi-class classification problem into a binary classification
problem that aims to classify a pair of points (x, y) into a positive class if they
are similar, and into a negative class otherwise. Binary classification is a well
studied problem in machine learning and many powerful algorithms exist such
as Support Vector Machines (SVM) and boosting.

4.2 Boosting

Now we would like to build a classifier H on the product space that classifies a
given similarity vector q into the positive class (+1) if the two models are very
similar, and to the negative class (−1) if the two models are dissimilar. There
have been a lot of research in binary classifiers that have a good generaliza-
tion performance by maximizing the margin. The major advantage of boosting
over other classification algorithms such as Support Vector Machines (SVM)
[12], and non-linear dimensionality reduction techniques [22,21] is its speedi-
ness. Moreover, it provides a good theoretical and practical quantification of
the upper bound of the error rate, therefore a good generalization performance.
Furthermore, it can be used as a feature selection algorithm.

We use AdaBoost version of boosting. Our training set is composed of the sim-
ilarity vectors qj , j = 1 . . .N × N (N is the number of objects in the database),
and the desired classification, called target values, tj ∈ {+1, −1}. tj = +1 if qj

is a positive example, and −1 otherwise. We refer to the positive class by C, and
the negative class by C. Every weak classifier is based on a single similarity func-
tion. The final strong classifier, a weighted sum of weak classifiers, is based on
the most discriminant similarity functions weighted by their discriminant power.
The training algorithm is summarized in Algorithm 1.

AdaBoost learns a strong hypothesis H which is a linear combination of weak
hypothesis each one defined on a certain elementary similarity function (see
Table 1). H is defined on R

K and takes values in [−1, 1]. It can be interpreted
as the new similarity measure adapted to the semantic structure of the training
data. Another option is to use the posterior probability defined:

P (C|q) =
eH(q)

eH(q) + e−H(q) (1)

as a similarity function which takes values in [0, 1]. In our experiments we use
the hypothesis H as a similarity function for retrieval.

AdaBoost requires only two parameters to tune: (1) the type of weak classi-
fier and (2) the maximum number of weak classifiers. For AdaBoost to converge,
the classification performance of the weak classifier has to be better than ran-
dom. We used the Decision Stumps because of its simplicity and its guarantee
to achieve slightly better than random. Other options can be the LMS or a mix-
ture of Gaussians. The parameter T can be set such that the upper bound of
the classification error on the training data of the strong classifier H is less than
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Algorithm 1. AdaBoost algorithm for binary classification
Input:
– Training set S = {(qi, ti) , i = 1, . . . , M}, M = N × N .

Output:

– The decision function H, such that, H(q) > 0 if the similarity vector q is of
two similar objects, otherwise H(q) <= 0. The objects are very similar if
H(q) is very close to 1.

1. Initialize the sample weights: w0,i, i = 1, . . . , M :

wi =
� 1

M+ , if qi is a positive example (ti = +1)
1

M− , otherwise (ti = −1).
(2)

where M+ and M− are, the number of positive and negative examples.
1. for t=1, . . . , T do

(a) Train one weak classifier hk, k = 1 . . . K for each distance measure Qk,
(b) Choose the hypothesis ht with the lowest classification error εt. ht

operates on one distance measure. We refer to it by Qt.

(c) Update the sample weights: wt+1,i =
1
Zt

wt,ie
−αtht(qi)·ti

where ht(qi) = +1,−1 wether qi is correctly or incorrectly classified
by the weak hypothesis ht, and αt = 0.5 log

�
1−εt

εt

�
,

and Zt is a normalizing constant so that wt+1 is a distribution.
end

2. Final classifier: H(q) =
1

T�
t=1

αt

T�
t=1

αtht(q)

a threshold θ. In our experiments we found that a value of T between 20 and 50
is sufficient to achieve an upper bound of the classification error on the training
set less than 1.0%.

4.3 Query Processing

Given a query model O, we seek to find the models in the database that are
most similar to the query. First a set of features are extracted from the query
model to compute its descriptor. Then using the query descriptor, we compute
one distance vector qi between O and every model Oi in the database. Each of
the K components of qi is computed with one of the K distance measures of
Table 1. Then we use the strong hypothesis H to estimate the final similarities,
i.e, wether Oi is similar to O or not. The models are then ranked in a descending
order of their response to H.
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Processing a query Q requires the computation of a distance vector qi for every
model in the database. Therefore, this boosted similarity function generates a
computation overhead compared to when using a single distance function.

5 Results

To evaluate the performance of the proposed 3D model retrieval approach we
use the training and test sets of the Princeton Shape Benchmark (PSB) [27], and
the query set and performance evaluation tools of the Shape Retrieval Evalua-
tion Contest (SHREC2006) [30]. The PSB contains 1814 polygon soup models,
divided into a training set (907 models) and a test set (907 models). Each set
contains four classification levels; the base train classification contains 129 classes
while the coarsest classification (coarse3) contains two classes: man-made and
natural objects. We use the entire base classification (train+test) to train our
classifiers, then we use the the Shape Retrieval Evaluation Contest (SHREC2006)
query set to assess the performance. It is important to outline that none of the
query models used in SHREC2006 is present in the database. Therefore, it has
not been used in the training stage. This is important to assess the ability of the
algorithm to generalize to unseen models. It is important also to outline that
the training stage is slow since we are using a very large set of features. However
only a reduced subset of the features and similarity measures are used during
the similarity estimation allowing real-time retrieval.

Figure 3 shows the query model (in the first column) and the top ten re-
trieval results for each query. Visually we can see that the algorithm achieves
satisfactory retrieval performance.

To evaluate quantitatively the retrieval performance, we compare the perfor-
mance of the boosted similarity with the performance of the 12 basic similarity
measures listed in Table 1. For this purpose we use our own implementation of
the LightFields descriptor (LFD) and the SHREC2006 performance measures
[30]. In SHREC2006, each query has a set of highly relevant classes, relevant
classes, and not relevant classes. Table 2 summarizes the performance of each
similarity measure on the Mean Average Precision, Mean First Tier and Second
Tier, and Mean Dynamic Average Recall metrics for both highly relevant and
relevant classes. The boosted similarity measure is indicated by Boost. We can
see that the boosted distance measure achieves almost like the Canberra metric
(Q3) on all performance measures, and it overcomes the other similarity mea-
sures. This demonstrates clearly that the proposed algorithm is able to estimate
automatically the suitable distance measure.

It is important to outline, however, that in all our experiments the boosted
similarity measure had never outperformed the best basic similarity measure
(Canberra metric in the case of the LFD) but converges towards the best one.
This result was not expected, but it shows that combining the twelve distance
measures listed in Table 1 does not improve performance of the best similarity
measure, but it finds automatically this best measure. We would like however to
investigate in he future wether this result generalizes to other similarity metrics.
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Fig. 3. Retrieval results using SHREC2006 queries. The first column shows the query
models. Each row shows the first ten best matches to the query, which are retrieved
from the Princeton Shape Benchmark database (1814 models).
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Table 2. Performance of different similarity measures before and after boosting using
the LFD descriptor. The boosted similarity measure is indicated by Boost.

Highly relevant
Similarity Value

1 Q3 0.3518
2 Boost 0.3426
3 Q11 0.3223
4 Q4 0.3205
5 Q9 0.3063
6 Q5 0.3008
7 Q1 0.2971
8 Q10 0.2920
9 Q2 0.2803
10 Q8 0.2803
11 Q6 0.2776
12 Q12 0.2723
13 Q7 0.1595

Relevant
Similarity Value

1 Q3 0.3079
2 Boost 0.2937
3 Q11 0.2734
4 Q4 0.2699
5 Q9 0.2467
6 Q5 0.2451
7 Q1 0.2450
8 Q10 0.2371
9 Q2 0.2252
10 Q8 0.2252
11 Q6 0.2233
12 Q12 0.2194
13 Q7 0.1732

(a) Mean Average Precision

Highly relevant
Similarity Value

1 Q3 32.19%
2 Boost 31.01%
3 Q11 30.09%
4 Q4 29.45%
5 Q9 27.95%
6 Q5 27.42%
7 Q10 27.01%
8 Q1 26.13%
9 Q6 24.70%
10 Q2 24.51%
10 Q8 24.51%
12 Q12 24.28%
13 Q7 16.72%

Relevant
Similarity Value

1 Boost 28.22%
2 Q3 27.99%
3 Q11 25.93%
4 Q4 25.80%
5 Q9 24.34%
6 Q5 23.43%
7 Q10 22.46%
8 Q1 22.42%
9 Q2 21.63%
9 Q8 21.63%
11 Q12 21.19%
12 Q6 20.85%
13 Q7 18.40%

(b) Mean First Tier

Highly relevant
Rank Similarity Value

1 Boost 19.91%
2 Q3 19.79%
3 Q9 18.37%
4 Q4 18.25%
5 Q11 18.02%
6 Q5 17.46%
7 Q1 17.11%
8 Q10 16.34%
9 Q6 15.83%
10 Q2 15.80%
10 Q8 15.80%
12 Q12 15.39%
13 Q7 12.82%

Relevant
Rank Similarity Value

1 Q3 19.21%
2 Boost 18.85%
3 Q11 16.96%
4 Q9 16.65%
5 Q5 16.62%
6 Q4 16.55%
7 Q10 15.80%
8 Q1 15.54%
9 Q7 14.91%
10 Q12 14.47%
11 Q6 14.42%
12 Q2 14.32%
12 Q8 14.32%

(c) Mean Second Tier

Rank Similarity Value
1 Q3 0.4058
2 Boost 0.3911
3 Q11 0.3748
4 Q4 0.3715
5 Q9 0.3398
6 Q1 0.3361
7 Q5 0.3325
8 Q10 0.3305
9 Q2 0.3198
9 Q8 0.3198
11 Q6 0.3140
12 Q12 0.31349
13 Q7 0.2287

(d) Mean Dynamic Aver-
age Recall

6 Conclusion

In this paper we investigated for the first time how the choice of the similarity
measure affects the retrieval performance of many 3D shape descriptors. We
demonstrated that the commonly used Euclidean distance is not always the
optimal choice. Then we made use of the recent results in machine learning and
proposed a simple and efficient algorithm for learning in a supervised manner
the best distance measure. We used AdaBoost on the product space which is
proven to generalize well on unseen data.
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In this paper we tested only four types of shape descriptors. It is interesting
however to see how other descriptors are affected by various similarity measures.
Finally, in this paper we proposed a method for selecting and combining similar-
ity measures. We would like to extend it into a framework where we can combine
also heterogenous features. We believe that with effective feature selection and
combination the performance of the 3D retrieval algorithm will be improved
significantly.
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Abstract. We propose a robust score scene detection method for base-
ball broadcast videos. This method is based on the data-driven approach
which has been successful in statistical speech recognition. Audio and
video feature streams are integrated by a multi-stream hidden Markov
model to model each scene. The proposed method was evaluated in score
scene detection experiments using video data of 25 baseball games. While
the recall rate with video mode only was 82.8% and that with audio mode
only was 86.6%, the proposed method achieved 90.4%. This method was
proved to be significantly effective to reduce the cost for making high-
light for baseball video content.

Keywords: CBVIR, multi-modal recognition, GMM, sports video, high-
light, GMM.

1 Introduction

Recent advances in computer technology, particularly in storage technology, have
resulted in significant increases in the number and quality of video databases.
As it has become difficult for ordinary people to browse the entire content of
each video database, database indexing is strongly required for searching and
summarization. The construction of such indexes is mostly carried out by human
experts who manually assign a limited number of keywords to the video content,
and it is an expensive and time consuming task. Therefore, automatic indexing
using pattern recognition techniques for video content, which is called content-
based video information retrieval (CBVIR), has been studied extensively [1].

Recently, CBVIR for sports video has been widely studied. Targeted sports
include baseball [2,3,4,5,6,7], soccer [8], tennis [9], basketball [10], and American
football [11]. In this study, we apply CBVIR to baseball broadcast videos. In a
video, the minimum unit is a frame, a static image. Multiple frames recorded
by a single fixed camera form a shot. A sequence of these shots forms a scene
(Fig. 1). A scene is a shot sequence between a pitching shot and the next pitching
shot. The contexts or transitions between these shots provide useful information

T. Tokunaga and A. Ortega (Eds.): LKR 2008, LNAI 4938, pp. 226–240, 2008.
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Fig. 1. Structure of baseball broadcast videos

Fig. 2. Examples of camera shots of a home run scene, a walk scene, and a ground out
scene

for scene recognition (Fig. 2). For baseball scene recognition, Chang et al. [6]
proposed a method based on a hidden Markov model (HMM). In their study,
video data was first segmented into shots. Then, recognition was applied to
the shot sequences based on HMMs in which each state represents a shot type.
Li and Sezan [12] also proposed an HMM-based framework to distinguish play
and no-play scenes. In these works, domain-specific knowledge about shot types
and transitions between them were used intensively to improve the system’s
performance. However, the large variety of transitions among shots from game
to game and the difficulty of classifying shot types are still problems for these
approaches. Systems resulting from these studies may not be sufficiently robust
to apply to real applications in general.

Some previous studies have addressed this robustness problem in CBVIR for
baseball broadcast videos [2,3,4]. In Nguyen et al. [2], a multi-stream HMM was
employed to model each scene using global features and dynamic features as
input. In addition, an unsupervised adaptation was used method to improve
recognition performance. In Ando et al. [3], a method using an n-gram model
to represent scene contexts was proposed. In its succeeding paper [4], they re-
ported that overall performance of their scene recognition system. In this paper,
we propose a scene detection system specialized for detecting score scenes in
baseball video. It uses not only video features but also audio features to repre-
sent the excitement of audiences and announcers. Since score scenes are highlight
in baseball, our detection system is expected to efficiently support manual sum-
marization task for baseball video in broadcasting companies.
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This paper is organized as follows. Section 2 describes our system overview.
Section 3 presents the features used in our system. Section 4 explains the multi-
stream GMM to model each scene. Section 5 reports our experimental results,
and finally, Section 6 summarizes our work.

2 Robust Scene Recognition

2.1 Framework

Inspired by the success of applying statistical frameworks in the speech recog-
nition field, we propose the following data-driven approach to provide a robust
scene recognition system [3,2]. In this approach, we regard a shot as being anal-
ogous to a phone, and a scene to a word. Based on this assumption we utilize
the framework of continuous speech recognition in scene recognition. Given a
sequence of observed feature vectors O = o1, · · · , oM , the probability of scene
sequences S = s1, · · · , sN is represented as

P (S | O) ∝ P (O | S)P (S), (1)

where P (O | S) is the probability of O being observed in scene sequence S,
and P (S) indicates the probability of sequence S. P (O | S) is computed by
a video model, whereas P (S) is computed by a language model. The sequence
S that maximizes P (S | O) is the recognition result. Here, we employ a multi-
stream HMM as the video model [2] and assume uniform distribution in language
model P (S).

Fig. 3. System overview
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2.2 System Overview

Our scene recognition system consists of two phases (Fig. 3):

1. In the training phase, frames are extracted from training video data, and
a feature vector is calculated from each frame. One multi-stream HMM is
prepared for each scene, and its parameters are estimated on the basis of a
training set of feature vectors and on reference labels with boundary infor-
mation that has been prepared manually.

2. In the recognition phase, we extract frames from test video data and calculate
feature vectors in exactly the same way as in the training phase. Then,
using the trained multi-stream HMMs, we conduct scene recognition. Given
a feature vector sequence, the corresponding scene sequence is recognized.
The scene sequence with time boundary information is the recognition result.

3 Features

To make our framework generally applicable, we used game-independent fea-
tures. Here, mel-frequency cepstrum coefficients (MFCCs) is used for audio input
and principal component features (PFs), dynamic principal component features
(DPFs), and camera motion features (CFs) are used for video input.

3.1 Mel-Frequency Cepstrum Coefficients (MFCCs)

Mel-Frequency Cepstrum Coefficients (MFCCs) are often used in speech recog-
nition as acoustic features. Some previous studies [13,14] reported that they
were also effective in audio signal classification. In this study, we use MFCCs to
represent cheers, music, and announcer voices.

It is well known that the human hearing function has non-linearity in fre-
quency region. Such non-linearity is well represented by Mel-transform:

f ′ = 2595 log10

(
1 +

f

700

)
, (2)

where f and f ′ are the frequency[Hz] before and after the mel-transform, re-
spectively. In speech recognition, it is also known that the cepstrum coefficients

Fig. 4. Calculation of Mel-Frequency Cepstrum Coefficients (MFCCs)
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calculated from mel-scaled spectrum has higher recognition performance than
those calculated from raw spectrum. We therefore use Mel-Frequency Cepstrum
Coefficients (MFCCs).

Fig. 4 shows the process extracting MFCCs from audio signal. First, samples
for each frame are extracted by using Hamming window and transformed into
frequency region by Fast Fourier Transform(FFT). Then, the frequency compo-
nents obtained by FFT are filtered by Mel-scaled band-pass filter as shown in
Eq. (2) to calculate the spectral power m(l) for each spectral band l:

m(l) =
hi∑

k=lo

W (k, l)|X(k)| (l = 1, . . . , L), (3)

W (k, l) =

{
k−klo(l)

kc(l)−klo(l) klo ≤ k ≤ kc(l)
khi(l)−k

khi(l)−kc(l)
kc ≤ k ≤ khi(l),

(4)

where L is the number of filters in the filter bank, klo(l), kc(l), khi(l) are the filter
IDs for the filter with the lowest frequency, for that with the center frequency,
and for that with the highest frequency, respectively. Filters next to each other
have the following relations.

kc(l) = khi(l − 1) = klo(l + 1). (5)

kc(l), l = 1, . . . L are located at equal spaces on the mel-frequency axis. Lastly,
powers for L filters obtained by the filter-bank analysis described above are
transformed by discrete cosine transform to produce MFCCs:

cmfcc(i) =

√
2
N

L∑
l=1

log m(l) cos
{

πi

N
(j − 0.5)

}
. (6)

3.2 Principal Component Features (PFs)

By decreasing dimensions using principal component analysis (PCA), we expect
to remove noise unrelated to scene characteristics and select only scene-relevant
global features [15]. First, to reduce computational costs, the image is com-
pressed from 720×480 pixels to one tenth of that size, 72×48 pixels. Luminance
is extracted from RGB images to create gray-scale images. Each 2D gray-scale
image is then transformed into a column vector with 3456 (= 72 × 48) dimen-
sions. For PCA, we prepare 5000 images that are extracted from training video
data at random. We apply PCA to a set of column vectors calculate on the ba-
sis of training data, and use the first 10 principal components (eigenvectors) to
calculate features. Fig. 5(a) shows the accumulated proportion of principal com-
ponents for different numbers of components. The accumulated proportion of the
first 10 principal components was 49.4% in our experiment. For each frame, we
calculate a column vector and project it onto the space spanned by the chosen
eigenvectors to create a new 10-dimensional feature vector as PFs.
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Fig. 5. Accumulated proportion rate of principal components in PFs(a) and in DPF(b)

3.3 Dynamic Principal Component Features (DPFs)

While PFs are expected to be sufficient for representing global information for
still images, such representation for video images requires additional information
for describing objects moving in a video stream. To represent dynamic features,
we use PCA for difference images in the same way that PFs are calculate using
the difference between two succeeding images instead of static images. Fig 5(b)
shows the accumulated proportion of principal components for different numbers
of components. We used the first 10 principal components, and the accumulated
contribution was 37.2% in our experiment.

3.4 Camera Motion Features (CFs)

Camera motions in a baseball broadcast consist of three types of motion: pan, tilt,
and zoom. Camera shots with the same scene label tend to have similar camera
motions. During a pitching shot, for example, the camera usually does not move.
In a shot in which a batter runs from home base to first base, the camera
pans from left to right. When a batter hits a fly ball, the camera tilts upward.
Camera motion information has been proven to be effective information for shot
segmentation and categorization in sports video [16]. We expect that this feature
will also be effective in our scene recognition. To represent camera motions, we
use optical flows calculated using the Lucas-Kanade method [17]. First, successive
two frame images are compressed from 720×480 pixels to one third of that
size, 240×160 pixels. Next, luminance is extracted from each RGB image to
create gray-scale images. We sample N points; here N = 77, at (20i, 20j) for
(i = 1 · · · 11, j = 1 · · · 7) on an image. Let pn = [pxn pyn ]� denote each sample
point on the current frame for n = 1, · · ·N , and p′

n = [p′xn
p′yn

]� denote a
corresponding point on the next frame. Optical flow vector vn = [vxn vyn ]� of
sample point n is given by

vn =
[

vxn

vyn

]
=

[
p′xn

p′yn

]
−

[
pxn

pyn

]
. (7)
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The mean μ = [μx μy]� of optical flow vectors,

μ =
[
μx

μy

]
=

[ �N
n=0 vxn

N�N
n=0 vyn

N

]
, (8)

represents a camera shift, such as pan or tilt. The standard deviation σ =
[σx σy]� for camera shift is calculated as follows:

σ =
[
σx

σy

]
=

⎡
⎣

√�
N
n=0(vxn−μx)2

N√�
N
n=0(vyn−μy)2

N

⎤
⎦ . (9)

Since, optical flow vectors tend to part in close-up scenes of players, we expect
that the standard deviation represents such a feature. In addition, we use a ratio
of inward (or outward) of optical flow vectors as a zoom ratio, z. Zoom ratio z
is given by

z =
∑N

n=1(vxn − μx)(pxn − xc) + (vyn − μy)(pyn − yc)
N

, (10)

where xc and yc denote X-Y coordinates at the center of the current image. The
five features, (μx, μy, σx, σy, z), are used as CFs.

4 Video Model

A video model computes P (O | S) in Eq. (1). We use a multi-stream Hidden
Markov Models as a video model to model each scene.

4.1 Hidden Markov Models

Hidden Markov models (HMMs) are effective models for time-varying patterns
and have been widely used to model scenes of sports video [3,2,5,6,9,10,8]. In

Fig. 6. Left-to-right 3-state HMM having a Gaussian mixture output probability
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conventional HMM-based scene recognition methods (e.g., [6]), each state of an
HMM is usually assigned to a specific shot type, and the HMM of each scene
label has a specific topology that is determined heuristically. Inspired by the
effectiveness of the data-driven approach used in speech recognition, we do not
explicitly define a specific topology for each scene label, but use a common left-
to-right HMM for all scene labels (Fig. 6). The reason for this is that, in real
data, while the shot transition of each scene varies greatly, few clues about the
underlying shot transition are apparent. Using this data-driven approach makes
it easy to prepare scene models and to achieve robustness against unknown data.
Our framework can be applied without any modification to recognize new scene
labels when the amount of available training data increases. In our experiments,
we also use a Gaussian-mixture model (GMM), which is equivalent to an HMM
with only one state.

Multi-modal pattern recognition methods using HMMs often take the feature
fusion scheme where features extracted from audio signals and features extracted
from video signals are integrated into one feature vector for each frame and the
time sequence of the feature vectors is used to train HMMs. In this framework,
the training and recognition algorithms using in the conventional speech recog-
nition methods can be applied to multi-modal recognition without any modifi-
cation. It is also easy to apply speaker adaptation, discriminative training, and
so on. On the other hand, it is difficult to deal with the difference in reliability
among the modes.

4.2 Multi-stream HMMs

In this study, we employ a multi-stream HMM to model each scene [2]. In the
speech recognition field, together with HMM, the multi-stream HMM, in which
features are split into separate streams, have been widely used to combine differ-
ent features, such as audio and visual (Fig. 7). Using a multi-stream HMM, we
can control the weights among different features in an optimization process. In

Fig. 7. Multi-stream HMM for audio and video features
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the multi-stream HMM, each state j has an associated observation probability
distribution bj(ot) that determines the probability of generating observation ot

at time t, and each pair of states i and j has an associated transition probability
aij . The output probability bj(ot) of state j is calculated by multiplying the
probability of each output stream k by its respective weight wk:

bj(ot) =
K∏

k=1

bjk(otk)wk , (11)

K∑
k=1

wk = 1, (12)

where bjk(otk) denotes the probability of the k-th output stream at state j, and
K denotes the total number of streams.

For each scene model, the HMM parameters aij and bj are estimated from
training data using the Baum-Welch algorithm. A Gaussian mixture model is
used as the output probability. Given a feature vector sequence O = o1, . . . , oM ,
the corresponding scene sequence S = s1, . . . , sN is recognized by the Viterbi
algorithm.

5 Experiments

In our experiment, first we confirmed that our multi-modal recognition of audio
and video is effective for scene recognition. Then, we examined the effectiveness
of our proposed method in the score scene detection task.

5.1 Experimental Conditions

We used 25 games (75 hours) of Major League Baseball (MLB) broadcast video
provided by NHK (Japan Broadcasting Corporation). We divided the 25 games
into five groups. Recognition experiments were carried out by cross-validation, in
which the video data of one group were used as test data, and those of the other
four groups were used as training data. The results were averaged over the five
groups. The test data were divided into inning units, and recognition experiments
were conducted for each inning unit. We used Sphinx4 [18] as a recognition engine
for the two experiments. The features used in our experiments were the four
features explained in Section 3: principal component features (PFs), dynamic
principal component features (DPFs), and camera motion features (CFs) for
video and mel-frequency cepstrum coefficient (MFCCs) for audio.

We used F-measure, a harmonic average of precision and recall, for the eval-
uation. For each scene label l, precision P and recall R are calculated as

P =
C

T
, R =

C

N
, (13)

where C is the number of frames that were correctly recognized as label l, T is the
number of frames that were recognized as label l (including incorrect recognition
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Table 1. Scene types, labels, and the number of appearances in five groups, in which
a pickoff (po) includes a pickoff throw, a walk (wk) includes being hit by a pitch, a
steal (st) includes being caught stealing, an out of play (op) refers to game scenes with
no play action, such as scenes between innings, and a CG effect (ef) refers to scenes
displaying a CG effect, such as batting average of a baseball player

Group ID
Scene type Label 1 2 3 4 5 Total

ball b 271 371 353 308 398 1701
replay rp 235 351 270 356 366 1578
strike s 192 192 221 194 263 1062

out of play op 185 197 181 199 175 937
foul f 160 166 199 200 170 895

ground out go 78 67 73 86 76 380
fly out fo 70 81 66 60 75 352

CG effect ef 58 72 52 52 38 272
strike out so 41 36 48 49 49 223
base hit bh 38 49 38 41 37 203
pickoff po 24 19 25 35 36 139
walk wk 25 38 23 23 27 136

clutch hit ch 6 17 10 9 17 59
extra-base hit ebh 10 9 12 11 8 50

home run hr 9 9 4 10 6 38
steal st 4 4 6 9 1 24

results), and N is the number of frames that represents label l. Then, F-measure
is defined by

F =
2PR

P + R
. (14)

In the scene recognition experiment, we applied 16 scene labels which cover
almost all events included in a baseball broadcast. Table 1 shows the number of
appearances for each scene in the five groups. A scene HMM was prepared for
each scene label using the Hidden Markov Model Toolkit (HTK) [19]. All the
scene HMMs had the same topology, the same number of states, and the same
number of Gaussian mixture components in output probability. The topology of
scene HMMs is left-to-right, the number of states is 50, and the same number of
Gaussian mixture components is two. These conditions of HMMs were optimized
in our preliminary experiment.

In the score scene detection experiment, we used Gaussian mixture model
(GMM). In the recognition phase, we assumed that the boundary between in-
nings were known. It was proved to be effective to classify the score scenes into
two categories, score scenes of the home team and those for the away team [20].
We classified all the scenes into six categories: “home score scene (hsc)”, “away
score scene (asc)”, “no score scene (nsc)”, “replay (rp)”, “out of play (op)”, and
“CG effect (ef)”. The statistics of these six scene types is shown in Table 2.
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Table 2. Statistics of six scene types for score scene detection

Group ID
Scene type 1 2 3 4 5 Total
hsc 12 28 8 14 9 71
asc 9 25 18 18 16 86
nsc 1446 1748 1662 1612 1776 8244
rp 288 442 360 433 441 1964
op 237 222 241 119 22 1186
ef 72 84 63 61 49 329

Table 3. F-measures of scene recognition using multi-stream HMMs (%). wV , wA is
the weight for video stream and for audio stream, respectively.

wV wA hr ch bh ebh wk st s b f po so fo go ef rp op Ave.
1.0 0.0 68.4 34.3 41.9 27.4 54.3 16.8 35.5 44.6 47.1 50.9 57.2 57.2 62.2 86.9 57.2 56.4 49.9
0.0 1.0 37.8 12.0 11.9 6.9 7.9 0.0 4.2 5.0 12.3 7.5 7.5 15.0 8.2 11.1 3.8 21.6 10.8
0.5 0.5 64.3 40.5 43.4 31.0 51.7 8.5 38.9 47.0 48.8 50.8 49.5 58.9 62.7 84.8 55.9 59.8 49.8
0.8 0.2 70.4 43.3 48.9 31.5 54.3 4.7 37.6 47.1 49.5 52.5 59.1 60.8 64.5 89.5 60.9 62.3 52.3

5.2 Scene Recognition

Table 3 shows the scene recognition results using multi-stream HMMs with dif-
ferent weights between audio and video streams. The stream weights for PFs,
DPFs, CFs in video mode were optimized in our preliminary experiments to
0.45, 0.45, and 0.10, respectively. We kept this proportion in video mode in the
weighting between audio and video modes. While the average F-measure with
video recognition only was 49.9%, that with our multi-modal recognition of au-
dio and video was 52.3% when using the stream weights (0.8,0.2). The significant
improvement of 2.4 point proved the effectiveness of our proposed framework.
Among sixteen scene types, the F-measure of clutch hit (ch) and extra-base hit
(ebh) was largely improved by 9.0 poin and 7.0 point, respectively. In these scene
types, audiences and announcers tend to excite more than in the other scene
types. This fact may be the main reason why the recognition rate increased by
adding audio information.

5.3 Score Scene Detection

Table 4 shows the results of score scene detection when scene boundaries between
scenes were assumed to be known. For all the three combinations, audio only,
video only, and audio & video, the best recall rate was obtained when the number
of mixtures was 16. When the numbers of mixtures were the same, the recall
rates of audio only were better than those of video only, but the precision rates
of video only were better than those of audio only.

The combination of audio and video brought the best recall rate of 90.4%
when the number of mixture was 16. In this case, the precision rate was 15.2%.
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Table 4. Score scene detection using GMMs with different number of mixtures (%)

Number of mixtures 1 2 4 8 16 32 64 128 256 512
Audio Recall 81.5 84.7 86.0 86.0 86.6 82.8 77.7 63.7 37.6 17.2

Precision 4.8 5.4 7.1 7.2 7.9 8.2 9.1 12.2 14.6 26.2
F-measure 9.1 10.1 13.2 13.3 14.4 15.0 16.2 20.5 21.0 20.8

Video Recall 63.1 82.8 80.9 78.3 79.0 79.0 72.0 56.1 40.8 15.3
Precision 5.7 4.0 5.7 9.2 11.3 13.6 18.2 23.9 31.8 40.7
F-measure 10.5 7.6 10.7 16.5 19.7 23.2 29.0 33.5 35.8 22.2

Video & Audio Recall 71.3 84.7 87.9 89.8 90.4 88.5 80.3 65.0 33.8 8.9
(wA,wV ) = (0.8:0.2) Precision 7.5 5.3 7.5 12.7 15.2 19.1 23.9 35.1 49.5 77.8

F-measure 13.6 10.0 13.9 22.3 26.1 31.4 36.8 45.5 40.2 16.0

Table 5. Confusion matrix for audio and video. Scene labels in row are the hypoth-
esized labels and those in column are the true labels. Each element is the number of
scenes.

op rp ef hsc asc nsc Total
op 118 12 0 0 1 27 158
rp 108 1246 5 36 45 117 1557
ef 7 8 96 0 1 1 113
hsc 1 3 0 56 8 3 71
asc 0 1 0 9 69 7 86
nsc 440 672 13 260 448 6411 8244
total 678 1948 114 361 575 6742 10418

The length of all the score scenes was 1.5% of all the scenes. This result indicates
that the manual search for score scenes may become ten times more efficient by
using our proposed method, though we failed to detect 9.6% of score scenes.

Table 5 shows the confusion matrix of multi-modal score scene detection when
the number of mixture was 16. Here, we ignore the recognition error between
“home score (hsc)” and “away score (asc)”. Fifteen scenes out of 157 score scenes
were misrecognized as the other scenes, and among them four score scenes were
misrecognized as replay (rp). On the other hand, 81 replay scenes (rp) were mis-
recognized as score scenes (hsc+asc). Score scenes (hsc+asc) and replay scenes
(rp) were very likely to be confused. Replay scenes have a distinct timing struc-
ture; they have CG effects at the beginning and at the ending. But the recogni-
tion models, GMMs, are mainly used for modeling stational features and are not
able to capture dynamic features. This may be the major reason of this large
number of confusions.

Next, Table 6 shows the results of home score scene (hsc) and away score scene
(asc) detection. Compared with video only results, the combination of audio and
video features improved 11.2 point for hsc and 11.6 point for asc in recall, and
8.2 point for hsc and 0.4 point for asc in precision. This results indicates that
the audio information was more effective for home score scenes than for away
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Table 6. Detection of home score scenes (Hsc) and away score scenes (Asc)

Video only Video & Audio
Hsc Asc Hsc Asc

Recall 78.9 79.1 90.1 90.7
Precision 9.8 13.0 18.0 13.4
F-measure 17.4 22.3 30.0 23.4

Table 7. Score scene detection with scene boundary information obtained by automatic
scene recognition (%)

Number of mixtures 1 2 4 8 16 32
Video & Audio Recall 73.1 80.8 87.2 84.6 82.1 79.5
(wV ,wA) = (0.8:0.2) Precision 10.2 7.8 10.5 15.9 18.7 22.2

F-measure 18.0 14.2 18.7 26.7 30.5 34.7

score scenes. The loudness of cheers in home score scenes was much larger than
that in away score scenes because most of the audience were fun of the home
team.

Lastly, the recognition results using the scene boundary information obtained
by automatic scene recognition were shown in Table 7. When the number of
mixture was four, the recall rate was 87.2%, only 3.2 point lower than the results
when the scene boundaries were assumed to be known. This result indicates that
the scene boundaries obtained by the automatic scene recognition were correct
in most cases. It is confirmed that our score scene detection method can be used
in real application where true scene boundaries are unknown.

6 Conclusion

This paper has proposed a scene recognition method for baseball broadcast video
It integrates video features (PFs, DPFs, and CFs) and audio features (MFCCs)
by using multi-stream HMMs. The combination of audio and video information
improved the averaged F-measure of scene recognition for 16 scene types by
2.4% from the conventional scene recognition methods with only video informa-
tion. We also applied the same framework to score scene detection. Our score
scene detection method achieved the recall rate of 90.4%. The evaluation results
proved the effectiveness of the proposed method. It was proved that this method
efficiently reduces the cost of making highlight.

Our method is expected to be effective not only for score scene detection but
also for detection of the other highlight scenes. The audio feature we employed
were successful to capture the excitement of audiences and announcers. Such ex-
citement may occur in most highlight scenes. It can be also easily applied to the
other sports when scene types can be clearly defined. In soccer, for example, our
method can be used to detect “goal scene”. It is still needed to explore new fea-
tures effective for scene detection. In this paper, we optimized the stream weights
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for multi-modal recognition using test data, but this process can not be applied
in real application. We have to investigate the way to automatically optimize
the weight. While we did not use the language modeling method representing
the scene context [3], further improvement in the detection performance will
be achieved by using this method. Finally, we would like to examine the other
modeling approach than HMMs and GMMs, such as Support Vector Machines
(SVMs).
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Abstract. We set four objectives for our original e-Learning system project for 
Japanese language education, called JPLANG. The first objective is to develop 
an original Web 2.0 based e-Language Laboratory. The second is to develop 
comprehensive educational materials for teaching Japanese from an introductory 
to university level. The third is to use this system and its content to improve 
teaching in our classrooms. The final objective is to provide e-Language 
Laboratory services for Japanese learners and teachers throughout the world. We 
developed an original e-Language Laboratory using emerging technologies such 
as Ajax, Ruby on Rails, and Flash Media Server. So far, we have developed 
introductory Japanese language text books consisting of 1,692 web pages and 
20,500 sound files for 300 hours of teaching. In the year and a half it has been in 
service, more than 2,900 users have registered from more than 30 countries. In 
this paper, we present our approach for developing a Web 2.0 based e-Language 
Laboratory.  

1   Introduction 

Language education has unique requirements, traditionally found in LL (Language 
Laboratory) or CALL (Computer Assisted Language Laboratory).  Reading a text book 
or a paper is not enough for learning a language. Language learning requires a training 
of five skills: listening, speaking interaction, speaking production, reading and writing. 
LL and CALL only complement training for listening and speaking skills. To train 
these five skills in the past it required special equipment, today requiring full 
multimedia support.  

General requirements for language education can be found in “Common European 
Framework of Reference for Languages: Learning, teaching, assessment (Council of 
Europe 2001).” 

We set our goal to provide comprehensive Japanese language text books in an 
e-Learning environment based on previously published text books written by our 
university’s Japanese Language Center. The text books cover introductory to university 
level Japanese, covering 900 hours of class room teaching. 18 text books are divided 
into three levels, introductory, intermediate and advanced Japanese. Introductory 
Japanese consists of 1,754 pages of published textbook and in total 2,634 pages. 
Published textbooks include three audio tapes covering about 500 pages.  
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Language learners and teachers in foreign countries do not have enough listening 
experience. Thus, they have asked us to increase audio materials. However, using 
analog technologies such as audio tapes and CDs, it is difficult to control the devices. 
We decided to add audio materials for every example sentences. Therefore our system 
will require 20,500 sound files. 

We surveyed major e-Learning environments such as WebCT (WebCT 2003), 
Blackboard (Blackboard 2002), and MOODLE (Rice 2006), and found that a 
generation of several thousand pages is very difficult and sound/multimedia support is 
not sufficient. These e-Learning systems cannot provide a real time monitor of a 
learner’s actions though a real time monitor can be found in traditional LL systems.  

Thus we decided to develop our own e-Learning system based on the latest 
technologies. We started with a Java based system, then moved to a PHP based system, 
and finally to Ruby on Rails (Thomas et al 2005) together with Ajax and Flash Media 
Server 2, because Ruby on Rails supports state-of-the-art agile web application 
development. Ajax can support real time monitoring of a learner’s actions. JavaScript 
and Flash can support the rich content required for language learning, such as 
role-playing and dictation. Flash Media Server 2 (Adobe 2007) can support server 
based recording and interchange of speech. Combining these system services, we can 
develop a state-of-the-art and comprehensive language learning environment as an 
integrated e-Learning system. 

The current JPLANG system (http://jplang.tufs.ac.jp) has been operational since 
April 2006. More than 2,900 users from more than 30 countries have registered as a 
JPLANG user. The content consists of 1,692 web pages, including 20,500 sound files, 
and can be used for 300 hours of teaching introductory Japanese. 46 classes have been 
opened, including classes at other universities. 

JPLANG is free and you can open your own class. LMS (Learning Management 
System) can also be used if you open a class. LMS features include monitoring 
students’ activities and assignments. 

2   Needs and Seeds on an e-Language Laboratory 

2.1   Objectives of JPLANG Project 

JPLANG project has four objectives: 

(1) To develop an original Web 2.0 based e-Learning system for Japanese language 
education. 

(2) To develop comprehensive educational materials for teaching Japanese from 
introductory to university level. 

(3) To use these systems and contents to improve teaching in classrooms. 
(4) To provide e-Language Laboratory services for Japanese learners and teachers 

throughout the world. 

The Japanese Language Center of our university teaches Japanese language to 
government sponsored foreign students.  Japanese language skills are not required for 
the student to enter the center but the center teaches Japanese from zero to university 
level. After graduating from the center, students go to Japanese national universities.  
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The students are basically 
full time Japanese learners 
for a year, consisting of 900 
hours of classroom learning. 
Teaching materials are all 
developed by the center. The 
materials consist of 18 books 
shown in Figure 1. Based on 
these books, we first added 
many materials, such as 
sounds, images and videos, 
and then developed the rest 
of the content.  

The printed books consist 
of 2,634 pages and three 
audio tapes. For introductory 
Japanese, 1,692 web pages 
were generated from 1,754 
printed pages. 20,500 sound files were added for every sentence. For intermediate 
Japanese, about 400 web pages and videos were generated. 

2.2   Language Educational Requirements and CEFR 

General requirements for language education can be found in “Common European 
Framework of Reference for Languages: learning, teaching, assessment (CEFR)” 
(Council of Europe 2001) shown in Figure 2. 

CEFR defines, in a comprehensive way, what it is that language education must do to 
educate students in order to use a language for communication from a basic to a proficient 
level as well as what knowledge and skills they should develop to be able to effectively act. 

CEFR first defines reference level. The framework not only defines learning 
requirements but teaching and assessment. For language education it defines five skills: 
listening, reading, spoken production, spoken interaction, and writing . Detailed 
requirements can be found in the CEFR documentation. 

2.3   Web 2.0 and 2005 Web Technology Revolution 

A new generation of the web was first proposed by the original inventor of WWW as a 
semantic web (Berners-Lee 2001). After that, W3C developed series of specifications 
including RDF, OWL and SPARQL. 

However, real technological breakthroughs come from different sides, such as 
“Usage Technology Evolution” and “Core Technology Revolution”. 

“Usage Technology Evolution” is based on a new concept called CGM (Consumer 
Generated Media). Plain users can generate text, sounds, images and video media 
content using new technologies like blogs, wikis, Podcasts, Flickr, or YouTube. No 
special expertise is required to generate new content and the average user can publish 
personal content through the Internet. 

Fig. 1. Japanese Text Books 
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Fig. 2. Common European Framework 

In 2005 a series of new technologies were introduced.  
The term AJAX (Asynchronous JavaScript and XML) was first coined in February, 

2005 based on an analysis from Google Suggest. After that Google introduced a series 
of products, such as Google Map and Google docs. Using AJAX, web applications can 
behave as desktop applications, that is, the same usability and interface can be 
implemented for the web as for the desktop PC. In 2007, Google documents expanded 
to cover Google docs, spreadsheets and presentations. Together with Gmail and 
Calendar, the Google suite covers the same components as Microsoft office suite.  

In the same year Ajax appeared, 2005, Ruby on Rails was introduced. The Rails 
framework really speeds up web application development. Amazon, Rakuten, and 
Twitter are using Rails to develop their application and can more easily catch up as the 
needs of users change. 

A new Flash Media Server was introduced and in October, 2005, YouTube was 
launched. True multimedia support can be implemented using Flash. 

AJAX, Ruby on Rails, and Flash together, I would like to call “2005 web technology 
revolutions”. 

Using these revolutionary technologies, we can develop a real e-Language 
Laboratory to support all aspects of language education. 

3   Generation of Large Scale Rich Contents 

As we discussed before, to create comprehensive educational materials, generating 
thousands of web pages is required. To meet this requirement, we developed a content 
generation system in our JPLANG project, based on XML. 
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Fig. 3. Generation of Contents 

XML was evolved from SGML, but the basic architecture is quite different. SGML 
was originally developed to support multipurpose use of a document. One of the most 
characteristic features of SGML is a notion of a concurrent document. A single 
document can be marked up by more than one markup. 

A mandatory requirement of XML is “well-formedness”, i.e. an XML document 
must be well formed. All tags must be marked and well nested. “Omit tag” in SGML is 
prohibited. Proper nesting of elements is required. Thus concurrent or multiple markup 
is prohibited. 

This means that XML is designed for single purpose documents while SGML is 
designed for multipurpose documents. If a user wants to reuse an XML document, 
XSLT is used to convert it to a different document format. 

Content generation is divided into three phases. The first phase is to convert plain 
text files to XML files. Content XML files are generated from plain texts using specific 
XML tags such as CONVERSATION, PLAYER, and SENTENCE. Links to sound 
files and image files are treated as attributes to the above mentioned XML elements. 
See Figure 3. 

Phase two is the generation of Web pages. During generation, JavaScript and Flash 
programs are embedded into a Web page to provided sound and image control for 
role-playing and dictation. A log acquisition program for monitoring users’ actions is 
also embedded using Ajax. Using XMLHttpRequest, the log acquisition program can 
send detailed logs of a user’s actions to a host with a MySQL database. 

Phase three is to embed navigational controls. These controls included “Table of 
Contents”, “Inter Books Link”, “Link to Basic Contents”, and “Previous/Next Links”. 

Each web page requires controls for playing sounds and text presentation to realize 
language education specific requirements, like role-playing and dictation. Based on the 
above mentioned XML elements, specific control programs written in JavaScript and 
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CSS (Cascading Style Sheet) are generated. Flash is also used to control replaying of 
cached sounds. 

After the generation of a content page, log acquisition and navigation programs are 
embedded. Using Ajax (Thomas et al 2005), real time recording of a user’s actions 
without web page transitions is realized.  

 

 

Fig. 4. Jplang Core XML DTD 

Figure 4 shows a core part of XML DTD used in our JPLANG system. CHAPTER, 
CONVERSATION, PLAYER and SENTENCE are the basic controls used by 
JavaScript programs. Specific language learning controls are attached to these tags.  

A generated Web page corresponds to a CHAPTER. A CHAPTER tag may contain one 
or more CONVERSATION, SENTENCE, BUTTON, P or IMG tags. CONVERSATION, 
PLAYER, and SENTENCE tags correspond to a conversation, a player and a sentence 
respectively. Sound play controls are attached to these tags. A learner can play a whole 
conversation, a player or a sentence. A learner can also control displaying text and its 
translation based on these tags. 

The Japanese writing system is a little bit complex, using Kanji, Kana, and Latin 
scripts. Kanji is Especially very difficult for novices. To aid in reading a Japanese text, 
we provide a Kana transcription called “Yomi (reading)” for these learners. Thus, we 
prepared translations to fifteen languages including English, Chinese, German, French 
and Korean. Presentation of translation is also within the user’s control. 

Visual aids help learners. Especially learning conversation, information relating to a 
situation and functions of a conversation are required. In the past we used video as a 
visual aid. However, a video or a photo may include noises, so we use a picture story 
show. 
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Each SENTENCE tag may have a SOUND attribute and an IMG attribute. Using 
these attribute, JPLANG system controls displaying and playing of sounds and pictures 
of the story.  

Figure 5 shows the navigation and controls of a content page. The materials are 
divided into six books, i.e., conversation, grammar, drills, conversation practice, 
listening and reading. 

 

Fig. 5. Navigations and controls 

On top of the page (1), you can find links to basic contents such as a word dictionary, 
Kanji dictionary and Kana dictionary. At the right top (2), you can find a link to LMS 
user’s portal page. 

Next (3) is a cross reference link to other books. Left (5) is a table of contents with 
links. JPLANG introductory Japanese basically consists of 28 chapters, a chapter 
including several sections. Direct links to a chapter or a section of a chapter can be 
found in this table of contents. 

The red button (4) is for playing sounds (previous, current and next). To the left and 
right of this are buttons linking to the previous and next pages, respectively. A volume 
control is located below all this. 

Sound playback is controlled using Flash. When a web page is loaded, Flash reads 
all sound files and buffers them. By using a buffering technique, sound files can be 
played continuously. The volume control is also Flash.  
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In (6), you can find three sets of buttons. From left to right, we have: presentation 
type of text, text display and translation display.  

The presentation type control is a radio button with  the values of Kana, Kanji, or 
sound (no text display). As mentioned earlier, original Japanese texts can be difficult to 
read for Japanese learners. If a novice cannot understand a specific Kanji, a learner may 
choose to display Kana. Kana displays the intonation of a sentence.  

We designed JPLANG system with classroom use and blended learning 
requirements in mind. For example, in a classroom, a teacher may start with a picture 
storybut begin by only playing the sound portion. To do this they would choose “sound 
(only)”.  

To display a translation of a texts, a user clicks on the translation button.  
The rightmost part of (6), the red icon, is a button control for playing sound. 

Start/pause and previous sound buttons can be used to control sound playback. You can 
use this button to start a sound and use pause to stop.  

Player based presentation and sound controls for a conversation can be found in (7). 
You can control sound and text of a player. Using these controls, you may set up 
role-playing or dictation practice. 

Multi level control of sound play and text display based on conversation, player, and 
sentence is controlled by pressing buttons. 

Red button (8) is a sound control button and button (9) for turning the text on and off. 
Using these buttons, a user can hear an utterance of a player or a whole sentence. 

4   Multimedia LMS 

Users of the JPLANG system are divided into three categories: a system manager, a 
teacher, and a student.  

LMS has portal pages for study records, information, assignments, return tests and a 
BBS (Figure 6).  

Study records is a summary display based on a user’s behavioral logs. The 
books/chapters matrix shows a overall status of their learning. A blue box shows no 
visit. A yellow box shows a part of a chapter of a book has been studied and a red box 
shows all the web pages of a chapter of a book have been studied. 

Information is basically just communication from a teacher to a student..Types of 
information include Action and FYI (For Your Information). For Information with an 
action type status, a user should mark a check box. Once you have read FYI or checked 
action information, they will not be displayed again. File and speech attachments are 
also supported.  

Assignment types include an automatic scoring test, a manual scoring test, a file 
upload, a speech upload, a named survey, and an unnamed survey. 

An automatic scoring test can be a single choice, a multiple choice, or a 
fill-in-the-blank questionnaire. In addition to an automatic scoring test, a manual 
scoring test may include a composition and/or a speech upload. A scoring criterion can 
be attached to both a composition questionnaire and a speech upload. For a composition 
questionnaire, a teacher can strike out a word or a character and can insert a word. 
Comments can also be added. A test including corrected composition can be returned to 
a student. 



 Large Scale e-Language Laboratory Based on Web 2.0 249 

 

Fig. 6. LMS User Portal page 

Most of the current e-Learning systems try to support blended learning. However, 
most testing found in these systems is still restricted and uses automatic testing.   

Surveys are categorized into two categories, named surveys and anonymous 
surveys. Survey results are not only recorded but summarized.  

BBS, a means to share information among learners, is also supported. Posted 
messages can be controlled by a teacher. A teacher can delete or modify a posted 
message.   
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With content pages, multimedia objects including sound and video can be included 
anywhere. LMS is developed based on Ruby (Thomas et al 2004), Ruby on Rails, and 
Flash Media Server. 

Server based recording of sound and video is also supported by using Flash Media 
Server (Adobe 2007). 

 

Fig. 7. Speech recording using Flash Media Server 

Figure 7 shows a speech recording assignment. A student can record and replay 
themselves. Based on an assignment setting, the number of recordings can also be 
controlled.  

For writing assignment,s corrections by teachers are indicated using red strikeout 
lines for deletion, blue words for insertion, and green words for comments. 

This way, the testing of the four skills (listening, speaking production, reading, and 
writing) is achieved.  
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5   Concluding Remarks 

We have developed the followings: 

(1) Contents generators for large scale materials, 
(2) Comprehensive Japanese educational content including introductory and interme- 

diate Japanese, 
(3) AJAX and Flash based rich content, and  
(4) A Web 2.0 based original LMS. 

The current version of introductory Japanese content has been open for global use 
since April, 2006 and more than 2,900 users have been registered from more than 30 
countries. 

Languages other than Japanese are being developed, including German and Polish. 
Spoken interaction support, voice annotation support, and enhanced course 

management are planned for further development. 
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Abstract. Co-occurring of modal adverbs and clause-final modality forms in 
the Japanese language exhibits a strong agreement-like behaviour. We refer to 
such co-occurrences as distant collocations - a notion that warrants further 
consideration within the fields of corpus linguistics and computational 
linguistics. In this paper we concentrate on a set of suppositional adverbs and 
investigate the kinds of clause-final modality forms that they frequently co-
occur with. One group of adverbs is found to typically collocate with one group 
of modality forms (one modality type) to a high degree, but also co-occurs with 
other modality types. Analyzing a variety of corpora revealed that associations 
between certain adverbs and certain modality types are indeed a matter of 
degree, although the associations in some cases vary across different genres. 
The results are summarized with the help of cluster analysis. We believe that 
the basic analysis approaches in this paper can be extended to cover similar 
kinds of collocational behaviour within lexicons and other large-scale 
knowledge resources, as well as complementing the development of computer-
assisted language learning systems. 

Keywords: suppositional adverbs, clause-final modality, collocations, corpora, 
Japanese language. 

1   Introduction 

Obtaining various kinds of linguistic information from large-scale knowledge 
resources is an integral task within the fields of corpus linguistics and computational 
linguistics. On the other hand, the tasks of classifying and systematizing various 
aspects of the extracted information are essential stages in creating linguistic 
information a large-scale knowledge resource itself. In this paper we concentrate on 
Japanese modal adverbs expressing supposition (such as, kitto, tabun, moshikasuruto) 
and the clause-final modality forms (darou, to omou, mitai etc.) that these adverbs are 
associated with. Previous researches [1,2,3,4] observed an agreement behavior 
between modal adverbs and clause-final modality forms and have specified the 
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behavior as a matter of degree between a group of suppositional adverbs and a group 
of modality forms that represent a modality type expressing NECESSITY, 
EXPECTATION, CONJECTURE, or POSSIBILITY. The aim of this study is to 
examine this phenomenon using various types of corpora and to explore how the 
adverb-modality relation varies across different genres. The agreement between 
adverbs and clause-final modality can also be regarded as ‘distant collocations’. Here 
we would emphasis the importance of distant collocations - a notion that deserves to 
receive greater attention in corpus and computational approaches to language.  

Modal adverbs can be understood as ‘lexical’ linguistic means because they are not 
obligatory syntactically and also as ‘grammatical’ means because they possess very 
strong relational properties [2]. In that extent, their analysis may be seen as being 
particularly beneficial, on the one hand, in enhancing large-scale lexicons and user 
dictionaries and, on the other hand, in implementing grammatical-like relations 
between modal adverbs and clause-final modal forms into language learning 
resources, including computer assisted language learning systems such as the 
Japanese composition support system Natsume[5]. 

1.1   The Layered Clause Structure in Japanese 

Modal adverb and clause-final modal form agreement can be also seen as a particular 
case of a general approach to the co-occurrence possibilities of syntactic elements and 
predicate elements in Japanese dependent clauses, developed in Minami [1,6]. 
Minami has, through his qualitative co-occurrence analysis [1], later refined 
empirically on a corpus [6], made the profound discovery that Japanese clauses 
possess hierarchically layered structure, consisting of four layers. Syntactic elements 
within the clause co-occur only with those predicate elements belonging to the same 
or lower layers, as can be seen in (1) below.  

 
(1) ...{ douyara  [kono machi ni mo gonin gurai    wa ( i )A -ru ]B  rashii-}C … 

    somehow    this town  at too five_persons about WA are  -RU  it_seems 
 WA=CONTRAST; -RU=NONPAST-AFFRIMATIVE 
    Somehow, it seems as if there should be about five [of them] in this town, too. 
 
The example shows a layered structure comprising the three innermost levels A, B 

and C. Minami’s levels in (1) are indicated by brackets: “()” denotes level A, “[]” 
level B and “{}” level C. Higher levels include inner levels in the fashion of Russian 
matryoshka dolls. At each level, several constituents are possible. It is interesting to 
note that in the example above level A comprises only the verb stem i- of iru (to be, 
exist). Bold letters mark the co-occurrence we are interested in, i.e., the modal adverb 
douyara (somehow) and the clause-final modal form rashii (apparently), co-occurring 
at level C. The underlined constituents are kono machi ni mo (”in this town too”, with 
particle mo marking homogeneous additivity) and gonin gurai wa (”about five 
persons”, with particle wa marking contrast) and the predicate final morpheme -ru 
(nonpast-affirmative), connected at level B. 

The co-occurrence of elements is at each level restricted syntactically and 
reinforced semantically. Co-occurring elements are connected by a kind of semantic 
agreement, e.g.where, for example, douyara and rashii share the same tentative 
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modality while kono machi ni mo and gonin gurai wa are connected by the 
affirmative-negative polarity. 

Minami [6] has presented his empirical findings on global co-occurrence 
possibilities in a matrix form, which can than be used for further purposes. Later work 
on modality, including Kudô [2] and Bekeš [3,4,7] is, from the methodological point 
of view, an application of Minami's approach to a more particular domain. Minami's 
approach, which has already been proven to be valid by the discovery of the layered 
clause structure, offers a framework for a top-down approach to processing Japanese 
sentence syntax. With the availability of more computing power and more easily 
accessible data, it is worth examining in more detail. The present study, in exploring 
the applicability for corpus-based lexicography and Japanese instruction as a foreign 
language, can be regarded as a small step in that direction. 

1.2   The Agreement Behaviour of Modal Adverbs  

As a group, modal adverbs exhibit rather unruly behaviour. Kudô [2] provides one of 
the first systematic treatments of the whole field. According to Kudô (ibid. 185-6), the 
function of modal adverbs is to secondarily reinforce the primary sentence and clause-
final modality. 

Kudô (ibid.191) subdivides modal adverbs into two groups on the basis of 
agreement—distinguishing between those that display agreement and those that do 
not. Adverbs that show agreement are more frequent and include modality senses 
relating to 1) activities, 2) cognition, and 3) conditionals. The modal adverbs that lack 
agreement belong to various sub-modality classes. Kudô argues that the agreement-
like behaviour of modal adverbs is a matter of degree, where adverbs that co-occur 
with one type of modality may not co-occur with another type. For example, 
evaluative adverbs cannot co-occur with modalities of imperative, decisive and 
invitatory [2, also cited in 4]. 
  
(2) ??Hijou-ni hayaku hashiri-nasai. (Kudô ibid.: 226) 
   very    fast   run- IMPER.  / Run very fast! 
 
On the other hand, additive adverbs may co-occur with the same modality types 
without problem. 
 
(3) Motto shoujiki-ni itte-mi-tamae. (Kudô ibid.: 226) 
 more   honestly   say-try-IMPER.   /  Try to speak more honestly. 
 
Most of modal adverbs display agreement and, thus, primarily serve to reinforce the 
modality of the sentence. Two typical examples of adverbs in agreement with various 
modalities are as follows. 
 
(4)  Doozo, kochira-ni kite-kudasai.  (Kudô ibid.: 180) 
 please  here-to  come-REQUEST  /  Please, come here. 
(5) Tabun    hareru desh-ou.  (Kudô ibid. 180) 
 probably  clear  copula-GUESS  /  [The weather] will probably be clear. 
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Modal adverbs and clause-final modality appear in different types of instances. In the 
present analysis, we focus on the two following types: 

• Tabun, issho-ni kita deshou ne. [A-P-M] 
• …tabun, daijoubu Ø [A-P-Ø],  

where [A-P-M] indicates examples where an adverb, the predicate and a modality 
form all appear, while [A-P-Ø] indicates examples where an adverb and the predicate 
appear, but modality is unmarked. 

While instances where a modality form appears before an adverb [P-M-A], an 
adverb is not present in the sentence [Ø-P-M], or there is only an adverb [A] or only 
modality form [M] are appropriately marked in our data, they are excluded from the 
present analyses: 

• Kare mo issho-ni kita deshou ne…, tabun [P-M-A] 
• Juuhachi dewa-nai n-janaika, … [Ø-P-M] 
• Tabun, ne [A] 
• Deshou, ne [M] 

 
In this paper, we limit our analysis to one type of modal adverbs: suppositional 
adverbs. 

1.3   Notion of Collocation 

In its modern linguistic sense, the term ‘collocation’ was first coined by Firth along 
with his well-known comment “You shall judge a word by the company it keeps”.  
Subsequent research on collocations has focused on different aspects of Firth’s ideas 
and there is now a wide range of definitions concerning collocations [8]. Within the 
field of corpus linguistics, Sinclair’s approach to collocations has been influential, 
where his definition that “collocation is the occurrence of two or more words within a 
short space of each other in a text” [9] has been usually taken to refer a separation of 
five words at the most. From a statistical and computational point of view, 
collocations are also been defined as words that occur together more often than 
chance [10]. Church and Hanks [11] employed the concept of mutual information in 
extracting pairs of correlated words, i.e., collocations, also within a fixed distance of 
five words. Only recently can we see references to the notion of ‘distant collocations’, 
mainly in exploratory computational approaches to extracting collocations and usually 
limited to collocations within a short distance, such as when interrupted by a string or 
a couple of strings. The terms of ‘interrupted collocations’ [12] and ‘discontinuous 
collocations’ [13] have also been observed. 

Here, we want to stress that the agreement between modal adverbs and clause-final 
modality forms is also about correlated words; words that occur more often than 
chance [4]. Accordingly, this agreement phenomenon can be regarded as a form of 
collocational relationship, or given the usual distances involved, more precisely as 
‘distant collocations’. 

In the analyses discussed in this paper, we also observe that the modal adverb -
clause-final modality co-occurrence is quite variable in terms of distance: for while in 
some examples the adverbs and modality are interrupted only by a predicate, there are 
also examples where they co-occur at a distance of 10 or more words. Moreover, we 
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also find that the distance is relative, differing not only among adverbs but also across 
different genres and registers. These observations call for further analysis and suggest 
that the notion of distant collocations deserves a systematic treatment within empirical 
approaches to language. 

1.4   Resources and Methods 

In the present analyses, we employ a variety of corpora resources. First, we present 
results from previous studies of modal adverbs performed on the following corpora: 
Kudô [2] conducted an analysis using a corpus that included mixed genres, mostly 
newspaper data and literary works written in modern Japanese literature. The 
‘Oikawa’ corpus [14] used in Bekeš [3,4] consists of transcribed interviews with 50 
Japanese native speakers. It represents a formal setting, for the participants were 
unfamiliar with each other and of different social status (professors and students). In 
contrast, the ‘NUJCC’ corpus [15] used in Bekeš [3] consists of around 100 informal 
conversations between familiar participants who were of equal social status. 

In addition to the above corpora, we perform our analysis using the following 
corpora and present the results in this paper: 

‘JpWaC’ [16] is a Japanese web corpus of 400 million tokens. It is available as part 
of the corpus query tool Sketch Engine [17] also developed for the Japanese language 
[18]. The corpus consists of web data and while it reflects various genres, the majority 
of the corpus data are blogs. For the analysis, we extracted a random sample of 100 
examples for each adverb from the corpus. 

We also use the ‘16 kyoukasho’ corpus (abbreviated as ‘16K’) consisting of 
textbooks for natural science university students, the ‘NLP’ corpus, which is a set of 
articles from the field of natural language processing, and the ‘Kokugo Kyoukasho’ 
corpus (abbreviated as ‘Kk’) consisting of 60 school textbooks for primary schools. 

After selecting the range of corpora for analysis we realized that it would be 
necessary to carry out some manual annotation work and analysis, because modality 
phenomena are not fully covered in Japanese parsers and because we assumed that 
any automatic processing would simply generate too many mistakes. Careful 
consideration of the modal adverbs and clause-final modality forms performed in this 
analysis highlighted the full complexity and variety of the relation. Based on this 
obtained data, we plan to develop an automatization process and examine its accuracy 
in the next stage of the analyses.  

We summarize the results in the form of tables, and, where applicable, we use the 
clustering method. For the cluster analysis, we import the data (how frequently each 
of modality forms co-occurs with each of the adverbs) into the SPSS system and 
perform the hierarchical cluster analysis in order to identify set of groups (clusters) of 
adverbs displaying similarity in their co-occurrences with particular clause-final 
modality forms. The procedure sought to identify relatively homogeneous groups 
based on selected characteristics, using an algorithm that starts with each case in a 
separate cluster and combines clusters until only one is left. Specifically, we use the 
agglomerative hierarchical clustering, the Furthest neighbor as a clustering method 
and the Chi-square distance measure. The cluster results are displayed as a 
dendrogram, a hierarchical tree diagram. The obtained results for each corpus are 
presented in the next section. 
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2   Distributions of Adverb-Modality Relations in the Corpora 

This section presents the results concerning adverb-modality relations obtained by 
analyzing various types of corpora. 

2.1   Related Work 

The earliest work covering adverb – clause-final modality form co-occurrence was 
Minami [19,1]. Initially, the analysis of co-occurrence possibilities of predicate-bound 
elements in the dependent clause with the non-predicate elements (complements, 
adverbial elements and similar) was qualitative1 Later Minami [6], elaborating on his 
previous research, verifies the possibilities of co-occurrence by taking an empirical 
corpus-based approach relying on the statistical correlation of co-occurring elements. 
Kudô [2], whose research on the agreement between modal adverbs and clause-final 
modality was introduced in section 0, takes a similar corpus-based statistical 
approach. Below we present the results of Kudô’s analysis [2] for comparison with 
the results obtained in the present study from other corpora. 

2.1.1 Kudô’s Analysis 
The results of the Kudô’s analysis are presented in Table 1, which clearly differentiates 
which adverbs most frequently co-occur with which modality types. There are four modality 
types, i.e. NECESSITY, EXPECTACTION, CONJECTURE, and POSSIBILITY. For 
example, we can easily see that kitto, kanarazu, zettai(ni) most frequently co-occur with 
clause-final modality forms that express NECESSITY ((suru) no da, ni chigai nai…), while 
osoraku, tabun, sazo and ookata frequently co-occur with clause-final modality forms that 
express EXPECTACTION (to omowareru, no de wa nai darou…). 

Fig. 1 presents cluster analysis results for Kudô’s data. The figure is consistent with the 
tabulated data, for it is possible to easily discern four clusters of adverbs that each 
represent a modality type: taigai, taitei, tabun, ookata, sazo, and osoraku representing 
EXPECTATION, kitto, kanarazu, and zettai(ni) representing NECESSITY, hyottoshitara, 
kotoniyoruto, moshikasureba, angai, and aruiwa representing POSSIBILITY, douyara, 
doumo, and yohodo representing CONJECTURE. 

2.1.2 Oikawa and NUJCC 
Both the Oikawa and NUJCC are corpora of spoken Japanese, but they differ in their 
levels of formality. The majority of the observed frequencies are very low because the 
corpora are relatively small in size. Accordingly, the cluster analysis cannot yield 
reliable results, and we simply provide a short summary of those results, as presented 
in the form of table in Bekeš [3,4]. 

Because of the small sizes of the corpora, the tendencies to form associations with 
particular clause-final modal forms could not be identified for all suppositional 
adverbs. However, it is possible to observe the trends for some of them. In the case of 
the Oikawa corpus, the relevant adverbs are tabun, kitto, kanarazu and 
moshikashitara. The most frequent co-occurrence of tabun with to omou probably 
reflects a bias towards closer association with the EXPECTATION modality. The 
 

                                                           
1 For more information on layered structure, as well as bracket structure in Japanese language, 

see Minami [19,1,6] and Bekeš [3,4,7]. See also section 1.1 in this paper. 
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Table 1. The results of Kudô’s analysis [2] 

 

 

Fig. 1. Cluster analysis results for Kudô’s data 

same holds for kitto, which most frequently co-occurs with to omou and 
(n)darou/(n)deshou, and also exhibits a bias towards the EXPECTATION modality.  
This is an interesting difference from Kudô’s results, where kitto co-occurred most 
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frequently with the NECESSITY modality type. Kanarazu frequently co-occurs with 
the suru form, which would suggest a bias for the NECESSITY modality type. The 
frequent co-occurrences of moshikashitara and kamoshirenai reflect a trend towards 
POSSIBILITY. 

In the case of the NUJCC corpus, we can observe the trends for the kitto, kanarazu, 
zettai(ni), doumo and moshikashitara adverbs. Kanarazu and moshikashitara are 
similar to those observed in the Oikawa corpus. Doumo co-occurs mostly with rashii 
and you da and therefore has a bias towards the CONJECTURE modality type. Kitto 
and zettai(ni) occur very frequently with the NECESSITY and EXPECTATION 
modality types, and both also show slight biases towards EXPECTATION. Moreover, 
comparing the frequencies in the two corpora strongly suggests that zettai(ni) is rarely 
(if at all) used in formal conversations, even though it is very frequent in informal 
settings (0 vs. 259). 

2.2   Adverb-Modality Relations in JpWaC 

From analyses of the web data, it is clear that adverbs are associated with a rich 
variety of modality forms. For all 18 modal adverbs encountered in the analysis, there 
are approximately 60 different modality forms, which we organized into around 40 
form types, following the Kudô’s [2] approach. We may assume that this variety 
reflects the diverse nature of the corpus data. The web data includes a great deal of 
personal information, and, as it has been commented on in other studies [20,21], the 
web data shows clear preferences for the first and second person voices, for present 
and future tense, and for an interactive style of discourse. As modality represents a 
speaker’s attitude about the expressed content, we may expect to find more abundant 
uses of modality forms and types in the web data than in newswire or literary text 
data. There is also a marked tendency for complex modality forms, where two, three 
or more modality forms are used together as a single clause-final modality expression, 
as indicated in the example below. The example also indicates the cases, where a 
modality adverb that clearly associates with a modality expression at the end of one 
clause prolongs its association with the modality expressions in the proceeding clause 
(taken from the JpWaC corpus). 

 
(6) Tabun, sore-tte ima ni hajimatta koto de wa nai no da to omoimasu ga, saikin ni 

toku ni , “rikai fukanou” na jiken ga fueta you-na ki ga shimasu. 
Probably, that is not something that started now, for sure, I think; and it seems to     
me that, especially lately, “impossible to understand” events have increased. 

(7) E. seifu iin go shiteki no ten wa, osoraku Tokyo-to no chousa ni narareta bun 
nado wo kiso to shite osshatte oru no de wa nai ka to suitei shite oru wake de 
gozaimasu ga, …  
What the E. government board member has pointed out is, I presume, perhaps,  
that what (s)he says is based on being used to surveys of the Tokyo Metropolitan 
government and the like, isn’t it. 

These phenomena call for a novel approach to modality expressions in order to 
appropriately handle modality forms appearing in layered structures, as well as in 
more than one clause.  
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Table 2. The results of the JpWaC corpus analysis (in two parts) 
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From the results presented in the Table 2 and Figure 2, we can clearly observe the 
differences in modality types and forms in comparison to the previously introduced 
results from Kudô. While kanarazu, zettai, zettaini, tabun, osoraku, sazo, ookata, 
doumo, douyara, hyottoshitara (hyottosuruto), kotoniyoreba (kotoniyoruto), 
moshikasuruto (moshikashitara), angai all share more-less the same association 
preferences towards modality types as in Kudô’s data, the rest of the adverbs taigai, 
kitto, yohodo, taitei, and aruiwa exhibit a different collocational tendencies with the 
modality types. Taigai and kitto exibit interesting switches from EXPECTATION to 
NECESSITY and the other way around. Yohodo and taitei have very frequent 
associations with the unmarked modality, while aruiwa behaves rather like a 
conjunction, and, thus, the clustering results for these three adverbs are questionable. 
Because of the differences with Kudô’s data, it should also be noted that slightly 
different groups of adverbs are formed in the cluster analysis, although the four 
modality types can still be well attested. The frequency of associations with modal 
form types is also rather different compared to Kudô. Here, we can speculate on some 
possible reasons for the differences. JpWaC is more spontaneous and less formal than 
Kudô's data. Also, the web data represent the newest form of recorded language, 
while Kudô used older modern texts for analysis, which may reflect some kind of 
semantic shift. 

 

Fig. 2. Cluster analysis results for the JpWaC data 

2.3   Adverb-Modality Relations in NLP Articles and School Textbooks 

In this section we have a closer look into the co-occurrence of suppositional adverbs 
and the clause-final modality types in the three written corpora: ‘16 kyoukasho’ 
(16K), ‘NLP’ papers (NLP) and ‘Kokugo kyoukasho’ (Kk). 
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It is already clear from looking into the frequencies of adverbs, that 16K and NLP 
show more similarity than Kk. This is because the first two corpora consist of natural 
science texts, and the third one consists of school textbooks having more general 
register. From the data it is clear that kanarazu, kanarazushimo and osoraku are the 
most frequent in natural science texts. In the Table 3 we can observe how the most 
frequent adverbs collocate with the clause-final modality. 

Kanarazushimo has very similar behavior in both corpora, showing tendency 
towards co-occurring with the modality forms expressing NECESSITY 
(wake/koto/mono de wa nai, nai koto ga wakaru etc), and having one third of the 
occurrences with unmarked modality in negation (de wa nai, shinai). Here, it should 
be noted that kanarazushimo obligatorily co-occurs with negation and thus the 
associated modality forms represent negation of NECESSITY, which may 
semantically include other modality types. Therefore, kanarazushimo needs a special 
treatment and will be excluded from comparison with other adverbs in this paper. 

Kanarazu is more frequent in the 16K corpus, where it mostly co-occurs with suru 
koto2 (NECESSITY) and the unmarked modality suru. In the NLP corpus the data are 
insufficient to draw some conclusion, although it can be noticed that kanarazu occurs 
most with the unmarked modality (suru, V-te iru/kuru/oku). Osoraku, appearing in the 
16K corpus, clearly shows the tendency towards the EXPECTATION modality type, 
co-occurring with the forms darou, no de wa nai darou ka, to kangaerareru. 

In the ‘Kokugo kyoukasho’ corpus, the most frequent adverbs are kitto, doumo, 
kanarazu, sazo, taitei and douyara. Osoraku and kanarazushimo are less frequent 
than in the natural-science texts. From the Table 4, the tendencies for the association 
with the clause-final modality forms can be observed. Kitto most frequently co-occurs 
with the NECESSITY modality type (69 times), having hazu da, no da, ni chigai nai 
and mono da as its main collocates. It is also very frequent with the EXPECTATION 
modality type (22 times), with darou being the most frequent collocate in the group. 
This is again an interesting behaviour compared to Kudô’s data, where kitto strongly 
associates with NECESSITY, and in the web data, where kitto most frequently 
collocates with the EXPECTATION modality type. This probably indicates that kitto 
is biased towards NECESSITY in cases of formal data written in accordance with the 
language norm, but it is biased towards EXPECTATION in cases of more 
spontaneous informal data. While Kudô’s data represent the former data type, and the 
web represents the latter, ‘kokugo kyoukasho’ most probably consist of both types of 
data, the former type dominating over the latter.  

From the data, it is possible to discern some other trends in the adverb-modality 
type associations. Doumo and douyara tend to appear with CONJECTURE modality 
type, tabun, sazo and osoraku with the EXPECTATION modality type, 
moshikashitara and aruiwa with the POSSIBILITY modality type. Kanarazu shows 
some trends towards the NECESSITY type, although in this case and with some other 
adverbs, the unmarked modality is too dominant and calls for a closer look into the 
specific examples. 
                                                           
2 Most of the cases belong to the DEONTIC modality (must do, ought to do, etc..) and not 

EPISTEMIC (or EVIDENTIAL) modality (the fact must be that...). DEONTIC tends to be 
recycled as an EPISTEMIC modality, especially in the case of NECESSITY. 
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Table 3. The most frequent suppositional adverbs and their modality forms in the 16K and 
NLP corpora 

 

Table 4. The suppositional adverbs and clause-final modality in the Kk corpus 
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The distribution of suppositional adverbs is similar in cases of corpora belonging to 
the same genre, and shows some differences in the corpora belonging to different 
genres. The association of the adverbs with their modality types tends to have similar 
trends across the genres, although some differences in modality forms can be noticed. 
Kitto shows the most obvious variation, being indeterminate between NECESSITY 
and EXPECTATION.   

3   Possible Application  

The information on adverbs and clause-final modality forms associations, obtained 
from large-scale corpora resources, and the coarse-grained hierarchy of various 
relations between modality types can be used for the enhancement of computer-based 
lexicons, computer-assisted language learning systems, linguistic ontology, as well as 
creating user’s dictionaries and other language learning resources.  

One possible application of the data is to enrich the computer-assisted language 
learning system Natsume [5], supporting learners with writing in Japanese. The 
system includes a database of co-occurrences and currently offers frequently co-
occurring nouns–case particles–verbs relations based on various corpora. Using the 
set of modality forms and other data obtained in the analysis, we plan to develop the 
automatic retrieval of collocational information on adverbs and predicates, as well as 
adverbs and clause-final modality forms, also including distant relations, and thus 
enhance the database. As our data suggests, genre specific retrieval would be 
necessary. The system also extracts examples according to learner proficiency level, 
which is a valuable function for language learners. The modal adverb and clause-final 
modality association should be also considered from that pedagogical perspective.  

Lexical knowledge bases (LKBs), which aim to cover the linguistic behavior of 
words in detail, are another potential resource that could be enhanced by this type of 
information. According to Hirst [22] in addition to ‘classical’ lexical relationships, 
such as synonyms, antonyms, hipernyms, etc, present for example in the WordNet 
ontology [23], there are many other relationships that could be included in a lexicon. 
These may be broadly thought as ‘associative’ or ‘typicality’ relations. Hirst gives a 
number of examples, such as frequent and typical agent (dog and bark – bark is a 
frequent and typical agent of the former), typical instrumentality (nail - hammer). 
Following this approach, the adverb-modality relations could also be implemented 
into a knowledge database. Here, we can think of at least four modal relations types 
for suppositional adverbs – those expressing ‘necessity’, ‘expectation’, ‘conjecture’ 
and ‘possibility’. Each of the modality types shows some gradation in its function 
depending on the modality form applied. Also, the differences due to the genre, 
register, and style would be preferably included. 

The approach could be expanded to other long distant associative co-occurrence 
relationships that would ideally be included in Japanese grammars, dictionaries, large-
knowledge databases and other language resource. The importance of this type of 
information may be applicable to other languages, most probably for other SVO-type 
languages, such as Korean, Turkish, and Mongolian. 

The present research is also of theoretical interest, because it can clarify various 
motivations for explicit signaling (the beginning and the end) of a range of modality 
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in discourse. Implications are both language-theoretic (modes of signaling linguistic 
information, semantic shift over short time-spans) and language processing theoretic 
(contribution of such long-distance structures to the facilitation of communication 
and/or processing through disambiguation; closer examination of long distance 
relationships in the discourse in general and their contribution towards 
communication and ease of processing) [3]. 

4   Conclusion and Further Work  

The paper discusses the strong agreement-like behaviour of suppositional adverbs and 
clause-final modality forms in Japanese language from an empirical perspective. After 
analyzing various corpora we confirm that specific suppositional adverbs typically 
collocate with one out of four modality types (a set of modality forms) to a high 
degree, while they may also co-occur with other types at lesser degrees. However, the 
results of comparisons across different corpora indicate that the occurrences of 
adverbs, as well as their co-occurrence with modality forms, occasionally vary across 
different genres. This tendency can be observed in the cluster analysis performed for 
Kudô’s results and the web corpus data, as well as in comparing the data with the 
results from other smaller corpora of different genres (NUJCC, Oikawa, 16 
kyoukasho, NLP and Kokugo kyoukasho). In particular, we would emphasis the case 
of kitto in shifting from NECESSITY to EXPECTATION across genres. 

Long distance associative co-occurrence relationships – distant collocations – 
should be more systematically covered in language research. The distance between 
collocates can be longer then 10 tokens and it is subject to changes with different 
adverbs, as well as different genres and registers.  

The web data especially draws attention to the variety and complexity of modality 
forms and suggests the need to observe modality forms with forms of layers structure. 

The results of the analysis may be used as a pre-step for performing the automatic 
extraction of distant relations from various corpora into a co-occurrence database. They 
can be applied to the enhancement of various large-scale knowledge resources, such as 
computer-assisted language learning systems, lexicons, and corpus query tools 
displaying word’s properties, as well as user-oriented dictionaries and grammars. 
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Abstract. In this paper we report on new developments in our data-
driven, non-linguistic, language-independent approach to Question An-
swering (QA). In particular, we describe a new implementation of the
filter-model, which is used for answer typing, where we employ the Sin-
gular Value Decomposition (SVD) in a variation on the popular La-
tent Semantic Analysis technique. We also describe refinements to the
open-source SVD code that we used which enable us to perform the
SVD on arbitrarily large matrices. Finally, we discuss results from the
TREC 2005 and TREC 2006 QA evaluations in which we applied these
new techniques, and compare them to results achieved with our previous
filter-model approach. In particular, we show that our new filter-model
using the SVD achieves an average absolute gain of around 8% and an
average relative gain of nearly 59% over our previous approach for top
one answer accuracy. By using both approaches in combination we are
able to increase the absolute gain to approximately 10% and the relative
gain to 67%.

1 Introduction

In this paper we report on the progress made on our data-driven, non-linguistic,
language independent approach to Question Answering (QA) that has been de-
veloped at Tokyo Institute of Technology over the past few years. QA has con-
tinued to grow in popularity and mature as a research area in recent years as
evidenced by the increasing number of and variation among conferences that
support or include QA evaluations such as CLEF, TREC and NTCIR. Several
of these conferences such as CLEF and NTCIR hold evaluations in different
languages and across languages where the query language and target language
differ. Moreover, CLEF and TREC have recently begun to expand target do-
mains for the evaluations from traditional web or annotated text corpora to
include finding answers in more ‘difficult’ target corpora such as blog data and
spoken transcriptions. While the central focus of the research community con-
tinues to remain factoid QA, evaluations also include a limited number of more
complex why, how and definition questions.

In this paper we begin by outlining the basic mathematical framework for
our approach to QA, which we split up broadly into two basic components. The
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first component is the retrieval model which extracts answer candidates from a
set of documents based on the proximity to and co-occurrence with information-
bearing words in the question. The answer candidates are then passed to the
second component, the filter model whose purpose is to reorder the set of candi-
date answers based on their predicted answer type, which is determined by com-
parison with a large training set of example questions and answers (q-and-a). In
this paper we focus specifically on a new filter model, where we employ Singular
Value Decomposition (SVD) to perform answer type classification by comparing
candidate answers to a collection of example answers in a reduced number of
dimensions. In addition to advances in the core system technology, we also de-
scribe recent evaluation results for the English language system in the 2005 and
2006 Text REtreival Conference (TREC) QA evaluations, where we compare
results achieved with our new filter-model approach to that of the older model,
as well as the results of applying the two approaches in combination.

The rest of the paper is structured as follows. In section 2 we present an
overview of our current QA architecture and include an extensive discussion on
our application of the SVD to the implementation of the filter model. In Section 4
we describe and outline our results from the TREC 2005 and the TREC 2006
QA evaluations, respectively. Finally, we give an analysis of these recent results
in Section 5, and conclude the paper with Section 6.

2 QA as Statistical Classification with Non-linguistic
Features

When responding to questions in a real-world scenario, humans consider a wide
range of different factors including the identity of the questioner, immediate en-
vironmental and social context, and previously asked questions, among other
variables. While such factors are clearly relevant, and humans are adept at inte-
grating such information, modelling these features is far from trivial. Therefore,
in our attempts up to now we limit ourselves to modelling the most straightfor-
ward dependence: the probability of an answer A depending on the question Q,

P (A | Q) = P (A | W, X), (1)

where A and Q are considered to be a string of lA words A = a1, . . . , alA and lQ
words Q = q1, . . . , qlQ , respectively. Here W = w1, . . . , wlW represents a set of
features describing the “question-type” part of Q such as when, why, how, etc.
while X = x1, . . . , xlX represents a set of features that describe the “information-
bearing” part of Q i.e. what the question is actually about and what it refers
to. For example, in the questions, Who is the oldest person in the world? and
How old is the oldest person in the world? the question-types who and how old
differ, while the information-bearing component, the oldest person in the world,
does not change.

Finding the best answer Â involves a search over all available A for the one
which maximises the probability of the above model i.e.,
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Â = argmax
A

P (A | W, X). (2)

Given the correct probability distribution this is guaranteed to give us the
optimal answer in a maximum likelihood sense. We don’t know this distribu-
tion, and it is still difficult to model but, using Bayes’ rule and making various
simplifying, modelling and conditional independence assumptions (as described
in detail in [2,1,3]) Equation (2) can be rearranged to give

arg max
A

P (A | X)
︸ ︷︷ ︸

retrieval
model

· P (W | A)
︸ ︷︷ ︸

filter

model

. (3)

The P (A | X) model is essentially a statistical language model that models
the probability of an answer candidate A given a set of information-bearing
features X . We call this model the retrieval model and do not examine it further
here (see [2,1,3] for more details).

The P (W | A) model matches a potential answer A with features in the
question-type set W . For example, it relates place names with where-type ques-
tions. In general, there are many valid and equiprobable A for a given W so
this component can only re-rank candidate answers which have been retrieved
and scored by the retrieval model. We call this component the filter model and
outline its function in the following section.

2.1 Filter Model

The question-type feature set W = w1, . . . , wlW is constructed by extracting
n-tuples (n = 1, 2, . . .) such as Where, In what and When were from the input
question Q. A set of |VW | = 2522 single-word features is extracted based on
frequency of occurrence in our collection of example questions.

Modelling the complex relationship between W and A directly is non-trivial.
We therefore introduce an intermediate variable representing classes of example
questions-and-answers (q-and-a) ce for e = 1 . . . |CE | drawn from the set CE .
In order to construct these classes, given a set E of example q-and-a, we then
define a mapping function f : E �→ CE which maps each example q-and-a tj for
j = 1 . . . |E| into a particular class f(tj) = e. Thus each class ce may be defined
as the union of all component q-and-a features from each tj satisfying f(tj) = e.
Finally, to facilitate modelling we say that W is conditionally independent of ce

given A so that,

P (W | A) =
|CE |
∑

e=1

P (W | ce
W ) · P (ce

A | A). (4)

where ce
W and ce

A refer respectively to the subsets of question-type features and
example answers for the class ce.

Assuming conditional independence of the answer words in class ce given
A, and making the modelling assumption that the jth answer word ae

j in the
example class ce is dependent only on the jth answer word in A we obtain:
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P (W | A) =
|CE|
∑

e=1

P (W | ce) ·
lAe
∏

j=1

P (ae
j | aj). (5)

Since our set of example q-and-a cannot be expected to cover all the possible
answers to questions that may be asked we perform a similar operation to that
above to give us the following:

P (W | A) =
|CE |
∑

e=1

P (W | ce)
lAe
∏

j=1

|CA|
∑

a=1

P (ae
j | ca)P (ca | aj), (6)

where ca is a concrete class in the set of |CA| answer classes CA.
The system using the above formulation of filter model given by Equation (6)

is referred to as model ONE, and is described in detail in [1]. Systems using
the model given by Equation (4) are referred to as model TWO. In this paper
we focus on the details and implementation of model TWO which has not been
described previously, and compare its performance to that of model ONE.

3 Application of the Singular Value Decomposition to
Answer Typing

In both models ONE and TWO, question typing is effected by P (W |Ce) which
essentially matches bigrams from a new input question against bigrams in ques-
tions from our example set of q-and-a. This has been described in detail in [6].

For each example question Ce in CE there is a corresponding example answer.
Assuming an example question has been hypothesised with a particular proba-
bility the corresponding example answer is used as the basis for answer typing
in both models ONE and TWO. In model ONE this is accomplished by using
automatically generated classes of similar words CA to describe the similarity
between answers. These classes of similar words are then used for computing
P (Ca | A).

In model TWO, however, we employ the Singular Value Decomposition [5]
and the similarity between candidate and example answers is computed in a
reduced number of dimensions for answer typing. As a first step in this process we
construct a matrix composed of co-occurrence counts for all the example answers
in our set of example q-and-a, as well as a subset of the most frequently occurring
words from a large text training corpus. We then decompose the resulting matrix
into 3 component matrices which include a left singular matrix, a right singular
matrix and a diagonal matrix of singular values. Only the R largest singular
values are calculated, which has the effect of reducing the dimensionality of the
original matrix.

For each new candidate answer we construct a pseudo vector which we project
into the reduced space using the standard technique described variously in the
literature [4,7]. Finally we use a simple cosine measure to compare the new
pseudo vectors for candidate answers, to the answer vectors from our example
q-and-a in the new, reduced space.
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The approach we employ is similar in theory to Latent Semantic Analysis [4],
and Latent Semantic Mapping [7] which have enjoyed much attention recently
in a variety of different areas of Natural Language Processing. Below we outline
the mathematics behind the method, and also describe our implementation in
more detail.

3.1 SVD Background

The Singular Value Decomposition is a technique in matrix theory and linear
algebra which can be used to decompose any arbitrary matrix into a set of
three new matrices each with certain special properties. This decomposition is
typically described with the following formula,

W = USV T , (7)

where W refers to the original (M × N) matrix, U refers to the (M × R) left
singular matrix with row vectors ui, S refers to the (R × R) diagonal matrix of
singular values s1 ≤ s2 ≤ ... ≤ sR, and V T refers to the (N × R) right singular
matrix with rows vj such that (1 ≤ j ≤ N), R ≤ min(M, N) is the number
of singular values, and T refers to the transpose of a matrix. An interesting
and useful property of the SVD is that for any matrix Ŵ = USV T where
R < min(M, N), Ŵ represents the closest rank R approximation of the original
matrix W [5].

3.2 Co-occurrence Matrix

The matrix we construct represents the global co-occurrence statistics for a select
subset of the training data vocabulary computed using around 5 billion words
of web data by retrieving up to 100 web pages for each unique answer in our
example q-and-a.

The column headings of our co-occurrence matrix correspond to the set of
unique answers from our set of example q-and-a. Thus, if “June 14 1991” were
the answer to one of the example questions, one of the matrix columns would
correspond to “JUNE 14 1991”. In particular our English system consists of
252,882 columns, which correspond to the 52,882 unique example answers in the
training data, plus 200,000 additional frequently occurring terms derived from
a large text corpus.

The set of unique row vocabulary also consists of a total of 252,882 terms
|VC | which includes the same 52,882 unique example answers, and the same
additional 200,000 most frequently occurring terms that are used in the column
headings. In the case of the rows however, this vocabulary is repeated 2×D times
where D refers to the maximum distance used in calculating the skip-bigram
contextual frequency information which forms the basis for the individual cell
values. Thus, the first set of 252,882 rows records the co-occurrence statistics for
right-hand distance-1 skip-bigrams, the second set of 252,882 rows records the
co-occurrence statistics for left-hand distance-1 skip bigrams, and this process
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is repeated up to a maximum distance of D so that total number of rows in our
co-occurrence matrix corresponds to 252, 882 × (2 × D). In the current English
system described in this paper D was set equal to 3 and the total number of
rows is thus 252, 882×6 = 1, 517, 292 and the total number of entries is equal to
252, 882×(1, 517, 292) = 383, 695, 835, 544. However, it is important to note that
the resulting matrix contains many zero-valued entries and is extremely sparse
even though it still typically contains around a billion non-zero entries.

In particular, for each column entry ai and each of the 252,882 row entry
terms vc we calculate a weighted conditional count a(vc,d), the number of times
that vc occurs given that a occurs d words away. When d is positive this refers
to the fact that vc occurs after a, and where d is negative this similarly refers to
the fact that vc occurs before a. This process is repeated for d = 1, ..., D such
that the result is a a set of 252,882 co-occurrence vectors where each vector, a
is of length |VC | × (2 × D) with maximum separation between words D,

a = [a(v1,1), . . . , a(vR,1), a(v1,−1), . . . , a(vR,−1),

. . . , a(v1,D), . . . , a(vR,D), . . . , a(v1,−D), . . . , a(vR,−D)].
(8)

Furthermore, both a global weighting scheme and a local weighting scheme
are employed to normalize counts. The global weight may be thought of as
an entropy like feature which indicates how informative a particular word is.
Consequently, a word like “THE” which occurs almost everywhere will tend to
be de-weighted as it bears little significance. The global weight aglob is computed
as follows for each vocabulary entry a and is applied to every matrix entry, based
on its identity,

aglob = 1.0 −
|VC |
∑

j=1

P (vj | a) · log(P (vj | a))
−log(|VC |) (9)

The local weight is computed simply as log(1 + a(vr,d)raw
), where a(vr ,d)raw

represents the raw count of the number of times a appears with vr at a distance
d words away. The final conditional count for an entry, afin is then computed
as follows,

afin = log(1 + a(vr ,d)raw
) · aglob (10)

In order to save space, and because of its inherent sparsity, we store the ma-
trix in a sparse binary format which only explicitly stores non-zero values [8].
The SVD itself was carried out using the open source SVDLIBC package1 which
we substantially customized to meet our needs. In particular, we modified the
source code to perform operations on matrices stored on disk, which by elimi-
nating the need to hold the full matrix in memory, substantially increases the
maximum tractable size of matrix that a single CPU of reasonable performance
can handle. The number of singular values used for the decomposition was deter-
mined experimentally, and fixed at 100, and the iterative lanczos algorithm [9]
was used to compute the SVD.
1 Available at http://tedlab.mit.edu/~dr/SVDLIBC/
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Fig. 1. Structure of the co-occurrence matrix. Currently N=1 for the English language
system.

3.3 Comparing Answers

The central feature of the SVD technique is that, by eliminating superfluous
higher dimensional noise, and compressing the data into a smaller and hopefully
more meaningful dimensional space, more accurate comparisons can be made
between individual units [4,7]. In our case we wish to compare new candidate
answers to example answers from our training data, thus it is desirable to define
a unit as a unique example answer along with a statistical representation of the
context in which it typically occurs. The most popular method for measuring the
closeness of two units in the reduced dimensional space produced by the SVD
is just the cosine of the angle between the two unit vectors ui and uj which is
computed in the standard way,

cos(ui, uj) =
uiS

2uj

‖uiS‖‖ujS‖ (11)

where S refers to the diagonal matrix of singular values and ‖uiS‖ refers to
the norm of the vector. In this scenario a value of 1 would indicate that the two
answers always appear in similar context and are thus likely to be of similar type,
while a value of 0 would indicate that they never appear in the same context,
and are thus not very likely to be of similar type. We also note here that even in
cases where the answers are countries or numbers, comparing them with example
answers in our matrix may not produce a value of one. While these answers may
intuitively be of the same type, the fact that “1” does not appear in exactly the
same contexts as “1,000,000” will lead to a lower value. Although it is possible
to obtain values of cos(ui, uj) < 0 from computing the cosine distance between
two vectors, for computational purposes we floor any negative values to zero.

While the above may be appropriate for answers which already appear in our
example set, for new answer candidates that have never been seen before it is
necessary to first project a similar vector representation for these into the origi-
nal matrix before any meaningful comparison can be made. In order to achieve
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this we construct a new pseudo-vector x̃j for the answer based on the same
principles as above, using the documents obtained during the answer retrieval
process in order to estimate co-occurrence statistics. The resulting pseudo-vector
thus consists of skip bigram statistics for the same |VC | vocabulary as the orig-
inal example answer vectors, and is constructed in the exact same manner. We
calculate this vector for every answer hypothesis, even in those cases where the
answer is already accounted for in our co-occurrence matrix. In the latter case
however, we do not compare the new pseudo-vector with its corresponding entry
in the co-occurrence matrix.

Finally, provided that the U and S matrices do not change, it is then possible
to project the new pseudo-vector x̃j into the reduced dimensional space of W̃ ,
the rank R approximation our original matrix,

x̃j = USṽT
j , (12)

and by rearranging the above equation we have,

ṽjS = xT
j U, (13)

where ṽjS can then be used in the manner described above to perform compar-
isons between the new candidate answer and the set of example answers used to
compile the original matrix.

3.4 Relationship between Model ONE and Model TWO

Models ONE and TWO are intrinsically related despite the different methods
used to model their probability distributions. In model ONE classes of similar
answers would ideally be used for answer typing, however, the space of possible
answers is prohibitively large which renders choosing a set of answers, let alone
clustering them, impossible. We therefore make an independence assumption
between the words in an answer and cluster only individual words which is a
much more tractable problem, albeit at the expense of the loss in answer typing
accuracy. For the clustering itself we use the co-occurrence statistics of a word
with other words to determine words’ similarities to one another in the expec-
tation that, say, people’s first names are likely to possess similar co-occurrence
properties to each other, as are numbers, cities, country-names, and so on. Note
that this clustering is performed offline before the QA process begins so it can
only consider words that were in the original set for clustering. New words that
occur during the QA process and which had not appeared previously, so-called
out-of-vocabulary (OOV) words, will typically not be correctly classified and will
be given a small smoothed probability of membership in all classes.

In model TWO however, we perform the similarity computation online as part
of the QA process so the problem with OOVs is alleviated to a large extent. In
addition, in model TWO it is also possible to dispense with making the indepen-
dence assumption between the words in an answer, because we store an example
answer’s co-occurrence relationships to words that it occurs next to, instead of
storing its relationship to all other possible answers that may ever occur. Both
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these facts ought to make answer typing in model TWO much more accurate.
Theoretically, it would be possible to compute the similarity in model TWO
in an almost identical way to that used in the clustering algorithm to obtain
the classes of similar words used in model ONE. However, the vectors used in
the similarity computation are extremely large (of the order of a million ele-
ments) and typically extremely sparse, especially when the vector is constructed
solely on the data used to find answers to a particular question. This is the
primary motivation behind the application of the SVD in model TWO: (i) the
computational efficiency of computing answer similarity in a reduced number of
dimensions, and (ii) the robustness of the similarity computation to sparse input
vectors when only the salient dimensions are considered.

4 Experimental Work

The TREC evaluations are co-sponsored by the National Institute of Standards
and Technology (NIST) and the United States Defense Department, and have
been conducted yearly since 1992. The aim of these evaluations is primarily
to promote various kinds of research related to information retrieval on large
text corpora. The TREC QA track was first conducted in 1999 and has been
conducted yearly since 1998 [12].

We have successfully applied the SVD-based model TWO approach to several
recent TREC QA evaluations. The results obtained with this method show sub-
stantial improvements over our earlier model ONE approach. In the following
section we briefly describe the results and salient system details pertaining to
our participation in the TREC 2005, and TREC 2006 QA evaluations.

4.1 TREC Evaluations (2005, 2006)

The TREC 2005 QA evaluation was the first opportunity we had to test the
model TWO approach, and compare it to our earlier approach using model ONE
in an official, independent evaluation. All earlier testing of the system prior to
this official evaluation had been conducted ‘after the fact’.

Recent TREC evaluations have divided the evaluation test question sets into
three broad categories, factoid questions, list questions, and other questions.
While we made attempts at answering each kind of question in the actual evalu-
ation, our primary focus in the evaluations and in the experiments presented in
this paper were the factoid questions which are typically formulated such that
the corresponding correct answers are short and concise e.g., “Who is the current
president of France?”.

It should be noted that answers for both the factoid and list questions are
judged based on whether they completely answer the question, and are penalized
for superfluous or missing information, such as units of measurement.

TREC 2005. For the TREC 2005 evaluation we employed both the model ONE
and model TWO approaches exactly as described in Section 2. In both cases we
optimised the system parameters based on data from the previous TREC 2002,
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2003, and 2004 evaluations, using a rotating form of cross-validation but with
emphasis on the more recent 2004 data. For training the filter model we use
288,812 example q-and-a from the Knowledge Master KM data [13], plus 2408
q-and-a from the TREC-8,9 and TREC2001 questions, and also the TREC 2002,
2003, and 2004 evaluation q-and-a in a rotating manner so as not to include test
questions as examples during development.

The co-occurrence matrix for model TWO was constructed exactly as de-
scribed in Section 3.2, using the same vocabulary of 52,882 unique example an-
swers and the additional 200,000 frequently occurring terms from the AQUAINT
corpus. For model ONE, the most frequent |VCA | = 224, 000 words from the
AQUAINT corpus were used to obtain CA for |CA| = 500 clusters as described
in [1].

Further details of the setup for this evaluation can be found in [2].
We submitted three formal runs for the official TREC 2005 track, asked05a,

asked05b, and asked05c which employed model ONE, model TWO, and a com-
bination of both ONE and TWO, respectively. The results of the three formal
runs we submitted can be seen in Table 1.

Table 1. Performance on all 3 tasks of the 3 submitted runs and an estimated perfor-
mance score for the factoid task of run

Factoid task Avg. per-
System Right Unsupp. ineXact series score
asked05a 45 (12.4%) 7 (1.9%) 21 (5.8%) 0.108
asked05b 72 (19.9%) 19 (5.2%) 21 (5.8%) 0.136
asked05c 77 (21.3%) 19 (5.2%) 22 (6.1%) 0.157

The results from Table 1 show the percentage of right answers, unsupported
answers, and answers which were judged incomplete or inexact. Answers were
classified as unsupported based on whether or not the supplied supporting doc-
ument justified the answer that was returned.

As can be seen from Table 1 results using the model TWO system which
employs our SVD based technique significantly outperform results obtained using
model ONE. It is also interesting to note that the results of the combined run,
asked05c, outperformed both of the runs which were based on individual systems,
and outperformed the model ONE run by almost 9% absolute and 59% relative.
The high performance of the combined system can mainly be attributed to its
ability to boost lower ranked answers appearing in both systems’ output, into
first place when the answers are combined (see [2] for details on the combination
method used).

TREC 2006. The setup for the TREC 2006 evaluation was essentially iden-
tical to that used for the TREC 2005 evaluation, except for the data used for
optimisation. For TREC 2006, our system parameters were optimised using data
from TREC 2004 and TREC 2005. Again, although we submitted answers for
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the other and list questions, we focus here on the results for the factoid ques-
tions from the evaluation set. For the 2006 evaluation we again submitted three
official runs, where run asked06a employed model ONE, run asked06b employed
a model ONE and a model TWO system in combination, and run asked06c was
a combination of the model ONE and model TWO systems, plus translated re-
sults from both a Spanish and a French system, and results from the open-source
Aranea QA system. Detailed results for the 3 tasks can be seen in Table 2.

Table 2. Performance on the 3 tasks of the 3 submitted runs

Factoid task Avg. per-
System Right Unsupp. ineXact series score
asked06a 62 (15.4%) 12 (3.0%) 24 (6.0%) 0.085
asked06b 95 (23.6%) 22 (5.5%) 27 (6.7%) 0.116
asked06c 101 (25.1%) 26 (6.5%) 27 (6.7%) 0.116

As can be seen in Table 2 there is a significant absolute performance improve-
ment of over 8% from using a combination of the model ONE and model TWO
systems compared to the model ONE system alone. We did not submit an official
run using a system based only on model TWO for the TREC 2006 evaluation,
however informal results indicate a performance level similar to that seen our
results for the TREC 2005 evaluation.

It is clear that in both of the last two years’ official TREC QA evaluations
we have observed a significant absolute performance increase when using model
TWO, either independently or in combination with other systems. Informal ex-
periments where we have applied the model TWO approach to the Japanese-
language system have also shown similar performance gains. We are confident
that this represents convincing evidence of the validity of using the SVD ap-
proach in model TWO.

5 Analysis of Recent Work

The above results from recent TREC evaluations, as well as additional informal
experiments indicate that the new model TWO system employing the SVD tech-
nique represents a substantial improvement over our earlier model ONE system.
We surmise that one of the factors responsible for the success of the new model
is the tendency of the SVD to reduce the amount of noise in our extremely
sparse co-occurrence matrix. Another factor may stem from using very different
features to the model ONE approach and also considering answers as-a-whole
rather than independent words in an answer as we do for model ONE. By pro-
jecting the example answers into the reduced dimensional space, and eliminating
“noisy” elements, more meaningful comparisons can be made between units in
the co-occurrence matrix and also between similar units which may not have
been included in the original matrix.
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While the SVD provides a useful means of eliminating noise from large corpora
it does have several disadvantages. In particular, the simple cosine measure which
is the most obvious means to compare vectors in the reduced dimensional space,
is not a proper probability. This is unappealing since it does not fit well into our
statistical framework.

One final, perhaps more minor, issue has to do with comparing new answers
for which we do not already have co-occurrence statistics, with data already
accounted for in the co-occurrence matrix. If the distribution from which the
statistics for the original co-occurrence matrix were compiled differs substan-
tially from that used to construct the pseudo-vector for the new answer, then
the system may produce undesirable results at the comparison stage. This last
problem however, is largely mitigated by the fact that our original distribution
is drawn from a very large and very corpus.

6 Conclusion and Future Works

In this paper we have described recent progress in developing our data-driven and
non-linguistic QA system. The most significant change to the overall system has
been the implementation and application of a new filter model, so called model
TWO, which employs the Singular Value Decomposition (SVD). We showed how
using SVD allows the system to more accurately compare candidate answers for
new questions, to answers from example q-and-a training data, in a process similar
to that employed in Latent Semantic Analysis or Latent Semantic Mapping. We
have described the algorithms used to construct the matrix and how the similarity
between answers is computed. We have also presented results of applying this new
filter model to QA in two recent official international evaluations. These results
demonstrated that the new model considerably improves system performance.

The SVD approach is not perfect, and in particular it is hindered by the
fact that the cosine metric which is used to measure the distance between an-
swer candidates and example answers is not really a proper probability, but
rather a linear algebraic relation. As such it does not fit perfectly into our sta-
tistical framework, however similar methods exist, such as Probabilistic Latent
Semantic Analysis [14] which may be interesting to investigate in future. More
immediately, because of the success of combining results from filter-model ONE
with those of filter-model TWO we are interested in bringing these two models
together under one single unified framework in the near future. We are also de-
veloping a sentence retrieval model for use with small or closed domain corpora,
since this shows much promise as a means of making our method accurate and
effective in more limited domains.
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Abstract. Recent research has enabled important progress in develop-
ing agents aimed at real-world linguistic interaction with humans. Hence,
within the general shift of research focus from “information” to “knowl-
edge”, an important question is how to apply large-scale knowledge re-
sources in order to improve agents’ capabilities of linguistic interaction
with humans. This paper presents research toward an efficient representa-
tion of the necessary perceptual knowledge in dialogue with a particular
focus on reference expressions. We generalize an existing formal model of
reference expressions involving perceptual grouping in order to account
for a number of types of reference expressions that the previous model
could not account for. Our model yields an increase in both coverage and
accuracy of referent identification − which has been confirmed in prelim-
inary experiments. We outline an algorithm for the future application of
this model to other languages, showing how the model can be extended
to deal with large-scale multi-language input data.

Keywords: representation of perceptual knowledge, perceptual group-
ing, reference expressions, language-independent systems.

1 Introduction

Recently, the utilization of large-scale knowledge resources (LKR) has been a
central issue in achieving progress in different research areas such as analysis
of spoken language characteristics, systematization of archeological information
or language-learning support systems. In particular, the application of LKR in
research in the field of linguistics is a very promising research direction. At the
same time, developments in a multitude of research areas like speech recogni-
tion, robotics, etc. have enabled important progress in developing agents aimed
at real-world interaction with humans. Thus, within this general shift of research
focus from “information” to “knowledge”, an important question is how to use
large-scale knowledge resources in order to improve agents’ capabilities of inter-
action with humans through natural language. An important research aim in
improving agents’ capabilities of interaction with humans has been to improve
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their natural language understanding. A fundamental type of human expression
− in particular in task-oriented dialogue − are reference expressions. This type
of expression is a linguistic entity used to discriminate a specific object from its
environment and the rest of the world.

Thus, an agent’s capability to handle this type of linguistic expression cor-
rectly is an important part of increasing human-agent interaction capabilities.
Reference expressions are to a large degree multi-modal; i.e. they include ex-
ophoric expressions such as “this one” or “that” in connection with gesturing
(e.g.; pointing). It is clear a fuller model of reference expressions must be a
multi-modal model including an account of these different channels and how
they combine ([10]). As a first preliminary step towards this aim, we intend
to generalize a current model of reference expressions limited to the linguistic
channel as a basis for future application in a multi-modal environment. Hence,
in this paper the term “reference expression” refers to a single-channel linguistic
expression which moreover includes no anaphora and is functioning as a full de-
scription for identifying objects in the world such as “the blue ball in front of the
table”. There has been significant research in the area of how the human cogni-
tive process − and thus also knowledge of the world − and language production
and understanding are linked. Specifically, cognitive linguistics researches in this
area in a wide variety of directions ([4], [5]). Generally, it is clear human lan-
guage understanding/production is directly linked to a human’s general world
knowledge as well as the knowledge acquired/exchanged in a particular dialogue.

A still unsolved problem is how world knowledge, including linguistic knowl-
edge is represented in the human brain. In order to enable agents to effectively
communicate with humans through natural language, a critical task is to pro-
vide an effective model of the knowledge as applied by humans in the course of
diaolgue. Fundamentally, the knowledge used by a human to comprehend a cer-
tain linguistic expression can be separated into two types of necessary knowledge;
1) general linguistic knowledge (i.e. as encoded in a grammar and vocabulary)
and 2) world knowledge. In the particular case of understanding reference expres-
sions, the necessary knowledge about the world can be separated further into
a) general world knowledge as well as b) particular perceptual knowledge for
this particular situation. In this case, we broadly define “perceptual knowledge”
as comprising all knowledge generated through human perception of a specific
situation; e.g. the location of the objects in the domain, their colour, shape, etc
and their respective relations to each other. This knowledge is utilized by hu-
mans to produce and understand linguistic reference expressions. Obviously, the
human perceptual apparatus is capable of extracting a potentially intractably
large amount of perceptual knowledge from any given specific real-world situa-
tion and a key problem is to decide which of this information is relevant in which
domain for the given task of language understanding. The majority of previous
work on linguistic reference to a target-object among other distractors, (e.g. [1],
[2], [3], [11], [9]) utilized perceptual knowledge of the attributes of the target and
binary relations between the target and distractors, using surface differences of
the objects. The Incremental Algorithm [3] is an important example of this kind
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of algorithm. These works mostly deal with developing algorithms for the gen-
eration of natural language reference expressions that work sufficiently well in
domains where the objects and distractors have a significant surface difference.

However, there is a significant case of failure within this general framework. In
case no significant surface difference and no binary relation useful to distinguish
the target from the distractors exists, such methods cannot generate a natural
linguistic expression enabling hearers to identify the target. Furthermore, these
methods cannot provide a model to understand any linguistic expression gener-
ated by humans in such a case. This paper seeks to contribute to research in the
area of understanding of reference expressions in such a domain. Previous research
has underlined the importance of perceptual grouping in understanding [12], and
generating [6] reference expressions. Perceptual grouping is defined as the human
ability to recognize similar objects, or objects in close proximity to each other.
Effective understanding of human reference expressions in this specific domain
requires recognition of similar or proximal objects, i.e., perceptual grouping, and
requires making use of n-ary relations among objects in each recognized group.
Research based on this understanding has produced comparably good results in
both the understanding and generation of reference expressions. While this gen-
eral approach has proven valuable in both the understanding and generation of
this type of expression, it has been hampered − both theoretically and in practice
− by a strong limitation on the type and structure of expression. That is, it has
been assumed reference expressions exclusively apply a linear process of narrow-
ing down of the referent (represented by a “Sequence of groups-representation”
(SOG) in [12] and in its generalized form in [6]). However, this means other rela-
tions between sets of perceptual groups (appearing in reference expressions) like
intersection or subtraction cannot be represented.

Data of experiments in several languages (Japanese, English, German, French)
indicate that while the overwhelming majority of expressions (in all four lan-
guages) is based on this type of process, it is far from the only or even always
the most natural one for humans. In particular, humans are capable and in some
cases prefer to refer to different types of relations between sets of similar ob-
jects using either intersection or subtraction. In certain cases this simplifies the
expression significantly or is more natural. For example, in Figure 1, through
use of the expression of “ignoring the three balls in the right back”, the subject
applies a subtraction-relation between the group of all balls in the domain and
the “three balls in the right back”. The target object is referred to from within
the remaining set. This is one example of a process of referring, that cannot
be represented in the previous model. Hence, in order to develop the promising
framework of application of a representation of perceptual grouping in refer-
ence expressions, it is necessary to generalize the existing model such that it
can accomodate these more complex cases. This paper tackles this task. This
will make a contribution to increasing our understanding of the necessary rep-
resentation of perceptual knowledge for the efficient understanding of reference
expressions in human-agent linguistic interaction. Furthermore, it will provide a
general theoretical model of this type of expression.
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Fig. 1. An example of a reference expression using subtraction

For the overall task of constructing an efficient LKR for application in the do-
main of human-agent linguistic interaction, the question of how to represent the
necessary knowledge, including perceptual knowledge, is critical. A solution to
this task will also enable in the future an efficient systematization of this LKR.
Through research into the question of how to represent perceptual knowledge for
the understanding of reference expressions, our work seeks to contribute towards
this aim. As in [12], we consider here that understanding reference expressions
consists of two stages: (a) semantic analysis, i.e., analyzing expressions to extract
semantic information, and (b) referent identification, i.e., discriminating refer-
ents by using extracted information. Below, we describe the proposed generalized
model for perceptual knowledge for understanding of reference expressions. We
will explain how this model handles the more complex cases the previous model
could not deal with. We also explain some modifications of the algorithm for
construction of a representation of perceptual grouping proposed in [12], as ne-
cessitated by the more general model proposed in this paper. We will discuss the
collected data (in English as well as other languages) and the implementation
of the proposed model in a simple prototype that yielded an increase in both
coverage and referent identification. Finally, we will give an overview of future
work on this topic.

2 COG (Combination of Groups): A Formal Model of
Reference Expressions

As stated above, previous work on reference expressions focused on using surface
differences of the objects. However, in the case of the absence of significant
surface difference and if no binary relation useful to distinguish the target from
the distractors exists, such methods failed.

To solve this insufficiency, [12] proposed a method of generating Japanese
reference expressions that utilizes n-ary relations among members of a group.
Necessarily this framework included a representation of the perceptual grouping
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process − called an intermediate “Sequence of groups” (SOG) − representation.
This representation captured the linear process of narrowing down of the ref-
erent. However, their framework only dealt with the limited situations where
exclusively homogeneous objects are randomly arranged (as in Figure 1). Thus,
the representation in their method could only be applied in the case of spatial
n-ary relations, and could not handle attributes and binary relations between
objects which have been the main concern of past research.

2.1 The (Extended) SOG Representation and Its Limitations

We outline here the extended SOG-model and point out its limitations.[12] as-
sumed a situation with randomnly-arranged homogenous objects and focused
exclusively on the representation of the spatial subsumption relations between
consecutive groups. Thus, the intermediate representation of perceptual knowl-
edge they proposed between a reference expression and the situation that is
referred to by the expression, did not explicitly denote relations between groups
in the original SOGs (as shown below).

SOG : [G0, G1, ...Gn]
Gi : a group

In order to take into account other types of relations between groups, [5] proposed
then an extended SOG representation where types of relations are explicitly
denoted as shown below.

SOG : [G0R0G1R1...Gn]
Gi : a group
Ri : relation between Gi and Gi+1

This extended representation accounts for two types of relations between percep-
tual groups: intra-group relations and inter-group relations. Of course, for any
intra-group relation, by definition, Gi subsumes Gi+1, that is, Gi ⊃ Gi+1. Intra-
group relations are further classified into subcategories according to the feature
used to narrow down Gi to Gi+1. In this model, in case Ri is an inter-group re-
lation, Gi and Gi+1 are mutually exclusive, that is, Gi ∩Gi+1 = ∅. However, this
leaves out cases of other inter-group relations, in particular other combinations
of perceptual groups like intersection (Gi ∩ Gi+1) or subtraction (Gi \ Gi+1).
The necessity of incorporating this type of expression can be demonstrated by,
for example, Figure 1 (example from the collected expressions).

2.2 The COG (Combination of Groups) Representation

We propose the Combination of groups (COG) - model as an efficient repre-
sentation of the perceptual grouping process and demonstrate how it resolves
the limitations of the previous approaches. We provide an example analysis in
the COG - model of an expressions that the previous model could not handle.
The COG - representation is a generalization and extension of the (extended)
SOG-representation. Its flexible order of grouping (“linear” and “non-linear”)
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better captures the natural variety of human reference expressions. It includes
the SOG-representation as a special case. The initial SOG-model was extended
by [6] to the case of different relations among sets, which arise in more complex
environments with a number of different objects. However, both the extension as
well as the initial model share the same weakness in not accounting for reference
expressions that include in some form a non-linear process of narrowing down
the referent. In this context, we denote by non-linear process any process that
involves reference to groups of objects, where these different groups are related to
each other neither by a simple subsumption-relation nor by a simple inter-group
relation where the groups share no elements. This means the relation between
the sets is not a subsumption-relation. Furthermore, the intersection of the two
sets is neither empty nor equals any of the two sets.

Thus, in order to improve the model we implemented the generalization that
is able to handle these cases. In order to demonstrate the basic validity of the
proposed generalization, we based our implementation on the simpler earlier
model. However, as the initial as well as the extended SOG-model shared this
same weakness, we note that this generalization is applicable as well for the ex-
tended SOG-model. [12] point out that in their method, “most errors in semantic
analysis are due to non-linearity of referring”. This is because the SOG-model
presupposes linearity in referring and thus cannot handle these cases. We recall
that linearity in this case refers to the fact that between subsequent perceptual
groups exclusively subsumption-relations exist. We conducted a preliminary data
collection experiment. The analysis of the collected data indicated two general
cases of “non-linearity” in referring, i.e. of the existence of relations different from
the subsumption-relation. We noted subjects tended to use either the intersec-
tion or the subtraction − relation. Hence we concentrated on the implementation
of these two relations. Other more complex combinations of these relations are
possible, but they can be reduced to a combination of these two more simple
set-relations. As the name “Sequence of groups” indicates, this previous model
has a “flat” structure, i.e. it only accounts for one type of binary relation to the
immediately preceding group: the subsumption relation. In fact, the subsump-
tion relation is simply a special case of the intersection relation. In contrast, the
proposed COG-model allows an internal structure within the representation of
the perceptual process; i.e. a reference to any previous group or combination
of groups. Thus, this model can correctly represent the cases where the SOG-
model fails (i.e.: subtraction and intersection relation). The general COG-model
includes the following relations where Gn denotes a group or combination of
groups.

(1) intersection of groups : Gi and Gj with the result Gk: Gi ∩ Gj = Gk �= ∅

Gi

Gj

]
∩−→ Gk
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(2) subtraction of groups : Gi and Gj with the result Gk : Gi \ Gj = Gk �= ∅

Gi

Gj

]
\−→ Gk

(3) subsumption relation : Gj ⊂ Gi

Gi −→ Gj

(4) inter-group relation : Gi ∩ Gj = ∅

Gi ⇒ Gj

We can see that while the SOG-model (including in its extended form) only al-
lows unary relations, in our model we include representation of binary relations
between perceptual groups: the intersection as well as the subtraction relation.
Thus, theoretically an arbitrary level of complexity of grouping-(reference) ex-
pressions can be represented in this model. It is quite easy to extend our model
to relations like:

Gi
colour−→ Gj ,

Gi
size−→ Gj ,

Gi
type−→ Gj .

If we incorporated these types of relations into the COG-model, our model would
also be able to deal with the relations handled by the extended SOG-model and
thus include the extended SOG-model as a special case. In the following, we
analyze a characteristic example that cannot be accounted for by the previous
model (displayed in Figure 2)). We provide the analysis of this example based
on our proposed model in detail and then show how and why its analysis fails
in the previous model.

2.3 Example Analysis in COG

In this section we present an analysis of an expression the previous model cannot
handle, but that the COG-model can appropriately analyse. This will demon-
strate how representation of perceptual knowledge in the COG-model is useful for
application in the domain of reference expression understanding. Furthermore,
we will explain how the previous model can be reduced to a special case of the
proposed COG-model. We provide the analysis of a reference expression employ-
ing a subtraction- relation (see Figure 2) between different perceptual groups.
As we pointed out previously, this cannot be handled by the previous model.

We recapitulate the phrase: “Ignoring the three balls in the left back, the ball
in the back”. The analysis in the COG-model would look as follows.

{a, b, c, d, e}

{a, b, c, d, e} −→ {c, d, e}

]
\−→ {a, b} −→ {b}
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Fig. 2. An example of a reference expression including subtraction-relation

First, from the set of all balls {a, b, c, d, e}, the user selects “the three balls in
the left back” {c, d, e}. Thus using the subtraction-relation, from the set of all
balls {a, b, c, d, e} in the domain, the user focuses the attention on the remaining
set of objects {a, b}, from which the target {b} is then selected by using a simple
subsumption-relation. Here it is important to note that the cardinality of the
group of objects of the result of the subtraction-relation {a, b} is not explicitly
referred to. As we noted previously, in the SOG-model, there is no way to repre-
sent this relationship between {a, b} and {a, b, c, d, e} Thus, if we were to try to
provide an analysis based on the SOG-model, this would lead to a representation
as follows.

SOG : [{a, b, c, d, e}R0({c, d, e}R1{a, b})R2{b}]
G0 = {a, b, c, d, e}; G1 = {c, d, e}
G2 = {a, b}; G3 = {b}
In particular we note that the following holds: G1 ∪ G2 = G0.

This type of relation between immediately succeeding groups (G1 ∪G2 = G0)
cannot be represented in the SOG-model. Hence, we see that the SOG-model
fails in this case. We note the SOG-model by [12] is a special case of the proposed
COG-model, in the case that all relations are restricted only to subsumption-
relations and thus only relations to immediately preceding groups are allowed.
This means if for all groups Gi it holds that Gi ⊃ Gi+1 ⊃ Gi+2..., the COG-
model goes over into the simple SOG-model.

2.4 Perceptual Grouping

As pointed out previously, the algorithm for perceptual grouping proposed in
[12] only recognizes groups that are explicitly referred to, with their cardinality
specified (e.g.: “the three balls in the ...”). As pointed out above, in addition
to this type of perceptual grouping, humans carry out perceptual grouping by
exclusion, i.e. “the balls right to the table and ...”. Here the subject forms a spe-
cific perceptual group Gi , without specifying a cardinality of the group. Thus,
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we implemented a simple but conceptually important modification to [12] that
handles these cases. This modification was important particularly in order to
implement the more complex combinations of groups like repeated intersections
and complements. In fact, the limitation of allowing only perceptual groups with
explicit cardinality is closely connected to the linear structure of the SOG-model;
since neither intersection nor subtraction-relations on sets were permitted, the
only way to select a set of certain elements from a super-set is to specify its car-
dinality. Hence, in our generalization to allow a wider range of set-relations, we
needed to implement a concomittant generalization of the perceptual grouping
algorithm proposed in [12].

3 Implementation

Following [12], we consider the general process of reference expression under-
standing to consist of the following two stages (a) semantic analysis, i.e.,
analysing expressions in order to extract semantic information, and (b) referent
identification, i.e. uniquely recognizing referents by using the extracted seman-
tic information. Generally, the methods of [12] are employed for both stages, in
particular in the process of perceptual grouping. However, in both stages some
modification of the methods were implemented.

3.1 Semantic Analysis

A critical task is the extraction of the relevant information from the linguistic
expressions. [12] used a simple pattern matching-technique for extracting the nec-
essary information from the linguistic expressions instead of full parsing. In this
paper, we used the Stanford Parser (see [8]) to extract a basic syntactic structure
based on PCFG (probabilistic context-free grammar) ([7]). This improvement
lays the basis for building an LKR of syntactic structures and associated with it
the necessary information to be extracted for its use in understanding reference
expressions. Information mining and machine learning techniques could then be
applied to facilitate the use of this LKR in the area of human-agent linguistic
interaction. The utilized framework of PCFG is a context-free grammar in which
every production is assigned a probability. The final probability of any parsing
of a specific sentence is calculated as the product of the probabilities of all the
productions in a specific parse. The parse with the highest probability is then
selected by the stochastic grammar.

We then analysed the basic syntactic structures of the user inputs and recog-
nized that to a large degree the syntactic structure gives a good clue as to how
to separate a clause into groups for extracting the required information. In order
to elucidate this process, we give an example in the following:

User input sentence: “the rightmost ball among the three balls at the back
left”. The raw parser output is as follows:
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(ROOT (NP (NP (DT the) (JJ rightmost) (NN ball)) (PP (IN among) (NP
(NP (DT the) (CD three) (NNS balls)) (PP (IN at) (NP (DT the) (JJ back)
(NN left)))))))

Represented as syntactic tree it looks as shown in Figure 3.
The representation in COG would look as follows:

{a,b,c,d,e,f,x}−→{a,b,x}−→ {x}.

Our basic aim is to get from the surface linguistic form to the forming of
perceptual groups corresponding to the formal COG-representation. As the ini-
tial group {a, b, c, d, e, x} is not expressed explicitly, we basically look for how
the following part of the above COG-representation is reflected in the syntactic
structure.

{a, b, x} −→ {x}.

In the example above, we see that the perceptual group G2 = {x} is rep-
resented by the NPA which corresponds to the linguistic surface expression
“the rightmost ball”. The PPB corresponds to the G1 = {a, b, x}. We need
to extract the relation R1 between these two groups G1R1G2 . This relation
can be extracted from the first component of PPB which is INC . The label
INC corresponds to “among” in the linguistic surface form, which indicated a
subsumption-relation. The NPD includes the cardinality of the group “three”
and the location: “back left”. Japanese is a head-final language and hence the

Fig. 3. An example of syntactic structure of user input
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order of sub-expressions in the linguistic surface-form has the same order as the
groups in the SOG and COG representation. This however is obviously different
in languages such as English which are not head-final. In our example case here,
the order of sub - expressions is exactly opposite to the order of groups in the
relevant part of the COG-representation. We note that in both Japanese (as
reported by [12]) as well as in English, the total set is generally not mentioned.
From the syntactic structures collected, there were several regularities which
seem to indicate a fundamental connection between syntactic structure and the
process of perceptual grouping. However, we utilized the observed regularities in
a simple ad-hoc manner for semantic analysis, as the main aim of this work was
to evaluate the proposed COG-model. We acknowledge this is still a very partial
progress to the pattern matching technique employed in [12]. In future work,
a more complete analysis and comparison of different grammatical approaches
should be carried out. In particular, a study of a large amount of testdata could
be the basis for applying learning algorithms over the syntactic structures in
order to enable a more systematic account of the connection between syntactic
structures and the process of perceptual grouping. Based on this work, a deeper
understanding of how the perceptual process of forming groups is reflected in
the syntactic structure can be gained. This in turn could then be applied to im-
proving our representation of perceptual knowledge necessary for human-agent
linguistic interaction.

3.2 Referent Identification

As the next step following the semantic analysis process, we carried out refer-
ent identification by using the extracted information. (It was assumed all the
participants in a specific situation shared an appropriate reference frame.) The
process of the identification of the referent goes from left to right. The members
of each group are identified as a result of the application of a referent identifi-
cation algorithm. The algorithm applied to Gi depends on the relation between
Gi and Gi+1. Each algorithm is fundamentally an identification function with
a set of objects and information to specify referents as arguments. As pointed
out previously, we fundamentally used the algorithm for perceptual grouping as
proposed in [12].

4 An Outline of a Language-Independent Algorithm

An important issue in the future for the construction and design of LKR in
the linguistic domain is its application to a multi-lingual domain. Furthermore,
the question we are concerned with here − namely the effective representation
of perceptual knowledge − should be studied in a multi-lingual environment
in order to discover commonalities as well as differences over the different lan-
guages. In order to facilitate this future work, we outline here how our model can
be implemented in other languages. The proposal of the COG-representation is
based on observations of a data - collection in English, French and German. It
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captures the general structure of reference expressions in these languages. Of
course, in order to implement a system of understanding reference expressions
comparable to the system we prepared for English, the possibly very significant
differences in syntax have to be accounted for. From the test-data, our observa-
tion is that there is no significant difference in the process of perceptual grouping
that would force a fundamental revision of the algorithm proposed in this paper.
However, we found some tendencies of preference of certain types of expressions,
which differed over the different languages. Generally, we observed some inter-
esting characteristics in the collected data in the different languages. German
expressions showed a significant variation in the syntactic structure of the ex-
pressions (as well as the used vocabulary), while the expressions supplied by the
French subjects showed a very high degree of similarity of syntactic structure.
Further study and examination of data in other languages should illuminate this
phenomenon and the connection between cognitive and linguistics processes. In
fact, clarifying the interdependence between cognitive and linguistic processes
and how they differ over different languages would provide an understanding
that could be critical in many areas of natural language processing. In order to
implement and test the proposed model in other languages, in particular the
following modules should be prepared:

– Syntactic parser
The output of the parser should be analysed for indicators in the syntactic
structure of distinct grouping. The analysis of the syntactic structure of the
input expression forms the basis for further information extraction.

– Information extraction-module
Based on the previous step, words/ syntactic structures indicating a partic-
ular set-relation of perceptual groups (e.g.: subtraction - relation in English
“ignoring .̇.” etc.) should be identified and applied to extract the relevant
information.

In our implementation of the methods of referent identification developed in
[12] for Japanese, we noted there was no significant modification necessary for the
application of these methods to English, other than those explained above. Thus,
our data-collection experiment indicates a very universal process of perceptual
grouping. The testdata in English and Japanese − being two languages with
significant differences in syntax − provide at least a good basis for making this
hypopthesis. Our testdata in French and German confirm this hypothesis. Of
course the amount of testdata is very small and thus these hypotheses need to
be tested using a more comprehensive set of data.

5 Evaluation

We implemented the proposed model in Java and applied it to the expressions
collected in our data-collection experiment. We then evaluated the referent iden-
tification accuracy of the proposed model.
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5.1 Experiment

We carried out a data-collection experiment for English, where we provided the
12 different arrangements of balls in a 2-D bird’s-eye image to the subjects (taken
from the appendix in [12]). 12 subjects whose native language is English partic-
ipated in the experiment over the internet. They were provided an arrangement
with the choice to either input an expression they felt appropriate or to abandon
this specific arrangement in case subjects were not able to think of an appro-
priate reference expression. This should have produced 144 expressions, however
7 judgements were abandoned and 15 expressions were either nonsensical or
obviously insufficient to identify the referent. Hence, we obtained 122 English
reference expressions. [12] referred to about 8% of Japanese collected expres-
sions that included non-linearity of referring. In the English data collected in
our experiment, we noted a 7% frequency of reference expressions that include
non-linearity. This points toward very similar frequency of this type of expres-
sion. However, the amount of the English data in particular is small; hence in
order to confirm this hypothesis a larger data set is necessary.

5.2 Results

We did not have the previous system (in Japanese) at our disposal. Thus we
implemented the algorithm as outlined in [12] in English. This was in order to
provide a baseline for our proposed enhanced model. The result of this system
is represented in Table 1 in comparison with the results of the Japanese system,
displayed in Table 2. Our system in English based on the algorithm in [12] gives
largely comparable results to the system of [12] for Japanese. The slight decrease
in accuracy (about 2%) can be attributed in part to a lack of fine-tuning of the
algorithms for perceptual grouping.

Table 1. Results of previous model in English

Expression Pop. Ident.

Total 122 77.0%
Applicable 107 83.1%

Table 2. Results of previous model in Japanese

Expression Pop. Ident.

Total 476 78.8%
Applicable 425 84.7%

Table 3. Results of COG - model in English

Expression Pop. Ident.

Total 122 82.6%
Applicable 114 89.2%
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The result of the implemented system based on [12] in English is represented in
Table 1. It shows that the simple implementation in English yielded a comparable
result to the Japanese system, while having slightly less accuracy. This might be
attributed to slight differences in implementation; e.g. setting of some parameters
in the formulas of the perceptual grouping methods. We then implemented the
GOG-model and the result is represented in Table 3. This implementation of
the GOG-model yielded an increase of 5.6% in comparison to the SOG-model in
English. The final accuracy achieved for English was 82.6%.

5.3 Error Analysis

From the collected expressions, there were two significant types of errors that
are described in the following.

(a) Errors in semantic analysis
There were two main types of errors in semantic analysis. One type of expression
referred to a particular part of the body of the person in the picture as referent,
e.g.: “the one in front of my left shoulder”. The other frequent type of expression
that cannot be handled by our system are expressions that refer to an action,
like : “Take away the two left ones and you’ll have it now as the most left
ones”. There were 3 expressions of this type. This type of expression appeared
in all three languages of our experiment, thus indicating it is not an isolated
phenomenon. A future system should be able to handle expressions of this type
involving actions.

(b) Referent identification
In the main, errors were due to reference to geometric forms − in particular lines
− and our current system cannot handle any perceptual grouping involving this
type of figure. We acknowledge that this is a preliminary evaluation, as the test-
data is less than a quarter of the amount of expressions collected in the other
system.

6 Conclusion

In the framework of research into efficient representation of perceptual knowl-
edge in language understanding, we proposed a generalized model of reference
expressions that seeks to capture the varied forms of reference expressions em-
ployed by humans. We proposed a generalization of a previous model, of which
the previous model is a special case. We demonstrated how our proposed model
can handle several types of expressions that the previous cannot handle. We then
implemented our model. We measured both an increased coverage and increased
identification accuracy in comparison to the previous model in English by 5.6%
to a total identification accuracy of 82.6%. We reported some observations on
the collected data in other languages in comparison and gave an outline of how
to implement this general framework in other languages. Our model has so far
only been implemented in the area of understanding of reference expressions, but
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it should be noted that it could be extended to the generation of reference ex-
pressions. Furthermore, the construction of an LKR, comprising languages other
than English and in particular also a syntactic representation of the linguistic
input is a critical task in the future. The proposed model is simply a linguistic
model of reference expressions in a 2-D environment. In order to increase the
efficiency of human-agent communication it is necessary to incorporate other
channels of communication (“multi- modality”) and combine the information of
these. In the future, we plan to extend and adapt the proposed model in this
thesis to a multi-modal environment. The construction of multi-modal LKR for
application in the human-agent interaction domain in the future is an important
goal and we see our work as a step towards realizing this.
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Abstract. A computational model of cognitive inductive reasoning that accounts 
for risk context effects is proposed. The model is based on a Support Vector 
Machine (SVM) that utilizes the kernel method. Kernel functions within the 
model are assumed to represent the functions of similarity computations based on 
distances between premise entities and conclusion entities in inductive reasoning 
arguments. Multipliers related to the kernel functions have the role of adjusting 
similarities and can explain rating shifts between two different risk contexts. 
Model fitting data supports the SVM-based model with kernel functions as a 
model of inductive reasoning in risk contexts. Finally, the paper discusses how the 
multipliers for kernel functions provide a satisfactory cognitive theoretical 
account of similarity adjustment. 

Keywords: inductive reasoning, Support Vector Machines, context, risk, natural 
language processing, corpus-based conceptual clustering. 

1   Introduction 

A Support Vector Machine (SVM) [13] is an effective pattern learning method.  
Although SVMs are being widely applied to engineering problems, such as document 
searching and image classification, there have been very few applications to 
computational cognitive models.  On the other hand, while a number of computational 
models of cognitive inductive reasoning have been proposed, such as Bayesian 
models (e.g., [9], [10]) and neural network models (e.g., [9], [11]), no models have 
been proposed that tackle context effects on inductive reasoning, even though they are 
often reported in empirical studies (e.g., [1]).  The present study demonstrates that a 
SVM-based computational model is effective in simulating risk-context-dependency 
effects on the processes of human cognitive inductive reasoning.  In particular, the 
proposed model provides a satisfactory cognitive account of risk context effects in 
inductive reasoning in terms of multipliers related to kernel functions. 

Risk-context-dependency effects on inductive reasoning can be observed in ratings 
for one kind of argument (e.g., [5], [7]), such as: 

Person A likes wine. 
Person A doesn’t like beer. 
Person A likes champagne. 
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The strength (the likelihood of the conclusion below the line given the premises above 
the line) of this type of argument depends mainly on the entities in each sentence 
(e.g., “wine”, “beer”, “champagne”), because these sentences share the same basic 
predicate (e.g., “Person A likes ~.” and “Person A doesn’t like ~.”). 

However in real-world situations, even reasoning-based behavior that involves 
such simple argument evaluations can entail some element of risk context.  For 
example, the relatively straightforward situation of giving somebody a present 
involves some risk.  Even if you knew that the person in question likes wine but not 
beer, could you reasonably infer their reactions toward receiving a bottle of 
champagne from you?  In such a situation, your argument ratings would probably be 
different depending on whether the person is your close friend or your easily-upset 
boss.  This suggests that human ratings of argument strength are by their nature 
context-dependent.  In particular, the situational contexts addressed in the present 
study entail ‘concocted’ social evaluations in which argument ratings are scored, and 
each score is set up to imply the argument rater’s social ability. In such situational 
contexts, people tend to avoid the risk of low evaluations about their ‘concocted’ 
social ability.  Furthermore, this study proposes a SVM-based model that accounts for 
the influence of risk context on inductive reasoning. 

The outline of this paper is as follows: First, we describe the empirical phenomena 
of risk-context-dependency effects on inductive reasoning.  Then, after proposing the 
SVM-based model, simulation results are presented.  Finally, we argue that the SVM-
based model provides a satisfactory account of risk context effects on inductive 
reasoning, noting, in particular, how multipliers relating to the kernel functions can 
model the adjustment of similarities between positive premise entities, negative 
premise entities, and conclusion entities, and, thus, explain how argument ratings can 
vary under two different risk contexts. 

2   Risk-Context-Dependency Effects in Inductive Reasoning 

2.1.1   Experimental Procedure  
The experimental task is to rate inductive reasoning arguments on a 7-point scale 
(e.g., [5], [7]), (Figure 1).  Four sets of inductive reasoning arguments that include 
entities from three different semantic domains are rated (see Appendix A).  Each set 
contains eight arguments, and each argument consists of two positive premises, one 
negative premise, and a conclusion.  For the eight arguments of one set, all the 
premises are fixed and combined with each of the eight conclusions.  The premise and 
conclusion statements in these arguments all consist of a combination of a predicate 
(Person A likes ‘~’) and an entity (e. g., steak), such as “Person A likes steak.”  In the 
case of negative premises, the predicate involves a negative verbal form, such as 
“Person A doesn’t like Japanese noodles.”  Unlike the usual inductive reasoning task, 
each rating in this study is scored according to the variation from a ‘concocted’ right 
answer (a particular rating point of 7 points from ‘strongly likely’ ~ ‘strongly 
unlikely’).  Participants were told that the ability to guess the right rating answer 
would be a reflection of their social ability to imagine other person’s preferences.  
The concocted right answer for each argument was assigned by referring to risk-
context-free rating data.  When a rating corresponds to the right answer, it receives a 
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perfect score.  In the over-estimation risk condition, as the argument rating increased 
relative to the right answer, the score reduction also increased.  Conversely, in the 
under-estimation risk condition, as the argument rating decreased relative to the right 
answer, the more the reduction to the score increased.  Score allocations for each 
condition are shown in Table 1.  For the participants in both experimental conditions, 
there was a risk of being low evaluated in terms of their social abilities.  However, 
high-ratings tend to lead to low evaluations in the over-estimation risk condition, 
while low-ratings tend to lead to low evaluations in the under-estimation risk 
condition.  The participants were 77 Japanese undergraduate students, of which 34 
were assigned to the over-estimation risk condition, with the remaining 43 were 
assigned to the under-estimation risk condition.   All the experimental procedure was 
controlled in a web application executed with Internet Explorer 6.0.  The participants 
followed the experimental procedure all together in a computer class.  The 
experimental procedure was divided into 6 stages; the first stage presented the 
experimental instructions to all participants.  The second stage was a practice rating 
session for one of the four argument sets in which feedback about the right answer 
and the current score was shown after each argument rating (Figure 2).  The third to 
the fifth stages were rating sessions for the remaining argument sets without feedback.  
However, during the last of these sessions, the current total score was displayed to 
each participant.  The last stage was an announcement of the total score and the 
ranking in the computer class.  After this procedure was completed, the true purpose 
of the experiment was explained to all participants. 

2.2   Results  

Argument ratings on 7-point scales during the no-feedback sessions were translated 
into numerical scales (1 ~ 7) and were analyzed in terms of the differences between 
the two conditions.  The average ratings over the three sets of arguments (24 
arguments) were 4.011 (SD = 1.365) for the under-estimation risk condition and 3.857 
(SD = 1.425) for the over-estimation risk conditions respectively, which represents a 
significant difference between the two conditions according to a paired t test (p < 
0.01).  In general, the same tendency was observed for each argument set.  These 
results suggest that participants’ ratings are affected by the risk context: in the over-
estimation risk condition, ratings tended to be lower due to applying a strategy of 
avoiding over-estimations that might incur score reductions, while the participant 
ratings in the under-estimation risk condition tended to be higher because of a strategy 
to avoid under-estimations that might incur score reductions. 

2.3   Supplementary Experiment 

In the main experiment, only one kind of predicate (Person A likes ‘~’) was used for 
the inductive reasoning argument.  However, as it might be something of an 
overgeneralization to develop a theory of inductive reasoning solely from the results 
of such an experiment, a supplementary experiment was conducted.  In the 
supplementary experiment, another predicate was used for the inductive reasoning 
arguments.  Furthermore, another four sets of inductive reasoning arguments that 
include entities from three different semantic domains and new predicates were rated 
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Fig. 1. Example of experiment in the under-estimation risk condition (translated into English) 

 

Fig. 2. Example of the rating feedback (in the under-estimation risk condition) 

(see Appendix B).  Each set contained eight arguments, and each argument consisted 
of three positive premises, three negative premises, and a conclusion.  The premise 
and conclusion statements all consisted of a combination of a nonsense predicate (‘~’ 
is bamiysoya) and an entity (a jet plane), such as “A jet plane is bamisoya.”  In the 
case of negative premises, the predicate involved a negative verbal form, such as “A 
trailer is not bamisoya.”  As in the original inductive reasoning task, each rating in 
the supplementary experiment was also scored according to the variation from a 
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‘concocted’ right answer (a particular rating point of 7 points from ‘strongly likely’ ~ 
‘strongly unlikely’).  However, this time, the participants were told that their ability to 
guess the right rating answer would be a reflection of their ability to learn word 
meanings in a new language (e.g., a new word like bamisoya).  Thus, for the 
participants in both experimental conditions, there was risk to receiving low 
evaluations about their language ability.  The two experimental conditions (the under-
estimation risk condition and the over-estimation risk condition) were designed as in 
the original experiment.  The complete procedure was also the same as in the original 
experiment.  Thus, the supplementary experiment was almost identical to the original 
experiment except for the predicates, the entity words, and the number of premises.  
The participants were 119 Japanese undergraduate students who did not join in the 
main experiment, of which 59 were assigned to the over-estimation risk condition, 
with the remaining 60 being assigned to the under-estimation risk condition. 

Table 1. Allocation of scores in each risk condition 

 over 3 points 2 points 1 point 

 

over-
estimating 

over-
estimating 

over-
estimating 

corresponds to 
the concocted 
right answer 

UNDER add 0 add 35 add 65 add 100 
OVER minus 100 minus 65 minus 35 add 100 

 1 point 2 points over 3 points 

 

under-
estimating 

under-
estimating 

under-
estimating 

UNDER minus 35 minus 65 minus 100 

OVER add 65 add 35 add 0 

The results replicate those of the main experiment.  The average ratings over the 
three sets of arguments (24 arguments) were 3.783 (SD = 1.248) for the under-
estimation risk condition) and 3.578 (SD = 1.210) for the over-estimation risk 
condition respectively, representing a significant difference between the two 
conditions according to a paired t test (p < 0.01).  This suggests that the risk context 
effect of inductive reasoning is robust with different predicates in the arguments. 

3   Model 

3.1   A Support Vector Machine by the Kernel Method 

The present study proposes a computational model of inductive reasoning that has the 
same structure as Support Vector Machines (SVMs) [13] based on the kernel method.  
SVMs construct a kind of linear classification model or regression model that have an 
emphasis on generalizing capabilities.  Furthermore, when kernel functions are 
utilized in SVMs, nonlinear classification problems can be solved in a simple linear 
model since the kernel function maps input data onto a space that is capable of linear 
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classifications or regressions.  In general, an SVM regression model by the kernel 
method can be formulated as follows; 

                                                      hxxKyy
S

i
iii −=∑

=1

),(α .                                 (1) 

where y  is the predicted output from an input pattern x, K(xi, x) is a kernel function, 

and xi is one of the learning samples while yi is the right answer.  S is a subset of all 
the learning samples and xi included in S is called a support vector.  These support 
vectors, the right answer, and the parameters αi, and h define a hyperplane 
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In SVMs, the optimal hyperplane is defined in terms of generating capabilities, which 
include not only explanatory capabilities for the learning samples but also prediction 
capabilities for unknown test samples.  Here, the generating capabilities are evaluated 
by the “maximal margin”.  Thus, the selection of support vectors and the estimation 
of constants h andαi (αi > 0) are based on the solution of an optimization problem 
assuming a maximal margin. 

However, in considering human inductive reasoning, the criterion of maximal margin 
does not fit well because it is independent of the reasoning context.  As risk context effects 
on inductive reasoning were observed in the conducted experiments, an alternative theory 
of support vector selection and for estimating constants must be assumed.  Furthermore, as 
the modeling purposes of the present study include the clarification of the cognitive 
mechanisms involved in human inductive reasoning, it is also necessary to provide 
cognitive interpretations of the model parameters and kernel functions.  In the following 
section, a computational model of inductive reasoning inspired by SVMs, but based on 
different original assumptions, is proposed and constructed. 

3.2   Model Construction 

3.2.1   A Corpus Analysis for Feature-Based Space Construction 
In this study, the soft-clustering results for a Japanese corpus are utilized in the 
construction of a feature space to represent premise and conclusion entities.  Based on 
the soft-clustering analysis, the conditional probabilities of feature words given 
particular nouns are computed.  Conditional probability is assumed to represent the 
strengths of relationships between nouns (entities) and their features.  The method of 
soft-clustering is similar in structure to popular methods within natural language 
processing, such as Pereira’s method and PLSI ([2], [3], [6]).  The method assumes 
that the co-occurrence probability of a term “Ni” and a term “Aj”, P(Ni,Aj), are 
represented as Equation (2): 

                            )()|()|(),( kkjk kiji CPCAPCNPANP ∑= ,                             (2) 

where P(Ni|Ck) is the conditional probability of term Ni, given the latent semantic 
class Ck.  Each of the probabilistic parameters in the model, P(Ck), P(Ni|Ck), and 
P(Aj|Ck) are estimated as values that maximize the likelihood of co-occurrence data 
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measured from a corpus using the EM algorithm ([3]).  In this study, the term “Ni” 
represents a noun (entity), and the term “Aj” represents a feature word, such as a verb.  
The number of latent classes was fixed at 200. 

For the actual estimations, the word co-occurrence frequencies used were extracted 
from Japanese newspaper articles, covering a ten-year span (1993-2002) of the 
Mainichi Shimbun.  This co-occurrence frequency data consists of combinations of 
21,205 nouns and 83,176 predicates in modification relations.  CaboCha ([4]), a 
Japanese analysis tool for modification relations, was used for the extraction. 

From the estimated parameters P(C
k
), P(N
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In this study, the latent class C
k 

is assumed to be a semantic category that can be 

described in terms of a typicality gradient [8].  In fact, most of the estimated latent 
classes were identified as meaningful categories, as shown in Table 2.  This 
conditional probability P(C

k
| N

i
) is assumed to represent the strengths of relationships 

between a semantic category and an entity.  When a certain category has a high 
 

Table 2. Examples of categories 

1 0.929

0.555rice cake10
0.594barleycorn9

0.716pizza8

0.720Chinese 
noodle  7

0.734curry6

0.739meat5

0.817vegetable soup4

0.811grain foods3

0.867set meal2

0.876steak1

P(c1|ni)

Category of Foods (c1)

0.555currency10
0.594house9

0.628foreign
bond8

0.657farmland7

0.662cruiser6

0.757real
estate5

0.780building estate4

0.791estate3

0.862government 
bonds2

stock

P(c2|ni)

Category of 
Valuable assets (c2)
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conditional probability given a particular noun, it is natural that the entity denoted by 
the noun has the feature indicated by the category.  Thus, by considering each C as a 
feature dimension, entities can be represented in the feature space constructed from 
the corpus-analysis results. 

3.2.2   The Support Vector Machine Based Model of Inductive Reasoning 

The model outputs an argument strength denoted as v( c
iN ), that is, the likelihood of a 

conclusion including entity c
iN  given a positive premise including entity +

jN  and a 

negative premise including entity −
jN .  This value ranges from -3 to 3 based on a 7-

pointed scale.  v( c
iN ) is represented by the following discrimination function 

constructed from an SVM based on Gaussian kernel functions: 
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+
ijd  and −

ijd  are functions for word distances based on the categorical feature 

(denoted as kC ).  +
ijd  represents the distance between the conclusion entity c

iN and 

the positive premise entity +
jN , while  −

ijd  represents the distance between the 

conclusion entity c
iN and the negative premise entity −

jN .  Here, the number of 

feature words, m, is fixed to 20 (out of 200), on the assumption that only 
characteristic feature dimensions for the concerned entities should be utilized.  Each 

word distance function constructs Gaussian kernel functions, such as SIM+(
c
iN ) and 

SIM-(
c
iN ), when combined with nonlinear exponential functions and the parameter 

β, to which 102 has been applied.  Note that the support vectors in this model 
correspond to positive and negative premise entities within a feature space.  As a 
cognitive interpretation, the Gaussian kernel functions can be regarded as nonlinear 

similarity functions. SIM+( c
iN ) represents the similarities between the conclusion 
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entity 
c
iN  and the positive premise entities, while SIM-( 

c
iN ) denotes the 

similarities between c
iN  and the negative premise entities.  Furthermore, a and b are 

multipliers for the kernel functions that correspond to αi and yi in Equation (1).  Here, 
value 3 is assigned to yi, the right answer for a positive premise support vector while 
value -3 is assigned to yi for a negative premise support vector. Value 3 corresponds 
to the maximum likelihood rating value on a on 7-point scale while -3 the minimum 
likelihood rating value.  Each positive premise support vector has a same value of a 
(αi yi ), while each negative premise support vector also has the other same value of b 
(αi yi ).  This means that equal weights are put on every positive premise, as well as on 
every negative premise.  As αi is greater than 0, if this model’s assumption is valid, 
then the multiplier a should be a positive value while the multiplier b should be a 
negative one.  Moreover, in terms of their cognitive interpretation, these multipliers 
are assumed to fulfill the role of similarity adjustment parameters in making 
responses that are appropriate for the prevailing risk context.  Putting these 
components together, the proposed model assumes that human inductive reasoning is 
based on the following mechanisms: Similarities between premise entities and 
conclusion entities represented as kernel functions can be utilized as argument ratings.  
In addition, similarities are adjusted for according to the prevailing risk context, 
which are represented by the multipliers for the kernel function.  The psychological 
validity of the model’s assumptions can be evaluated by estimations based on the 
ratings obtained from the conducted experiments. 

3.2.3   Evaluation Simulations of the Model Assumptions 
As a simulation, the parameter a and b are estimated based on ratings obtained from 
the experiment using the least-square method, and model performance is then 
evaluated.  At that time, argument ratings on 7-point scales were translated into 
numerical scales (-3 ~ 3).  The parameters for each participant are estimated and 
compared across the two different risk conditions.  Table 3 presents the simulation 
results for the proposed model, which are contrasted with the results from a control 
model (for validation of kernel selection, as described later).  All the values in the 
table are averages for the participants with significant model fitting indices, F ratios.  
n is the number of significant participants.  The results that the data for over 80% of 
the participants fit for the proposed model clearly indicate that the simulations for the 
proposed model were successful for both risk conditions. 

Moreover, the estimated values from the proposed model for the multiplier a are 
positive (a > 0), while the estimated values for the multiplier b are negative (b < 0) in 
both conditions.  This is also consistent with the model’s assumption that argument 
ratings are based on the similarities of conclusion entities to positive premise entities 
and the dissimilarities to negative premise entities.  On the other hand, the absolute 
ratio of the estimated multipliers (|b/a|) in the over-estimation risk condition is 
significantly higher than in the under-estimation risk condition (p<0.05).  This 
indicates that, in the proposed model, the multipliers for the kernel functions fulfill an 
adjustment role that can account for shifts in argument ratings under different risk 
conditions.  As seen in the higher value of |b/a| for the over-estimation risk condition, 
the participants in the over-estimation risk condition placed greater emphasis on the 
dissimilarities between conclusion entities and the negative premise than the 
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participants in the over-estimation risk condition.  In contrast, as seen in the lower 
value of |b/a| for under-estimation risk condition, the participants in the under-
estimation risk condition did not overly stress the dissimilarities between the 
conclusion entity and negative premises. 

Beyond these findings, the validity of kernel selection was also examined.  In 
addition to the proposed model that utilizes Gaussian kernel functions (Equation (5) 
and Equation (6)), a control model employing another nonlinear kernel function of 
distance was also simulated. 

                               ( ) ( )∑
+ +

+ −= n

j ij
c
i dN βlogSIM ,                                        (9) 

                              ( ) ( )∑
− −

− −= n

j ij
c
i dN βlogSIM ,                                       (10) 

Table 3. Simulation results. (** : p<0.01) 

 Kernel functions 

 Proposed model Control model 
 Risk conditions 

 

UNDER 
(n: 35 of 43)

OVER 
(n: 30 of 34)

UNDER 
(n: 33 of 43)

OVER 
(n: 25 of 34) 

averaged 
multiplier a 4.158 3.746 0.218 0.263 

averaged 
multiplier b -3.337 -3.634 -1.381 -1.546 

averaged 
|b/a| 0.821 1.053 5.862 8.864 

range  of 
correlation 
coefficient 

0.500**
~0.797** 

0.472** 
~0.762**

0.003(n.s.)
~0.789**

0.374(n.s.)
~0.715**

maximum 
F ratio 18.337 20.057 17.673 17.090 

 
Note that these functions are also assumed to be kernel functions because they are 

symmetrical functions.  102 was also applied to the parameter β as the default kernel 
function.  As the number n in Table 3 shows, there are also good model fittings for the 
simulation results from the control model, similar to those observed for the proposed 
model.  However, there is no significant difference between |b/a| in the two risk 
conditions in t-test.  Furthermore, there are large individual differences in the ranges 
of correlation coefficients.  From the viewpoint of the robust estimation, Gaussian 
kernel functions in the proposed model are more valid function than that in the control 
model.  In order to further investigate the kernel function validity, yet another control 
model was simulated which utilizes the following simple linear kernel functions of 
distance: 
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If this second control model, which employs linear kernel functions, had also yielded 
good correlation results, similar to the nonlinear kernel function models, considering 
the parsimony of the linear kernel function, it would have necessary to regard that as a 
valid candidate model of inductive reasoning.  However, that was not the case.  In 
sharp contrast to the proposed model, the numbers of the participants with significant 
F ratios are 11 out of 43 in the under-estimation risk condition, and 9 out of 34 in the 
over-estimation risk condition.  These results demonstrate that similarities between 
the premise and conclusion entities cannot be represented by linear kernel functions 
of distance, and Gaussian kernel function is the most valid kernel function. 

4   Discussion 

This paper has demonstrated that the proposed SVM-based computational model 
based provides a valid account of risk context effects on inductive reasoning in terms 
of both data fit and its underlying theoretical interpretation.  Specifically, the 
multipliers related to kernel functions in the proposed model can model the similarity 
adjustments that are observed in the differences for identical arguments rated under 
different risk contexts.  Additional simulations also indicated that linear kernel 
functions are incompatible with the proposed model of risk context effects on 
inductive reasoning. 

Figure 3 is a graphic representation of the similarity adjustment mechanism 
involved in rating the following argument under both risk conditions: 

Person A likes wines. 
Person A doesn’t like beers. 
Person A likes champagnes. 

Note that the similarities between entities (distances in the graphic representation) 
do not change, but rather the response boundaries (the solid and dashed lines) shift.  
These shifts can be attributed to the difference in the absolute ratio for the estimated 
multipliers |b/a|.  The relative adjustment sizes (boundary sizes) for the temporal 
category of “Person A likes” and for the temporal contrastive category of “Person A 
doesn’t like” reflect the relative relations between multiplier a for the similarity to 
positive premise entities and multiplier b for the similarity to negative premise entities 
(“|b|>|a|” in the over-estimation risk condition and “|b|<|a|” in the under-estimation 
risk condition).  With such a mechanism, the conclusion that “Person A likes 
champagne” will be less “likely” in the over-estimation risk condition, while it will be 
more “likely” in the under-estimation risk condition.   In this way, the cognitive 
mechanisms that underlie our empirical findings can be clearly explained by the 
SVM-based model utilizing a kernel method that was originally inspired by 
mathematics (e.g., [13]). 
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Wine

Beer

Champagne

“Person A likes”

“Person A doesn’t like”

(1)The case of over-estimation
risk condition.  

Wine

Beer

“Person A likes”

“Person A doesn’t like”
(2) The case of under-estimation

risk condition. 

Champagne

 

Fig. 3. Similarity adjustment for each risk condition 

Finally, the proposed model has exciting practical application possibilities.  
Previous models of inductive reasoning have utilized knowledge spaces constructed 
from psychological ratings.  However, because the methodology of conducting 
psychological evaluations for the extraordinary number of features and similarities 
required would involve huge costs, the studies have all focused on entities within 
rather restricted domains, such as categories of animal (e.g., [11], [12]).  In the 
proposed model, instead of relying on feature rating data, knowledge spaces were 
constructed from corpus-clustering results.  This means that rating costs are avoided, 
because information for large numbers of words can be computed from a corpus.  
This makes it possible to conduct predictive simulations for many more conclusion 
entities than those used in the experiments outlined in this paper.  Thus, the proposed 
model opens up interesting application possibilities, such as an inductive context 
search engine. 

References 

1. Heit, E., Rubinstein, J.: Similarity and property effects in inductive reasoning. Journal of 
Experimental Psychology: Learning, Memory, and Cognition 20, 411–422 (1994) 

2. Hofmann, T.: Probabilistic latent semantic indexing. In: Proceedings of the 22nd 
International Conference on Research and Development in Information Retrieval:SIGIR 
1999, pp. 50–57 (1999) 

3. Kameya, Y., Sato, T.: Computation of probabilistic relationship between concepts and 
their attributes using a statistical analysis of Japanese corpora. In: Proceedings of 
Symposium on Large-scale Knowledge Resources: LKR (2005) 

4. Kudoh, T., Matsumoto, Y.: Japanese Dependency Analysis using Cascaded Chunking. In: 
Proceedings of the 6th Conference on Natural Language Learning: CoNLL 2002, pp. 63–
39 (2002) 

5. Osherson, D.N., et al.: Category-Based Induction. Psychological Review 97(2), 185–200 
(1990) 

6. Pereira, F., Tishby, N., Lee, L.: Distributional clustering of English words. In: Proceedings 
of the 31st Meeting of the Association for Computational Linguistics, pp. 183–190 (1993) 

 
 



 A Computational Model of Risk-Context-Dependent Inductive Reasoning 307 

7. Rips, L.J.: Inductive judgment about netural categories. Journal of Verbal Learning and 
Verbal Behavior 14, 665–681 (1975) 

8. Rosch, E.: On the internal structure of perceptual and semantic categories. In: Moore, T.E. 
(ed.) Cognitive Development and the Acquisition of Language, pp. 111–144. Academic 
Press, New York (1973) 

9. Sakamoto, K., Terai, A., Nakagawa, M.: Computational models of inductive reasoning 
using a statistical analysis of a Japanese corpus. The Journal of Cognitive Systems 
Research 8, 282–299 (2007a) 

10. Sakamoto, K., Nakagawa, M.: Risk Context Effects in Inductive Reasoning: An 
Experimental and Computational Modeling Study. In: Kokinov, B., et al. (eds.) 
CONTEXT 2007. LNCS (LNAI), vol. 4635, pp. 425–438. Springer, Heidelberg (2007b) 

11. Sanjana, N.E., Tenenbaum, J.B.: Bayesian models of inductive generalization. In: Becker, 
S., Thrun, S., Obermayer, K. (eds.) Advances in Neural Processing Systems 15, MIT 
Press, Cambridge (2003) 

12. Sloman, A.T.: Feature-Based Induction. Cognitive Psychology 25, 231–280 (1993) 
13. Vapnik, V.: The Nature of Statistical Learning Theory. Springer, Heidelberg (1995) 

Appendix 

Appendix A 

Entities used in the simulations and the psychological experiments 
p

company employee

painter

policeman

artist
clerk
designer
storekeeper
chef
director
cameramanNouns used 

as entities of
conclusions

female office worker
Nouns used 
as entities of

negative 
premises

scholar

actorNouns used 
as entities of

positive 
premises

Argument Set 1:  Person A likes <noun>.
(for training session)

company employee

painter

policeman

artist
clerk
designer
storekeeper
chef
director
cameramanNouns used 

as entities of
conclusions

female office worker
Nouns used 
as entities of

negative 
premises

scholar

actorNouns used 
as entities of

positive 
premises

Argument Set 1:  Person A likes <noun>.
(for training session)

chemistry

pharmacology
Japanese literature
English
Hangul
Chinese
arithmetic
mathematicsNouns used 

as entities of
conclusions

FrenchNouns used 
as entities of

negative 
premises

astronomy
physicsNouns used 

as entities of
positive 
premises

Argument Set 2:  Person B likes <noun>.

chemistry

pharmacology
Japanese literature
English
Hangul
Chinese
arithmetic
mathematicsNouns used 

as entities of
conclusions

FrenchNouns used 
as entities of

negative 
premises

astronomy
physicsNouns used 

as entities of
positive 
premises

Argument Set 2:  Person B likes <noun>.
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snacks
pork

bean curd boiled
in water

sushi 
boiled rice with tea

chanko
(Japanese pot dish) 

pizza
curryNouns used as 

entities of
conclusions

Japanese NoodleNouns used as 
entities of

negative premises

chow mein
steakNouns used as 

entities of
positive premises

Argument Set 3:  Person C likes <noun>.

snacks
pork

bean curd boiled
in water

sushi 
boiled rice with tea

chanko
(Japanese pot dish) 

pizza
curryNouns used as 

entities of
conclusions

Japanese NoodleNouns used as 
entities of

negative premises

chow mein
steakNouns used as 

entities of
positive premises

Argument Set 3:  Person C likes <noun>.

stock certificate

currency

one's own house

farmland

real estate

site

corporate bond

government bondNouns used as 
entities of

conclusions

landNouns used as 
entities of

negative premises

foreign loan

The stocksNouns used as 
entities of

positive premises

Argument Set 4:  Person D likes <noun>

stock certificate

currency

one's own house

farmland

real estate

site

corporate bond

government bondNouns used as 
entities of

conclusions

landNouns used as 
entities of

negative premises

foreign loan

The stocksNouns used as 
entities of

positive premises

Argument Set 4:  Person D likes <noun>
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Entities used the supplementary psychological experiment. 

company 
employee

painter

policeman

artist
clerk
designer
storekeeper
chef
director
cameramanNouns used as 

entities of
conclusions

female office 
worker

Nouns used as 
entities of

negative premises

scholar

actorNouns used as 
entities of

positive premises

Argument Set 1:  <noun> is bamisoya
(nonsense word).(for training session)

company 
employee

painter

policeman

artist
clerk
designer
storekeeper
chef
director
cameramanNouns used as 

entities of
conclusions

female office 
worker

Nouns used as 
entities of

negative premises

scholar

actorNouns used as 
entities of

positive premises

Argument Set 1:  <noun> is bamisoya
(nonsense word).(for training session)

bus
train

Ferry
jumbo jet

shallop

fishing boat

taxi
trailer
ward office
aquarium
airplane
buoy
passenger carNouns used as 

entities of
conclusions

prison

Nouns used as 
entities of

negative premises

Nouns used as 
entities of

positive premises

Argument Set 2:  <noun> is dupaepo
(nonsense word).

bus
train

Ferry
jumbo jet

shallop

fishing boat

taxi
trailer
ward office
aquarium
airplane
buoy
passenger carNouns used as 

entities of
conclusions

prison

Nouns used as 
entities of

negative premises

Nouns used as 
entities of

positive premises

Argument Set 2:  <noun> is dupaepo
(nonsense word).
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hiking
dress

visit

visit of 
condolence

celebration

visiting to a shrine

gathering shellfish
wake for the dead

New Year's visit 
to a shrine

enjoying seeing 
cherry blossom

skiing
pajamas
suitNouns used as 

entities of
conclusions

horse riding

Nouns used as 
entities of

negative premises

Nouns used as 
entities of

positive premises

Argument Set 3:  <noun> is hihaerke
(nonsense word).

hiking
dress

visit

visit of 
condolence

celebration

visiting to a shrine

gathering shellfish
wake for the dead

New Year's visit 
to a shrine

enjoying seeing 
cherry blossom

skiing
pajamas
suitNouns used as 

entities of
conclusions

horse riding

Nouns used as 
entities of

negative premises

Nouns used as 
entities of

positive premises

Argument Set 3:  <noun> is hihaerke
(nonsense word).

counselor
Apartment

great image of 
Buddha

iron tower

monument

stone monument

company house
rail
station employee

apartment of a 
housing complex

bronze statue

European-style 
building

veterinarianNouns used as 
entities of

conclusions

luxurious 
domicile

Nouns used as 
entities of
negative 
premises

Nouns used as 
entities of

positive premises

Argument Set 4:  <noun> is yorahim
(nonsense word).

counselor
Apartment

great image of 
Buddha

iron tower

monument

stone monument

company house
rail
station employee

apartment of a 
housing complex

bronze statue

European-style 
building

veterinarianNouns used as 
entities of

conclusions

luxurious 
domicile

Nouns used as 
entities of
negative 
premises

Nouns used as 
entities of

positive premises

Argument Set 4:  <noun> is yorahim
(nonsense word).
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Abstract. Extensive work has been done in recent years on automat-
ically grouping words into categories. For example, {Wednesday, Mon-
day, Tuesday} could be grouped into a ‘days of week’ category. However,
not only grouping the words, but also ordering them is important, e.g.
Monday→Tuesday→Wednesday. The order relation is an important as-
pect that could be used to enrich existing ontologies, to determine the
sequence of actions for planning tasks, and to determine the order of
user’s preferences for a set of items, etc. However, automatically deter-
mining the order relation seems to have been ignored. Pairwise similarity
metric commonly used to cluster words may not be well suited for the
ordering task. Therefore, we propose a new metric designed for the or-
dering task. We utilize statistical proximity features of the terms in the
documents (in a large corpus) in order to determine the order relations
between terms. The effectiveness of the proposed method is verified in
experimental settings against orders provided by human subjects.

1 Introduction

Computational linguistics provides a large body of research on categorization
[1,2,3,4]. For example, many lexical ontologies such as WordNet [5] provide hier-
archical clustering of terms (concepts) based on lexical categorization. However,
in some applications categorical information alone is not sufficient, as illustrated
by the following examples:
– Which restaurant should the recommender system suggest based on cus-

tomer’s reviews that include one of the terms such as {horrible, edible, good,
delicious}?

– What is the correct order of actions for baking a pie {wash, cut, bake, serve}?

To answer the above questions the information about the ordering of the terms
is required. Words may be ordered by various semantic features. Some terms are
ordered by the time feature e.g. past, present, future, by the dimensional feature
e.g. line, circle, sphere, etc. [6]. We propose1 to retrieve information about the
order of the terms by utilizing the empirical observation that words that are part
of sequence tend to appear sequentially in text (e.g. one tends to appear before
three). We extract the information about the terms order, by utilizing statistical
properties of the total and partial orders of the terms in the corpus.
1 The source code, online application, the sequence dataset and additional materials

are available at http://hrstc.org/or

T. Tokunaga and A. Ortega (Eds.): LKR 2008, LNAI 4938, pp. 310–317, 2008.
c© Springer-Verlag Berlin Heidelberg 2008
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2 Related Work

Many works in computational linguistics explore semantic relatedness between
words, clustering of words or concepts by shared meaning, and so forth. Some
methods [1] extract the similarity information from high-quality ontologies con-
structed manually by experts, such as WordNet [5]. Others exploit various com-
putational techniques to measure similarity in a large corpus, such as the Web
[2]. Weeds and Weir [3] provide an excellent survey on distributional similarity
techniques. However, we are not aware of studies that extract or represent the
relation of order among words, or members in a cluster.

The similarity and clustering approaches in their current state are not suitable
for the task of ordering (as confirmed by our evaluation in Section 4), since
similarity information does not necessarily provide the order information. These
approaches are complimentary to our work, in a sense, that we add directionality
to undirected lexical sets.

3 Proposed Approach

Given a set of terms we want to find an order of terms that is representative of
the corpus in which terms occur. In order to achieve this we analyze the order in
which the terms appear in the documents (Section 3.1). The proposed approach
is based on the empirical observations that words that are part of a sequence,
tend to appear after each other in documents. This approach tends to achieve a
high accuracy when there is sufficient data. However, the number of documents
that contain all of the terms could be small or equal to zero (especially when the
number of terms is high). This may make an estimation of the order unreliable.
To cope with this, we propose another method that estimates the order of the
terms from their partial orders (Section 3.2). That is, we estimate the relative
order first (e.g. the term ti usually occurs before the term tj). Then by using
the partial order we estimate the total order of terms in the sequence. In the
following subsections we define the problem in a more formal way, and describe
in detail proposed approaches and their advantages and limitations.

3.1 Total Order Sequence Retrieval

In this approach we try to find the most probable sequence of the terms, by
estimating the probability of the complete sequence occurring in the corpus. Let
us consider a corpus of documents D. A document d ∈ D could be represented
as a sequence of terms w ∈ T in the order that they occur in the document:

d = (w1, w2, . . . , wl), (1)

where l is the number of terms in the document. Let us introduce an operator
‘≺’ – ‘precedes’. An expression (ti ≺ tj), where t ∈ T , means that in a given
document, term ti occurs before tj , and that there could be zero or more terms
between ti and tj . This operator could be applied to an arbitrary number of
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terms e.g. (ti ≺ ti+1 ≺ . . . ≺ ti+n). Let us also define an indicator I that
determines whether a sequence S could be ‘satisfied’ in a document d. That is,
for an arbitrary sequence S = (t1 ≺ t2 ≺ . . . ≺ tn), where t ∈ T and n is the
length of the sequence; we want to determine if for the given document d, there
exist terms w ∈ d that follow the same order as terms t ∈ S. If sequence S =
(t1 ≺ t2 ≺ . . . ≺ tn) could be satisfied in a given document d, then I(S, d) = 1,
if not then I(S, d) = 0. We can calculate the number of documents where the
sequence S could be satisfied as:

df(S) =
∑

d∈D

I(S, d), (2)

where ‘df ’ stands for the document frequency. We can now estimate the proba-
bility of sequence S occurring in the corpus D as:

P̂ (S) =
df(S)
|D| , (3)

where |D| is the number of the documents in the corpus. In practice, we can take
advantage of the corpus index [7] in order to approximate the value of df(S) di-
rectly. The problem of finding the most probable sequence can be formulated as:

arg max
S

P (S). (4)

In order to find the most probable sequence it is necessary to evaluate P̂ (S)
for all n! permutations of the sequence S (where n is a number of terms in a
sequence). This makes the total order approach intractable for longer sequences.
The estimator P̂ (S) is accurate in the cases when the number of documents that
contains all of the terms in S (in arbitrary order) is high. However, in the cases
where the number of documents containing all of the terms in S is small, the
estimator P̂ (S) may become unreliable as confirmed in Section 4. In the next
subsection we propose a method that addresses this limitation.

3.2 Partial Order Sequence Retrieval

Evaluating all of the permutations obtained by total order approach (Section 3.1)
may not be tractable for longer sequences. The full sequence information may
also be biased when only a few documents are available. However, many docu-
ments that lack the total order information, do contain the partial order informa-
tion. For these reasons, we estimate the total order of terms from partial orders.
Hence, the implementation of the task presents a tradeoff among availability of
information, precision, and efficiency.

We are trying to find the most probable sequence of terms S = (t1 ≺ t2 ≺
. . . ≺ tn) such that arg maxS P (S). It is not necessary to extract the order
from the documents that contain all of the terms in S (as in Section 3.1). We
can extract the partial ordering information, even though not all of the terms
appear in the document. For example, if tj tends to occur before tk in the
documents, and tk tends to occur before tl, we can infer that (tj ≺ tk ≺ tl) is
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the most probable order. That is, we can reconstruct the total order of the terms
by utilizing the partial order information.

We can apply the standard sorting algorithms in order to approximate the
total order from the partial orders. When the sorting algorithm requests to
compare arbitrary terms tj and tk we return tj ≺ tk (i.e. tj precedes tk) if
P̂ (tj ≺ tk) ≥ P̂ (tk ≺ tj), and tk ≺ tj otherwise (where the probability of
sequence occurring is calculated by Eq. (3)). Standard sorting algorithms, such
as quicksort, are based on average O(n log n) comparisons between pairs, and
in the worst case O(n2) comparisons (where n is the number of terms in the
sequence). Note that sometimes the obtained partial order information may not
be consistent. That is, we may have a conflicting information e.g tj ≺ tk, tk ≺ tl,
but tl ≺ tj . To cope with inconsistent cases, we terminate the algorithm after at
most n2 iterations and return a probable order.

When the sufficient number of the documents is available, the total order
approach (Section 3.1) would be more accurate than the partial order approach.
The partial order of the terms may change depending on the context in which
they appear. The context of the documents used for the total order is less likely
to change, since all of the sequence terms must appear in each of the documents.

4 Experimental Evaluation

In this section, we evaluate the performance of the proposed approaches
(Section 3.1 and Section 3.2) and a baseline term clustering approach
(Section 4.3).

4.1 Data Set

The dataset for the experiments is comprised of 73 sequences of words (Table 1)
that were collected in the following manner. Five computer science students were
the subjects of sequences collection. Two of them were native English speakers.
Each one of the subjects suggested some sequences and verified all the sequences
suggested by others. The sequences that were not unanimously agreed upon were
removed from the test set, or changed to satisfy all the subjects.

4.2 Error Metric

To evaluate the quality of the acquired sequences in comparison with the se-
quences proposed by the human subjects, we use Kendall tau as a base measure
[8]. The Kendall tau distance counts the number of pairwise disagreements be-
tween two lists. It counts the number of swaps necessary to place one list in the
same order as the other list (normalized by the length of the list). The larger
the distance is, the less similar the two lists are. The Kendal tau distance is
expressed as:

KT (S1, S2)=
|(ti, tj) : ti≺tj , idx(ti, S1)<idx(tj , S1)∧idx(ti, S2)>idx(tj , S2)|

n(n − 1)/2
,

(5)
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Table 1. Some of the sequences used in the evaluation. For the complete list please
see http://hrstc.org/or.

Sun,Mercury,Venus,Earth,Mars,Jupiter,Saturn,Uranus,Neptune,Pluto
byte,kilobyte,megabyte,gigabyte,terabyte
a,b,c,d,e,f,g,h,i,j,k,l,m,n,o,p,q,r,s,t,u,v,w,x,y,z
dawn,morning,afternoon,evening,night
breakfast,lunch,dinner,supper
stand,walk,run
spotless,clean,dirty,filthy
wash,cut,bake,serve
baby,infant,child,teenager,adult,elderly
solid,liquid,gas
planet,solar system,galaxy,universe

where |(ti, tj) : ti ≺ tj, idx(ti, S1) < idx(tj , S1) ∧ idx(ti, S2) > idx(tj , S2)| is the
cardinality of the set of tuples that have pairwise disagreement between two lists
S1 and S2; idx(t, S) refers to the index of the term t in the list S; and n(n−1)/2
is the length normalization factor.

In the current settings, a sequence is considered correct if the order of the
terms is completely reversed. This is due to an unclear ascending or descending
fashion of a sequence. Therefore, we modify Kendall tau (Eq. (5)) to treat the
inverse transpositions equally to the original order:

KT ′(S1, S2) = |2KT (S1, S2) − 1|. (6)

By using a Kendall tau metric, we do not only judge whether the acquired order
was right or wrong, but also approximate the quality of the order by a range of
[0, 1], where 1 stands for identical sequences or the inversely transposed sequence,
and 0 for the non-correlated sequences.

4.3 Baseline Method

Baseline methods for evaluation are difficult to determine since we are not aware
of any previous studies on automatic retrieval of orders. There have been related
work on automatic term clustering [1,2,3,4]. However, many of these methods
rely on the ontologies (e.g. WordNet [5]) or text corpora. Therefore, obtaining the
relation between arbitrary terms may not be possible for these methods, unless
given terms exist in an ontology or a corpus. Recently, a normalized google dis-
tance (NGD) method has been proposed to automatically extract term similarity
information from the large corpus of data [2]. As the proposed approaches, NGD
also utilizes statistical properties of the corpus such as document frequency and
joint probability. For these reasons, we choose NGD as a baseline for the com-
parison with the proposed approaches (Section 3.1 and Section 3.2). NGD uses
the pairwise similarity metric for the automatic terms clustering. The relation
between terms is calculated as:

NGD(ti, tj) =
max{log df(ti), log df(tj)} − log df(ti, tj)

log |D| − min{log df(ti), log df(tj)}
, (7)
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where df(t) is the number of documents that contain term t, and |D| is the
total number of documents in a corpus. Note that the NGD metric is symmetric
i.e. NGD(ti, tj) = NGD(tj , ti). Using NGD the sequence score is calculated by
aggregating the NGD score for the term’s relations in the order that they occur
in the sequence, i.e.:

NGD(S) =
n−1∏

i=1

NGD(ti, ti+1), (8)

where ti refers to the ith term in the sequence S. The top sequence is deter-
mined as:

argmax
S

NGD(S). (9)

4.4 Results

We evaluate the performance of the proposed total order approach (Section 3.1)
and the proposed partial order approach (Section 3.2) with the baseline NGD ap-
proach (Section 4.3). Methods are evaluated on the dataset described in
Section 4.1. Although, these methods are extendable to any of the search engines
that provide proximity search capability, in this paper we present experiments
conducted with the use of Yahoo API [9]. We evaluate methods by using several
metrics. The accuracy is measured by the number of correctly obtained orders.
The quality of the obtained sequences is measured by a modified version of a
Kendall tau (KT) distance metric (as described in Section 4.2). We also evaluate
the quality of the sequence when sufficient information is available (df > 50).
The performance of the methods in relation to the sequence length is measured
by the average length of the correct sequence. Running time is measured by the
computational complexity. Results of the evaluation are shown in Table 2. Pro-
posed approaches outperform the baseline NGD method on all of the metrics.
We discuss obtained results in more detail in the following paragraphs.

Table 2. Comparison of methods for order retrieval. Proposed methods are indicated
by ‘∗’. Best performing method for a given metric is indicated by ‘◦’. For the sequence
quality, a higher value of Kendall tau distance corresponds to a better sequence quality
(score of 1 corresponds to the correct sequence). For details see Section 4.4.

NGD Total Order∗ Partial Order∗

Accuracy (binary loss function) 9.5% 35.6% ◦39.7%
Avg. Sequence Quality (KT) 0.39 0.42 ◦0.63
Avg. Sequence Quality (KT, df > 50) 0.39 ◦0.96 0.63
Avg. length of correct sequences 3.3 4.3 ◦5.5
Computational Complexity O(n!) O(n!) ◦O(n2)
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Term Clustering Approach (Baseline): In this paragraph we examine perfor-
mance of the baseline term clustering method NGD [2] (Section 4.3) on the task
of term ordering. Term clustering (lexical similarity) approaches allow us to
group terms together, although ordering of the terms is not intended, and may
not be well suited for obtaining term ordering as confirmed by evaluation results
(e.g. the accuracy of NGD is 9.5% in comparison to 35.6% and 39.7% of the
proposed methods as shown in Table 2). NGD is not well suited for the ordering
task, since it is symmetric (i.e. it does not contain directionality). That is, the
relation between Monday and Tuesday is the same as the relation between Tues-
day and Monday, i.e. NGD(Monday, Tuesday) = NGD(Tuesday, Monday).
Symmetricity of the NGD metric probably hinders its performance. In general,
metrics that are used for clustering may not be well suited for ordering tasks.
In addition, the computational complexity of applying pairwise similarity in or-
der to find term’s sequence is O(n!), which makes it not tractable for longer
sequences.

Total Order Approach (Proposed): The proposed total order approach works
well, when the sufficient number of documents is available (as discussed in
Section 3.1). When sufficient data is available, the quality of the order acquired
by this approach is impressively high, Kendall-Tau of 0.96 (max is 1) for the
retrieved sequences, when the data from more than 50 documents was available
i.e. df > 50. However, even in a huge corpus, not all the information is available,
and in more than 58% of the cases it was difficult to acquire all the needed infor-
mation. Out of the total of 73 sequences in the dataset, for the 38% of sequences
there were no documents that contained all of the terms of the sequence i.e.
df = 0; further 20% of the sequences had fewer than 50 documents i.e. df < 50 .
With df < 50 sequences , Kendall-Tau for the retrieved sequences was only 0.42.

Partial Order Approach (Proposed): The proposed partial order approach is able
to construct a total order by utilizing the partial order information available in
the documents. To illustrate usefulness of the partial order approach, consider
the query “wash ∗ cut ∗ bake ∗ serve” that represents rough order of actions
for baking a dish. This query retrieves no documents i.e. df = 0 . Its inverse
transposition as well as other transpositions, all result in df = 0. However, by
combining the available partial order information using the proposed approach
returned the expected wash, cut, bake, serve as the retrieved order of terms. The
partial order approach achieves the best performance on most of the metrics.
However, in cases when the sufficient information is available, it is outperformed
by the total order approach.

5 Conclusion

The term order is an important relation that could be used in many practi-
cal applications e.g. to find a sequence of actions for planing tasks, to arrange
terms by a certain feature (e.g. for recommender systems), etc. In this paper, we



Order Retrieval 317

proposed to automatically determine the order of terms. We have shown that
existing similarity metrics may not be well suited for the ordering task; and,
in turn, proposed a metric that utilizes the statistical proximity information to
retrieve the order of the terms.

There are several tradeoffs that should be taken into account when extracting
the order of the terms. Examination of all possible permutations leads to O(n!)
time complexity (where n is the length of a sequence) that is intractable even
for relatively short sequences. We can reduce the time complexity to O(n2) and
maintain a fairly good accuracy, by utilizing the partial order to approximate
the total order of the terms in the sequence.

Another tradeoff to consider is the availability of information as opposed to
accuracy. When sufficient amount of information is available, the precision of
the total order approach is excellent. However, in our experiments sufficient
information was available in less than 50% of the cases. Using the partial order
information such as the ordering between pairs of terms increases the recall but
reduces the accuracy.

We hope there will be more works dealing with the term ordering. The source
code, online application, the sequence dataset and additional materials used in
this paper are made available at http://hrstc.org/or.
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Abstract. This study examines the speech styles used in the addresses of 27
Japanese prime ministers. As computational linguistics has developed, and many
on-line corpora and new types of texts have been produced along with the growth of
the Web, the statistical analysis of styles has expanded in scope. In an exploratory
examination of the styles of prime ministers’ Diet addresses, we clarified that the
styles of the addresses reflect the general changes in Japanese usage and the in-
dividual styles of the prime ministers. This study indicates that stylistic methods
are useful for historical analysis of political texts. They can be applied for more
large-scale data and various research topics in humanities and social science.

1 Introduction

This study examines the speech styles used in the addresses of 27 Japanese prime min-
isters. As computational linguistics has developed and many on-line corpora and new
types of texts have been produced along with the growth of the Web [1], the statistical
analysis of styles has expanded in scope. In addition to the conventional usage of the
method for detecting authors and registers [2], it is now also used for examining the
historical consciousness of texts [3].

Turning our eyes to the field of politics, political speeches have attracted growing at-
tention as the role of the media and the performance of politicians increase in importance
in contemporary politics [4]. Among such speeches, prime ministers’ Diet addresses are
regarded as the most important material for analyzing Japanese politics [5, 6] though to
date there have been few studies carried out that systematically analyze them.

Against this background, we are currently conducting systematic analyses of
Japanese prime ministers’ Diet addresses after World War II. We have been conducting
four types of analyses, namely macroscopic and microscopic analyses of the content
and style. These four types of analyses, the distinction between which we first proposed
in another study [7], enable us to fully explore the linguistic and political implications
of the texts. The first author has shown that the frequencies and co-occurences of several
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content words represent the macroscopic transitions of Japanese foreign perception [8],
and together we have also demonstrated that the distributional characteristics related
to nouns clearly represent the political styles of two powerful Japanese prime minis-
ters [7]. In addition to these analyses of the content of the addresses, stylistic analysis
can be used to clarify the changing language usages of prime ministers and how these
reflect their personal or individual styles. This study indicates that stylistic methods are
useful for historical analysis of political texts. They can be applied for more large-scale
texts and various research topics in humanities and social science.

The rest of this paper is organized as follows. In Section 2 we describe our data,
and in Section 3 explain the point of view from which we approach our subject. In
Sections 4 and 5 we set out our results, and in Section 6 make concluding remarks.

Table 1. Basic data on the addresses

Name Initial Entered office Addresses Total (all) Mean (all) Total (p) Mean (p) Total (av) Mean (av)
HIGASHIKUNI Naruhiko HN 8/1945 1 5779 5779.0 1671 1671.0 646 646.0
SHIDEHARA Kijuro SK 10/1945 1 2981 2981.0 827 827.0 350 350.0
YOSHIDA Shigeru YS1 5/1946 3 5426 1808.7 1505 501.7 730 243.3
KATAYAMA Tetsu KTe 5/1947 2 9072 4536.0 2489 1244.5 1219 603.5
ASHIDA Hitoshi AH 3/1948 1 3506 3506.0 1065 1065.0 460 460.0
YOSHIDA Shigeru YS2 10/1948 16 26685 1667.8 7256 453.5 3274 204.6
HATOYAMA Ichiro HI 12/1954 5 8318 1663.6 2460 492.0 988 197.6
ISHIBASHI Tanzan IT 12/1956 1 2665 2665.0 789 789.0 280 280.0
KISHI Nobusuke KN 2/1957 9 18089 2009.9 5194 577.1 2041 226.8
IKEDA Hayato IH 12/1960 11 35220 3201.8 10090 917.3 3714 337.6
SATOH Eisaku SE 11/1964 21 56731 2701.5 16316 777.0 5681 270.5
TANAKA Kakuei TK 6/1972 4 15097 3774.3 4363 1091.0 1758 367.0
MIKI Takeo MiT 12/1974 5 18222 3644.4 5298 1059.6 2224 444.8
FUKUDA Takeo FT 12/1976 5 17030 3406.0 4794 958.8 2121 424.2
OHIRA Masayoshi OM 12/1978 4 15629 3907.3 4710 1177.5 1594 398.5
SUZUKI Zenko SZ 6/1980 4 13878 3469.5 4103 1025.8 1315 328.8
NAKASONE Yasuhiro NY 11/1982 10 47422 4742.2 13761 1376.1 4249 424.9
TAKESHITA Noboru TN 11/1987 4 18448 4612.0 5411 1352.8 1758 439.5
UNO Sosuke US 6/1989 1 3669 3669.0 1110 1110.0 367 367.0
KAIFU Toshiki KTo 8/1989 5 23541 4708.2 6194 1399.8 2070 414.0
MIYAZAWA Kiichi MK 11/1991 4 19110 4777.5 5849 1462.3 1707 426.8
HOSOKAWA Morihiro HM 8/1993 3 14609 4869.7 4710 1499.0 1368 456.0
HATA Tsutomu HT 4/1994 1 4185 4185.0 1297 1297.0 433 433.0
MURAYAMA Tomiichi MuT 6/1994 4 20454 5113.5 6194 1548.5 1846 461.5
HASHIMOTO Ryutaro HR 1/1996 5 26809 5361.8 7907 1581.4 2076 415.2
OBUCHI Keizo OK 6/1998 5 20702 4140.4 5992 1198.4 2040 408.0
MORI Yoshiro MY 4/2000 4 20149 5037.3 5846 1461.5 1772 443.0
KOIZUMI Junichiro KJ 4/2001 11 46996 4272.4 13646 1240.5 3691 335.5

p: particles.
av: auxiliary verbs.

2 Data

The corpora we used in this study consists of 150 Diet addresses1 covering 28 terms
in office of 27 Japanese prime ministers from 1945 to 2006.2 We downloaded the

1 The texts of the speeches were written down by secretaries in shorthand.
2 Yoshida was elected prime minister twice. We treated these two terms of office as different

periods.
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addresses from the on-line database Sekai to Nihon (World and Japan)3 and merged
all the addresses for each prime minister to make a single text for each. We applied
morphological analysis to the addresses using ChaSen, a Japanese morphological analy-
sis system [9]. The number of tokens for all words, particles and auxiliary verbs were
520422, 151440, and 51482 respectively, and the number of types were 11571, 111, and
60 respectively. Table 1 sets out each prime minister’ name, initial, date of entry into
office, number of addresses, and total and mean number of tokens for all words, parti-
cles and auxiliary verbs. We united 8 combinations (16 types) which were distinguished
only by notational differences (kanji and kana in Japanese). The numbers of types of the
particles and the auxiliary verbs used for our analysis were 105 and 58 respectively.4

3 Observational Viewpoint

The characteristics we analyzed in this study were the length of sentences and the rel-
ative frequencies of particles and auxiliary verbs. Our purpose was not to classify the
texts but to examine the transitions in the above characteristics, and so we analyzed the
characteristics separately, instead of merging various ones together.

The length of sentences has been frequently analyzed in authorship attribution and
other stylistic studies in English [e.g. 10] and Japanese [e.g. 11]. It can indicate the
changing language usages and personal or individual styles of prime ministers. Though
its reliability as an indicator of style has been questioned [12, 13], it is still considered
to be useful in a specific register. In order to clarify whether or not it would be an
effective means of distinguishing the authors, we conducted an analysis of variance on
the consolidated texts of the addresses of each prime minister before analyzing them.

The distribution of the particles was shown to be a reliable method for distinguishing
between different authors in Japanese [14]. We also analyze the distribution of the aux-
iliary verbs in order to shed further light on the personal or individual styles of prime
ministers; the use of both parts of speech are related to each other, and represent the
modality of the texts, useful information for characterising personal and sentimental
aspects of the texts [15].

We carried out two multivariate analyses; principal component analysis with covari-
ance matrix of the features, and cluster analysis with correlation distance and average
method. Principal component analysis was first carried out to view the classification of
the authors in a scatter plot and to clarify the factors classifying the addresses as prin-
cipal components. In order to confirm the results of the principal component analysis,
we carried out hierarchical cluster analysis. As we adopt an exploratory approach to
characterizing the styles of authors, it is useful to confirm the results by several multi-
variate analysis methods. As the results of cluster analysis depend to a significant extent
on the distance and clustering method, we selected those reproducing the classification
produced by principal component analysis most clearly.

We applied the multiscale bootstrap method [16] developed by Shimodaira
[17, 18, 19] to the clusters. It replicates the data by random resampling and calculates

3 www.ioc.u-tokyo.ac.jp/˜worldjpn/index.html
4 Seven types were used both as particles and as auxiliary verbs. We treated them as different

words.
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approximately unbiased p-values (AU p-value) presenting reliability of the results to
the fluctuations of the sampling of the data. By using the multiscale bootstrap method,
the sample size of the replicated data is altered and a third-order accurate p-value is
obtained [17, 18, 19]. The bootstrap processes were repeated 10,000 times for our data.
Our aim in using the bootstrap method in this study was not only to confirm the reliabil-
ity of the results themselves but also to use the reliability (including unreliable clusters)
for identifying the authors with an exceptional AU p-value.

4 Transition of the Length of the Sentences

In Fig. 1, the solid line shows the mean value of the length of the sentences and the
dotted lines show the standard deviations, and the mean value for each prime minister is
indicated by his initial (see Table 1). Longer sentence lengths result in higher standard
deviations. The relationship between the two measures is expressed by the following
formula: y = 0.47x − 1.09 (x: mean, y: standard deviations, R2 = 0.62).

In order to confirm whether sentence length would be a reliable indicator for distin-
guishing between the different authors (prime ministers), an analysis of variance was
conducted. As the addresses before Yoshida’s second term in office (YS2) had a small
number of tokens, which could affect the results, the analysis was carried out on two
groups of data; the length of the sentences of all prime ministers and those of prime
ministers after Hatoyama (HI). The p-values we obtained were 0.22 and 0.03 respec-
tively. As the p-value for all prime ministers was not significant but it was significant for
those after Hatoyama (p < 0.05), the results demonstrated that the sentence length is an
effective indicator distinguishing the author of the addresses, at least after Hatoyama.

Fig. 1 shows that the prime ministers’ addresses have continuously changed over
time. The length of the sentences used in the addresses decreased overall in the period

30
40

50
60

Time

Le
ng

th
 o

f t
he

 s
en

te
nc

es

YS1

KTe

AH

YS2
HI

IT

KN

IH

SE
TK

MiT

FT
OM

SZ

NY
TN
USKTo

MK

HM

HTMuTHR

OK

MY

KJ

1950 1960 1970 1980 1990 2000

Fig. 1. Transition of the sentence length



322 T. Suzuki and K. Kageura

bracketed by Ishibashi (IT) and Miki’s terms in office, increased to reach a peak during
Hosokawa’s administration, and then decreased again. This shows that the era affected
the length of the sentences used by the prime ministers.

Fig. 1 seems to indicate that Ishibashi (IT) and Hosokawa (HM) used exceptionally
longer sentences and Miki (MiT) and Koizumi (KJ) used exceptionally shorter ones.
We used the F test and t test to confirm whether this was the case. As the p-values
obtained from the F tests were less than 0.01 in all cases, Welch t tests were conducted.
The p-values obtained from the t tests were also less than 0.01 in all cases. The results
show that Ishibashi and Hosokawa did use significantly longer sentences, and Miki and
Koizumi significantly shorter ones. The addresses of these prime ministers thus contain
rather individual sentence lengths.

5 Multivariate Analysis of the Distribution of Particles and
Auxiliary Verbs

5.1 Principal Component Analysis

We carried out principal component analysis of the distribution of particles and auxil-
iary verbs in the prime ministers’ addresses. Fig. 2 shows the scatter plot of the first two
principal components. Prime ministers’ addresses are indicated by their initials (see Ta-
ble 1). As the proportion of variance accounted for by the first principal component was
46.03% and the cumulative proportion of variances accounted for by the first two prin-
cipal components was 64.89%, we focused on these two principal components. The first
principal component shows the effect of the era because older prime ministers fell to the
left-hand side of the scatter plot, and those of more recent eras to the right-hand side.
The second principal component may show the number of tokens because prime min-
isters who had a small number of tokens (HN, SK, YS1, KTe, AH, YS1, HI, US, HT)
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tended to fall towards the top of the scatter plot, though it is difficult to clearly define
the meaning of the second principal component.

In the scatter plot, three main groups of prime ministers’ addresses can be observed,
as follows: (a) 1956-1964 Ishibashi (IT) - Ikeda (IH) (including 1976-1978 Fukuda
(FT)); (b) 1964-1989 Sato (SE) - Takeshita (TN); and (c) 1989-2006 Kaifu (KTo) -
Koizumi (KJ). These groups roughly correspond to the era. As the first principal com-
ponent shows the effect of the era and many prime ministers fell into groups according
to the era, we conclude that the era was the most dominant factor affecting the use of
particles and auxiliary verbs in the prime ministers’ addresses.

Ishibashi (IT), Hosokawa (HM) and Koizumi (KJ), who had longer or shorter sen-
tence lengths, were grouped with their contemporaries, meaning that they used particles
and auxiliary verbs in a similar way to them. Miki, another prime minister who had
individual sentence lengths, fell into a rather isolated position, meaning that he used
particles and auxiliary verbs in a different way to other prime ministers. Only Miki had
this characteristic except prime ministers who had a small number of tokens (HN, SK,
YS1, KTe, AH, HI, US, HT) and Yoshida in his second term in office (YS2).5

5.2 Cluster Analysis

In order to confirm the results of the principal component analysis, we used hierarchical
cluster analysis with correlation distance and average method, as those most clearly
reproducing the classification of the scatter plot of the first two principal components.
We calculated the AU p-values of the clusters using the multiscale bootstrap method.
The dendrogram constructed by the cluster is shown in Fig. 3. Most clusters have high
AU p-values, but that between Ashida (AH) and Miki (MiT) has a low AU p-value
(74%). All the prime ministers’ addresses except Miki’s clearly fell into one of two
eras. The obtained clusters are as follows: (a) 1945-1954 Higashikuni (HN) - Second
period of Yoshida (YS2) and 1974 - 1976 Miki (MiT) and (b) 1954-2006 Hatoyama (HI)
- Koizumi (KJ). The larger cluster (more recent prime ministers’ addresses) is divided
into a further two eras as follows: (b-1) 1954-1987 Hatoyama (HI) - Nakasone (NY) and
(b-2) 1987-2006 Takeshita (TN) - Koizumi (KJ). Prime ministers from 1954 to 1987 are
clustered in the left-hand group, those after 1987 in the center group, and those before
1954 and Miki in the right-hand group. The three groups of prime ministers’ addresses
outlined in Section 5.1 (1956-1964, 1964-1989, 1989-2006) are roughly grouped into
the center cluster (1954-2006). These results confirm that the classification of the era is
the most dominant factor affecting prime ministers’ addresses.

Ishibashi (IT), Hosokawa (HM) and Koizumi (KJ) were clustered with their contem-
poraries in Fig. 3. Miki (MiT) was the only prime minister who was not, and who was
clustered with a low AU p-value. These results show that he used particles and auxiliary
verbs in a more individualistic way.

The findings of this study can be summarized as follows: (a) the styles of prime min-
isters’ Diet addresses have changed over time, and (b) Miki’s addresses have a special
style. Finding (a) could indicate that changes in Japanese usage have had rather strong

5 Yoshida in his second term in office (YS2) had a large number of tokens. However, as all his
contemporaries had a small number of tokens, he fell into a rather isolated position.
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effects on the styles of prime ministers’ addresses.6 It leads us to think that the Diet ad-
dresses had a rather monotonous character reflecting the fact that they were delivered in
a formal register and drafted by bureaucrats [c.f. 22]. Finding (b) indicates that Miki’s
addresses had a special individual style. An earlier qualitative study of Japanese politics
stated that Miki hated to rely on bureaucrats and wrote his addresses by himself [22].7

His special style of politics and habit of drafting his addresses himself appear to have
given his addresses different stylistic characteristics. From finding (b), we conclude that
prime ministers’ individual political styles could also affect their speech styles.

6 Conclusion

This study examined the speech styles used in the addresses of 27 Japanese prime min-
isters. Our exploratory analysis clarified the changing language usage and individual
character of different prime ministers, thus indicating that stylistic methods are useful
for historical analysis of political texts. They can be applied for more large-scale data
and various research topics in humanities and social science.

In further studies, we will conduct microscopic analysis focusing on the styles of
individual prime ministers in addition to this macroscopic analysis. This will clarify the
relationship between speech styles, and the prime minister’s personal or individual style
in detail, and enrich the findings of this study.

6 In order to confirm this point, we compared the changing usage of prime ministers’ addresses
to language use in Japanese magazines [20, 21]. As the increase or decrease of eight of the
10 words which positively or negatively contributed to the classification of the scatter plot
of the first two principal components correlated with the increase or decrease of these words
in magazines, it is probable that the changing language usage in prime ministers’ addresses
reflected changes in Japanese usage in general.

7 Japanese prime ministers’ Diet addresses are usually drafted by bureaucrats, and revised and
completed by prime ministers themselves [22].
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Abstract. Because the success or failure of e-learning often depends on
a subjective evaluation, it is difficult for one success to be applied to other
attempts. In this paper, we propose a method of objectively evaluating
e-learning’s educational effects with respect to logical thinking ability.
We show the effectiveness of our method in evaluating the education ef-
fects of an e-learning site “e-Classroom” (http://www.e-kyoshitsu.org/).
The objective evaluation indicated the following effects. (1) Though there
were some effects in the whole class, only a few attributes improved sig-
nificantly. (2) Some persons improved considerably.

Keywords: Logical thinking ability, Learning community, BBS, Quali-
tative evaluation, Quantitative evaluation.

1 Introduction

Even when organizers and participants say that their learning experiences have
gone well, it is not certain that they succeed actually because their evaluations
are usually subjective. Then it is difficult for one success of an e-learning to be
applied to another attempt. In this paper, we propose an objective evaluation
method of the educational effects of e-learning with respect to logical thinking
ability, which is an important ability in international society but Japanse seem
weak in generally. “E-Classroom” [1,2] is a unique advanced e-learning commu-
nity whose social evaluations are high. We show the effectiveness of our method
by applying it to student postings contributed to the bulletin board system of “e-
Classroom”. Since our evaluation method is based on objective attributes with
respect to the logical thinking abilities, it can be applied to other e-learning.

This paper is organized as follows. Section 2 introduces “e-Classroom” and
the Super Science High School and describes the growing importance of logical
thinking in our society. Section 3 describes the evaluation method of the logical
thinking abilities by analyzing bulletin boards of e-learning sites. By applying
the evaluation methods to “e-Classroom” given in Section 3, we show the effects
of “e-Classroom” on logical thinking abilities in Section 4. We conclude our study
and present plans for future work in Section 5.
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2 Preliminaries

2.1 E-Classroom

“E-Classroom” is an advanced learning community for secondary school students
beyond the usual curricula on the Internet in cooperation with teachers, math-
ematicians, scientists, and other researchers who are colleagues of Prof. Noriko
Arai. It was founded in 2002 and is tuition free. About 800 students who re-
sponded to a public advertisement and a request from secondary schools have
participated in “e-Classroom” over the last six years. “E-Classroom” has the goal
of better enabling students to choose their futures according to their individual
aspirations so that they may live happily in the new century. For students to
be able to make the best choices for them, we think that the necessary abilities
are (1) logical thinking, (2) creativity, (3) presentation skills, (4) communica-
tion skills, and so on. Moreover, Prof. Arai has developed an information portal
system, called “NetCommons” [4].

One of the subjects of the “e-Classroom” is called “Writing-in-Math!” [3].
This is a subject to practice talking logical thinking by writing expressions se-
quentially in the form of mathematical proofs. One of the main purposes of this
subject is the promotion of logical thinking. Logical thinking requires the follow-
ing abilities: to understand structure of problem adequately, to think reasonably
about the problem, and to express logically. However, because Japanese favor
communication without languages and they communicate through indirect ex-
pressions [5], they often lack means to express ideas clearly. So, it is necessary
for Japanese to think and express logically.

Learners can learn more with the enhanced asynchronous bulletin board func-
tion. As a general study method, the teaching staff composed of researchers and
educators present an open-ended problem on the bulletin board. The learner
writes the answer to the topics he or she is given by using the limited expressive
medium like writing and drawing over the Internet to all others involved in the
class. Teaching staffs give advice for the learners to consider for his or herself
and ask the learner to word their responses concisely. The learner considers the
comments and contributes again. The educational philosophy is that the logi-
cal thinking is promoted through such experiences. In this way, we believe that
“e-Classroom” is a very interesting educational place.

2.2 Super Science High School

The Japanese Ministry of Education, Culture, Sports, Science and Technol-
ogy (MEXT for short) has designated several upper secondary schools as ones
that prioritize science, technology, and mathematics education. Such schools are
called Super Science High Schools (SSHs for short).

SSHs permit curricula exceeding the course of study. One SSH has used “e-
Classroom” for its “mathematical discovery” class.
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3 Evaluating Logical Thinking Abilities

To assess “e-Classroom”’s effect on the students’ logical thinking ability, we
quantitatively and qualitatively analyzed their contributions to the class.

3.1 Assumptions

We assumed that persons having a high level of logical thinking abilities would
write sentences having the following attributes.

(1) Expressions are well formed, logical and consistent.
(2) Expressions are long but not redundant.
(3) There are no sentences including too much content.
(4) There are reasons of answers.
(5) There are explanations which help readers.
(6) Appropriate variables are used (e.g. “Let X be a ...”).
(7) Appropriate conjunctions such as ”On the other hand”,”Hence” are used.
(8) Conclusive expressions are used.
(9) To make sentences easier to understand, there are various expressions such

as illustrations, appropriate citations, explanations using figures and tables.

3.2 Approach for Evaluations of Logical Thinking Abilities

We evaluated the logical thinking abilities of the whole classes as follows.

1. We stored contributed postings as “e-Classroom” logs, each of which included
attributes such as name, date, title, and body.

2. We computed the values of every attribute by analyzing each contribution.
For example, we computed the values of (i) logical attributes such as intuitive
evaluation, number of reasons, and correctness of reasons; (ii) attributes over
strings such as title, author name, date, and time; (iii) numeric attributes
such as numbers of characters, commas, punctuation marks, paragraphs,
replies, and conjunctions; (iv) attributes of expressions such as conclusive or
estimative expressions, illustrations, citations for previous sentences, tables
and figures, itemizations, and explanations; (v) subjective attributes such as
confidences and willingness. We can automatically compute the values of the
attributes if they can be objectively measured. Subjective attributes have to
be determined under mutual agreement of three persons.

3. To evaluate the improvement in logical thinking ability, we divided the learn-
ing period in half and analyzed postings contributed during each period.

We evaluated the abilities of individual students as follows.

1. We stored all postings contributed by each student and value thir attributes.
2. We analyzed the changes in attribute values of each student in time series.
3. We analyzed postings contributed by each student to clarify changes in qual-

itative attributes such as correctness of logic and conjunction marks used.
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4 Experiments and Discussion

4.1 Settings

The experimental Setting was as follows.

Target: Eighty first grade students in the Department of Mathematical Sciences
of a SSH. We divided them to two classes, each having eight groups.

Experimental Period: From January to February in 2006.
Target Lecture: Mathematical Discovery.
Schedule: The schedule of the lectures was as follows.

(12th Jan.) Preliminary problem.
(17th Jan.) First lecture on the Internet using the bulletin board system. We

gave new two questions titled “Consider a method of calculating (1)”.
Then, each group answered the questions.

(24th Jan.) Second lecture on the Internet.
(31st Jan.) Third lecture on the Internet. We gave new six questions titled

“Consider a method of calculating (2)”. Each group studied one of them.
(7th Feb.) Fourth lecture on the Internet.
(13th Feb.) Fifth lecture at the high school.
(21st Feb.) Teleconference reports.
In the Internet lectures, group members discussed the topics. Then, a repre-
sentative of each group contributed postings to the bulletin board. Individual
students could then post after class.

Evaluation: Based on the approaches described in Section 3, we compared 26
postings contributed from 17th Jan. to 8th Feb with 24 postings contributed
from 11th Feb. to 28th Feb.

Table 1. Results of analyzing articles by t-tests

first half latter half
t-ratio and

probability-value

Num. of letters
mean 141.90 239.40 t(48) = 1.91, †
SD 121.60 227.30 p = 0.062

Num. of commas
mean 2.31 5.08 t(48) = 2.21, ∗
SD 2.09 6.02 p = 0.032

Num. of punctuation marks
mean 2.35 5.00 t(48) = 2.57, ∗
SD 2.09 6.02 p = 0.013

Length of a sentence
mean 63.59 50.55 t(48) = 1.51, n.s.
SD 34.57 25.54 p = 0.138

Length of a phrase
mean 31.59 26.20 t(48) = 1.575, n.s.
SD 12.67 11.39 p = 0.122

Num. of reasons
mean 0.92 1.71 t(48) = 1.95, †
SD 1.06 1.73 p = 0.057

Note that SD in the 2nd column denotes standard deviation. The symbols †, ∗ and
“n.s.” in the 6th column denote the level of significance, a tendency of significance
and non-significance, respectively.
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4.2 Experimental Results and Discussions

Table 1 shows that the learning on “e-Classroom” seems to be effective for
improving the logical thinking abilities of the whole class. We can see that the
numbers of characters, commas and other punctuation marks in the postings
increase significantly. By watching all postings, it seems that both the average
of lengths of sentences and phrases are shorter in the latter half of the experiment
but the shortenings are not statistically significant. According to the qualitative
analysis of postings, the students may have acquired abilities to write long plain

Table 2. Results of analyzing articles by two-tailed χ2-tests in case that Yates’ cor-
rections are already applied

first half latter half
with 6 12

without 20 12

first half latter half
with 1 6

without 25 18

(a) Concluded answers
[χ2 = 2.85, p < 0.1]

(b) Illustrations with examples
[χ2 = 3.05, p < 0.1]

first half latter half
with 0 4

without 26 20
(c) Citations to previous explanations [χ2 = 2.72, p < 0.1]
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sentences without too much content in one sentence. Moreover, we can see that
the number of reasons in postings increased significantly. Since having reasons
is an important feature of logical sentences, their presence indicates that logical
thinking ability of the whole class improved. From Table 2, the increase in the
number of conclusive expressions indicates that students were able to answer
with confidence because students were able to acquire ability of showing reasons.
Moreover, we can see increases in the number of illustrations and citations of
previous postings. Illustrations can help a reader to understand if they embody
an abstract concept. By citing previous postings, a contributor can precisely
show answers to a reader. These facts show that, by discussing in “e-Classroom”,
students learned how to write expressions that readers could easily understand.

Unfortunately, several attributes such as correctness of logic, usage of item-
izations tables, and figures, usage of conjunction marks, were not statistically
significant.

Fig. 1 and Fig. 2 show postings that a student contributed to a topic problem.
Posting a in Fig. 1 is “How do you calculate multiplication of recurring deci-
mals?”. Posting b is a response to it; the student presented an abstract method
for calculating the multiplication of recurring decimals without practical calcula-
tions. However, in posting c of Fig. 2, the student had tried to answer concretely
by presenting results obtained by practical calculations, We can see that posting
b consists of only one paragraph. However, to be easily understood for readers,
in posting c of Fig. 2, the student had answered by making paragraphs for every
case. We can see that in posting c, there is no explicit explanation about cases,
but in posting d in Fig. 2, the student gave the conditions of cases by using the
phrases such as “in the case of”. Furthermore, up to posting d, the student had
written only results which he had actually calculated, but in posting e in Fig. 2,
the student gave a methodical answer by using appropriate conjunction marks
such as “Hence” and “Therefore” after explanations of the reasons. We can see
that in posting b of Fig. 1, the student had shown no reason for his answers
and had written only sentences including phrases like “I think”, which mean
estimations. On the other hand, after posting c, the student answered conclu-
sively, except only one sentence in posting e that included the phrase “I think”
with good grounds. These changes show an improvement in the logical thinking
abilities of that student.

Such students, however, were rare. Many students gave no response to the
comments of the learning advisers. Hence, we can see that the learning style of
“e-Classroom” is suited to a special kind of students.

5 Conclusions and Future Works

We have proposed a method of objectively evaluating e-learners’ educational
effects with respect to students’ logical thinking ability. Moreover, we have done
some experiments of applied our method to evaluate the effectiveness of “e-
Classroom” with respect to the logical thinking ability. Then, we have obtained
the some objective evaluations.



Evaluation of Logical Thinking Ability through Contributions 333

Unfortunately, in experiments, some attributes with respect to the logical
thinking ability were not significant. The following reasons why such results
were obtained are thought.

(1) “e-Classroom” can not actually improve the logical thinking ability of the
whole class.

(2) A period of time for experiments is invalid. In other words, a period of time
for learning is not enough for students to develop the logical expression skill.

(3) The evaluation method proposed in this paper is insufficient.

Regarding (1), “e-Classroom” is surely effective because there was consider-
able development in some learners. However, because other many people did
not progress, there was no significant difference as a whole. Regarding (2), “e-
Classroom” is effective for certain students and has a possibility that other stu-
dents would have developed logical thinking abilities if they had more time. The
student’s progress will have to be analyzed over a longer term. The current re-
sults show some improvement, although it is not appreciable on the whole. The
author would like to improve validity and reliability of the evaluation method
and reevaluate “e-Classroom” and other e-learning sites with it.
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1 What Is Web Architecture?

In 2004 the Technical Architecture Group (TAG) of the World Wide Web Con-
sortium (W3C) published The Architecture of the World Wide Web (AWWW)
[1]. This document was the result of a careful after-the-fact analysis of the dis-
tinctive properties of the distributed information system known as the Web. By
describing these properties, the TAG was able to define a number of ‘principles’,
‘constraints’ and ‘best practices’ which users and authors of and for the Web
should observe in order to preserve and enhance its value to everyone.

One of the primary aims of AWWW [1], which is of particular relevance
to the creators of large-scale knowledge resources, is to provide a clear and
straightforward account of the central role of URIs in the life of the Web. Very
near the beginning, AWWW [1] says “Good practice: Identify with URIs
To benefit from and increase the value of the World Wide Web, agents should
provide URIs as identifiers for resources.”

1.1 An Aside about Terminology: What’s a ‘Resource’?

The word ‘resources’ appears twice in the preceding paragraphs, with two dif-
ferent but related meanings. In the context of LKR, the meaning of ‘resource’ is
close to its ordinary-language meaning of “something useful for a purpose”, in
this case a collection of computationally realised information of potential use for
the performance of one or more computational tasks. In the context of the Web,
‘resource’ is defined as “anything which might have a URI”, that is, effectively,
anything at all. So all LKR resources are Web resources, but not vice versa.

2 URIs, Large-Scale Knowledge Resources and the
Network Effect

How, if at all, does this advice apply to large-scale knowledge resources (LKR)?
For LKR to be genuinely valuable, they need to be widely available. Being avail-
able on the Web is by far the most effective way to achieve this. A fundamental
component of the changes in scientific practice which have been brought about
over the last forty years by the growth of the Internet is the so-called ‘Network
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Effect’: The value of a resource increases the more it is used, because usage
feeds back with improvements and extensions, and stimulates the production of
complementary resources. In other words, making an LKR available on the Web
not only benefits the wider scientific community, it benefits the authors of that
LKR.

So, if making an LKR available on the Web is the goal, and AWWW [1] says
URIs should be used to identify resources, does this just mean that every LKR
should have a URI? Surely that’s too simple an interpretation. Not just the LKR
as a whole, but its constituent parts need URIs. Consider for example the work
reported by Shinoda and colleagures at LKR2007 [2]. If that work were made
available on the Web, not only would that mean a URI was required which gave
access to the whole dataset of baseball video metadata involved, but also that
each game, scene and shot, as well as each term such as “strike out”, “base hit”
and “pickoff”, would likewise require their own URIs.

3 Exactly What Parts of an LKR Get URIs?

The kinds of ‘knowledge’ in an LKR can naturally be divided into two categories,
the encyclopedic and the episodic, or, in more contemporary terms, its ontology
and its instance data. In the baseball example [2], the ontology would include
knowledge about both baseball and video in general, whereas the instance data
would be the particular games, scenes and shots along with their associated
metadata. In very concrete terms, the ontology is likely to consist of definitions of
classes, properties and their relationships, whereas the instance data will consist
of individuals and their properties and relationships.

The scales of these two parts of an LKR are likely to be very different: the
size of an ontology is likely to be measured in terms of hundreds of classes and
properties, whereas there may well be hundreds of thousands of instances. The
absolute scale of the data involved will be different as well: 100s of kilobytes for
the ontology, potentially many orders of magnitude larger for the instance data.

One further distinction is worth noting. Some kinds of instances are fun-
damentally computational in nature, that is, their existence is digital, inside
one or more computers. Other instance are fundamentally non-computational
in nature, that is, their existence is not within a computer. Some LKRs will be
concerned with only instance data of one kind or the other, others will involve
both. The baseball example [2] involves both: video frames are fundamentally
digital, whereas base hits are fundamentally non-digital.

3.1 Resources, Information Resources and Representations

URIs can be used for two different things: identification (‘naming’) and retrieval
(‘access’). The network effect depends on not just naming, but also access. But
therein lies a potential contradiction, following on from the end of the previous
section: It’s one thing to give a name to an LKR constituent which is fundamen-
tally digital, because access makes sense in that case. I can for example retrieve
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a particular frame of a video of a baseball game. But if the thing being named
is not digital, then it’s not clear what access might mean. For example, naming
a particular base hit from a particular baseball game does not mean that I can
retrieve it, that’s impossible, it happened in the past, and anyway you can’t ship
base hits over the internet.

AWWW [1] introduces two distinctions to help address this problem: it distin-
guishes a sub-class of resources called information resources, and it distinguishes
representations from resources. AWWW [1] uses ‘representation’ in a specific
technical way, to refer to the combination of a byte-stream and a media type
which make up an HTTP response, that is, what a client actually receives from
a server in response to a retrieval request (an HTTP GET). The media type
tells the client how to interpret the byte-stream, for example text/plain or
image/jpeg or application/xml+svg. ‘Information resources’ are then defined
as those resources “all of [whose] essential characteristics can be conveyed [by a
representation]”. In the terms introduced above, information resources are those
things whose nature is fundamentally digital.

It follows that it does not indeed make sense for a server to give an ordinary
response to an attempt to access a resource which is not an information resource.
In concrete terms, the TAG has said (see [3]) that only when the resource iden-
tified by a URI is an information resource should a retrieval request for that
URI be given a 200 (‘OK’) response. So accessing the URI for a video frame
can reasonably supply a byte-stream of media-type image/jpeg with a response
code of 200, but no such response would be appropriate if the URI was for a base
hit. We’ll look at the story for that case, that is for non-information resources,
below in section 4.3

4 What Should the URIs Look Like?

LKRs are by their nature not only large but richly structured. How should one
design a set of URIs for all the constituents of an LKR which actually help
manage that scale and complexity? To answer this, we must first look at the
nature of URIs themselves, to see what the design space we are working in really
looks like.

4.1 The Syntax of (http) URIs

At the most general level, a URI consists of a scheme and a scheme-specific
part. The scheme is the part before the colon (:), and the rest is the scheme-
specific part. So in http://www.example.org/page.html the scheme is http
and the scheme-specific part is //www.example.org/page.html, whereas in
mailto:jwb@whitehouse.gov the schema is mailto and the scheme-specific part
is jwb@whitehouse.gov. As the name suggests, and these examples illustrate,
the form of the scheme-specific part is determined by the scheme.

AWWW [1] recommends “reuse an existing URI scheme”, and this is sound
advice, particularly for the http scheme: support for this scheme is built-in to
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almost all operating systems and program development environments, as well as
being usually implemented using the HTTP protocol, which has many desirable
properties for large-scale data, including provision for caching and proxying.

The scheme-specific part of (absolute) http-scheme URIs is divided into four
parts:

"//" authority [ path ] [ "?" query ] [ "#" fragment ]

The authority part is typically a domain name, and this is where ownership
of an http-scheme URI is recorded: domain names are leased by IANA to legal
persons, and the owner of the domain is the owner of the URI, the ultimate
authority on what it is that the URI identifies.

The path part, usually present although not required, is one or more slash-
delimited strings, in principle opaque but in practice typically reflecting some
real hierarchical structuring of a collection of resources.

The query part may contain non-hierarchical identifying information, typi-
cally in the form of name-value pairs.

Finally the fragment part, if present, indicates that the resource identified
by the non-fragment parts is in some sense compound, and the fragment itself
identifies a part thereof. (This over-simplifies slightly – see section 4.3 below).

Here’s a complete example, taken from the URI spec itself [5]:

http://example.com:8042/over/there?name=ferret#nose
\__/ \______________/\_________/ \_________/ \__/
| | | | |

scheme authority path query fragment

The TAG has discussed some aspects of designing a collection of URIs for a
related set of resources (see [4]): the main relevant conclusion is “Good Practice:
URI assignment authorities and the Web servers deployed for them may benefit
from an orderly mapping from resource metadata into URIs.”

4.2 The Impact of Scale on Designing URIs

The scale of the resources involved influences how they ought best to be identi-
fied. Consider the specific question of designing URIs for videos of whole baseball
games, along with the frames thereof. It might at first seem that the right thing
to do is to assign a single URI to each video, say

http://bball.example.org/videos/SoxVsRox/20071028.avi

and use fragment identifiers to identify each frame, for example

http://bball.example.org/videos/SoxVsRox/20071028.avi#f1:20:37.6

But the semantics of fragment identifiers require the retrieval of the entire
resource identified by the URI without the fragment. That is, the separation of
the fragment from the whole is for the client to do, not the server. If all I want
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is a few frames, having to download 100s of megabytes and throw most of them
away is clearly a bad idea. Some alternative which means that the server does
the separation would be much better.

Either the path part or the query part can be exploited to achieve this:

http://bball.example.org/videos/SoxVsRox/20071028.avi?frame=1:20:37.6
http://bball.example.org/videos/SoxVsRox/20071028/1/20/37.6.avi

It’s important to note that the second example, using the path part, does not
imply that the videos will have to be broken into individual frames with each
one stored as a separate file in the appropriate place in a directory structure.
‘Soft’ interpretation of URIs means that all that is needed is an appropriate
index. Web servers can be configured to interpret URIs in a particular range as
implicit invocations of software which compute the appropriate response.

4.3 Names for Non-information Resources

The final thing to be taken into account when designing URIs for LKRs is the
status of the resources being identified—are they information resources, or not?
If not, as will be the case for all of the ontology and perhaps some of the instance
data, what is the impact on URI design? There is often rich information available
in conjunction with such resources, even if the resources themselves cannot be
accessed. For ontologies, this may be definitions of the classes, properties and re-
lations involved using some formal ontology specification language. For instance
data, it may be assertions about particular instances using those classes etc. But
according to the TAG the ordinary rules of identification and access cannot hold
for the relationship between the URIs for such resources and their formal defin-
itions and/or descriptions, because these are not representations of the resource
itself (see section 3.1 above). What shall we do?

One option is to identify the non-information resources of an LKR with ordi-
nary URIs, but not respond to requests for them with a 200 response. In public
email [3] the TAG recommend responding with a 303 response (‘See Other’) and
a different URI, which is actually the URI of the definition and/or description
of the thing identified by the originally requested URI.

Another option is to make use of a certain amount of flexibility in the definition
of the semantics of fragment identifiers in RFC 3986 [5]. The resource identified
by a URI including a fragment identifier need not be a sub-part of the thing
identified by the corresponding URI without the fragment identifier, it can be
“some other resource”. As a result a convention has grown up whereby the
description or definition of a non-information resource is identified by a simple
URI, and the resource itself is identified by the same URI with a fragment
identifier. This approach works particularly well for ontologies, where a single
information resource, with for example the URI

http://bball.example.org/ontology

identifying an information resource containing the definitions of the classes and
relations which make up an ontology, and for example URIs of the form
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http://bball.example.org/ontology#BaseHit
http://bball.example.org/ontology#GameVideo

identifying the actual classes etc. of that ontology themselves.

5 Worked Example

We have covered the main issues involved in designing a collection of URIs to
act as names for the constituents of an LKR. In conclusion, here is one possible
set of choices with respect to each of the questions raised above, as they might
be made for the example baseball LKR [2] we have been using as our example
throughout (I should make clear that I know no more about this resource than
can be found from a brief reading of the referenced description from LKR2007
[2]: it is entirely possible that little or none of what follows would work for the
real thing).

– Ontology vs. instances. A two-by-two split: ontologies for baseball con-
cepts and for the recording process and its outcomes; instance data for the
recordings and the analysis thereof.

– Information vs. non-information resources. Only the recordings are
information resources, the other three are all non-information resources.

– Actual URI syntax. http-scheme URIs, sharing a common domain, three
sub-cases:
both ontologies. Use the fragment identifier approach, so for the baseball

and recording process concepts, respectively, something like:
http://bball.example.org/ontology/baseball#...
http://bball.example.org/ontology/recording#...

the recordings. Use a combination of hierarchy with the query string ap-
proach, with some amount of appropriate hierarchy for series, games,
perhaps innings, depending on the major units of recording, for example

http://bball.example.org/recordings/20071028/Boston/
inning9.avi?frame=1:37.6

the analysis. A combination of hierarchy with the fragment identifier ap-
proach, with again the amount of hierarchy a subordinate design deci-
sion, for example

http://bball.example.org/analysis/20071028/Boston/
topOf9th.rdf#lowell_1

We can illustrate the way this all fits together by showing how RDF/OWL
would use URIs as designed above to encode three simple things about the last
inning of the last game of the 2007 World Series, in which Mike Lowell was the
first batter in the top of the ninth inning: one bit of ontology (AtBat is a class)
and two bits of instance data (lowell 1 is an instance of AtBat, the batter of
lowell 1 was Mike Lowell). The following three triples, each in the form subject-
property-object, give the full URI versions of those three LKR constituents:
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http://bball.example.org/analysis/20071028/Boston/topOf9th.rdf#lowell_1

http://www.w3.org/1999/02/22-rdf-syntax-ns#type

http://bball.example.org/ontology/baseball#AtBat

----

http://bball.example.org/ontology/baseball#AtBat

http://www.w3.org/1999/02/22-rdf-syntax-ns#type

http://www.w3.org/2002/07/owl#Class

----

http://bball.example.org/analysis/20071028/Boston/topOf9th.rdf#lowell_1

http://bball.example.org/ontology/baseball#batter

http://bball.example.org/ontology/baseball#MikeLowell

For an extended version of this example using the Turtle terse syntax [6] to
represent OWL/RDF, see appendix A.
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Appendix A

The Turtle [6] form of an extended baseball example using URIs as recommended
in section 5

@prefix rdf: <http://www.w3.org/1999/02/22-rdf-syntax-ns#>.
@prefix rdfs: <http://www.w3.org/2000/01/rdf-schema#>.
@prefix owl: <http://www.w3.org/2002/07/owl#>.
@prefix bb: <http://bball.example.org/ontology/baseball#>.
@prefix xsdc: <http://www.w3.org/2001/XMLSchema.xsd#>.
@prefix xsd: <http://www.w3.org/2001/XMLSchema#>.
@prefix video: <http://bball.example.org/ontology/recording#>.
@prefix top9a:<http://bball.example.org/analysis/20071028/Boston/topOf9th.rdf#>.
@prefix top9v: <http://bball.example.org/recordings/20071028/Boston/inning9.avi?>.

@prefix sox: <http://bball.example.org/analysis/RedSox.rdf#>.
<http://bball.example.org/ontology/baseball>

http://www.w3.org/TR/webarch/
http://lists.w3.org/Archives/Public/www-tag/2005Jun/0039
http://www.w3.org/2001/tag/doc/metaDataInURI-31.html
http://www.ietf.org/rfc/rfc3986.txt
http://www.dajobe.org/2004/01/turtle/


Web Architecture and Naming for Knowledge Resources 341

a owl:Ontology .
bb:AtBat

a owl:Class;
rdfs:subClassOf [

a owl:Restriction;
owl:onProperty bb:batter_number;
owl:cardinality "1"^^<xsd:int>

] .
bb:batter_number

a owl:DatatypeProperty;
rdfs:domain bb:AtBat;
rdfs:range xsdc:integer .

bb:Player
a owl:Class .

bb:batter
a owl:ObjectProperty;
rdfs:domain bb:AtBat;
rdfs:range bb:Player .

bb:outcome
a owl:ObjectProperty;
rdfs:domain bb:AtBat;
rdfs:range bb:Outcome .

bb:firstFrame
a owl:ObjectProperty;
rdfs:domain bb:AtBat;
rdfs:range <video:Frame> .

bb:lastFrame
a owl:ObjectProperty;
rdfs:domain bb:AtBat;
rdfs:range <video:Frame> .

bb:Outcome
a owl:Class .

bb:Out
a owl:Class;
rdfs:subClassOf bb:Outcome .

bb:FlyOut
a owl:Class;
rdfs:subClassOf bb:Out .

bb:position
a owl:ObjectProperty;
rdfs:domain bb:Out;
rdfs:range bb:Position .

bb:Position
a owl:Class .

bb:left_field
a bb:Position .

bb:Hit
a owl:Class;
rdfs:subClassOf bb:Outcome .

<sox:mike_lowell>
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a bb:Player .
<top9a:lowell_1>

a bb:AtBat;
bb:batter_number "1";
bb:batter <sox:mike_lowell>;
bb:outcome [

a bb:FlyOut;
bb:position bb:left_field

];
bb:firstFrame <top9v:frame=1:37.6>;
bb:lastFrame <top9v:frame=3:18.0> .
}

%

The RDF-XML syntax for the same information is as follows:

<?xml version=’1.0’ encoding=’UTF-8’?>
<rdf:RDF xml:base="http://bball.example.org/ontology/baseball#"

xmlns:rdf="http://www.w3.org/1999/02/22-rdf-syntax-ns#"
xmlns:rdfs="http://www.w3.org/2000/01/rdf-schema#"
xmlns:owl="http://www.w3.org/2002/07/owl#"
xmlns:bb="http://bball.example.org/ontology/baseball#"
xmlns:xsdc="http://www.w3.org/2001/XMLSchema.xsd#"
xmlns:xsd="http://www.w3.org/2001/XMLSchema#"
xmlns:video="http://bball.example.org/ontology/recording#"
xmlns:top9a="http://bball.example.org/analysis/20071028/Boston

/topOf9th.rdf#"

xmlns:top9v="http://bball.example.org/recordings/20071028/Boston
/inning9.avi?"

xmlns:sox="http://bball.example.org/analysis/RedSox.rdf#">
<owl:Ontology rdf:about=""/>
<owl:Class rdf:ID="AtBat">
<rdfs:subClassOf>
<owl:Restriction>
<owl:onProperty rdf:resource="#batter_number"/>
<owl:cardinality rdf:datatype="http://www.w3.org/2001/XMLSchema#int">
1

</owl:cardinality>
</owl:Restriction>

</rdfs:subClassOf>
</owl:Class>
<owl:DatatypeProperty rdf:ID="batter_number">
<rdfs:domain rdf:resource="#AtBat"/>
<rdfs:range rdf:resource="http://www.w3.org/2001/XMLSchema.xsd#integer"/>
</owl:DatatypeProperty>
<owl:Class rdf:ID="Player"/>
<owl:ObjectProperty rdf:ID="batter">
<rdfs:domain rdf:resource="#AtBat"/>
<rdfs:range rdf:resource="#Player"/>
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<rdfs:range rdf:resource="#Outcome"/>
</owl:ObjectProperty>
<owl:ObjectProperty rdf:ID="firstFrame">
<rdfs:domain rdf:resource="#AtBat"/>
<rdfs:range rdf:resource="video:Frame"/>
</owl:ObjectProperty>
<owl:ObjectProperty rdf:ID="lastFrame">
<rdfs:domain rdf:resource="#AtBat"/>
<rdfs:range rdf:resource="video:Frame"/>
</owl:ObjectProperty>
<owl:Class rdf:ID="Outcome"/>
<owl:Class rdf:ID="Out">
<rdfs:subClassOf rdf:resource="#Outcome"/>
</owl:Class>
<owl:Class rdf:ID="FlyOut">
<rdfs:subClassOf rdf:resource="#Out"/>
</owl:Class>
<owl:ObjectProperty rdf:ID="position">
<rdfs:domain rdf:resource="#Out"/>
<rdfs:range rdf:resource="#Position"/>
</owl:ObjectProperty>
<owl:Class rdf:ID="Position"/>
<bb:Position rdf:ID="left_field"/>
<owl:Class rdf:ID="Hit">
<rdfs:subClassOf rdf:resource="#Outcome"/>
</owl:Class>
<!-- instance data after here -->
<bb:Player rdf:about="sox:mike_lowell"/>
<bb:AtBat rdf:about="top9a:lowell_1">
<bb:batter_number>1</bb:batter_number>
<bb:batter rdf:resource="sox:mike_lowell"/>
<bb:outcome>
<bb:FlyOut>
<bb:position rdf:resource="#left_field"/>
</bb:FlyOut>

</bb:outcome>
<bb:firstFrame rdf:resource="top9v:frame=1:37.6"/>
<bb:lastFrame rdf:resource="top9v:frame=3:18.0"/>
</bb:AtBat>

</rdf:RDF>

</owl:ObjectProperty>
<owl:ObjectProperty rdf:ID="outcome">
<rdfs:domain rdf:resource="#AtBat"/>
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Abstract. Both research and evaluation in human language technology
have enjoyed a big surge for the last fifteen years. Performance has made
major advances, partially due to the availability of resources and the
interest in the many evaluation forums present today. But there is much
more to do, both in terms of new areas of research and in improved
evaluation for these areas. This paper addresses the current state-of-
the-art in evaluation and then discusses some ideas for improving this
evaluation.

1 Past and Current Evaluation Strategies

Evaluation has always been an important part of all scientific research, and
researchers in Human Language Technology (HLT) have strongly respected this
tradition. But evaluation of HLT, and indeed research in HLT, has not been an
easy task until somewhat recently. The lack of digitalized text (however hard
this is to believe in the age of the web), and the lack of computer power put
heavy constraints on what could be accomplished, much less evaluated.

Information retrieval (IR) was the first of the HLT areas to move into “large-
scale” evaluation. Since the goal in information retrieval is to locate relevant
information with respect to a user’s query, the Cranfield collection [1], created
in the 1960’s, contained approximately 1400 abstracts and 225 queries, along
with the list of those abstracts relevant to the queries. This collection was widely
used by researchers, along with several other small collections built in the 1970’s.
Even though these collections were small by today’s standards, they were major
computing challenges when first used. By the late 1980’s there was considerably
more digitized text, and also magnitudes more computing power and memory,
but the researchers had to wait until 1992 for the next big test collections (the
TREC collections [2,3]. TREC and its collections have continued to grow, with
new evaluation tasks and new collections including working with web data and
blogs, legal retrieval, and a collection for genomics. Whereas TREC created some
test collections for non-English languages, such as Spanish, French, German,
Chinese and Arabic, major test collections in many other languages have been
produced by CLEF [4] and NTCIR [5].

The early 1960’s also saw the building of the first “large-scale” corpus for use
by the natural language processing (NLP) community. The Brown
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Corpus [6] had 500 samples of digitized text, each sample having approximately
2000 words, with the samples spread over 15 different domains and writing styles,
such as news, scientific reports and novels. The general availability of this text
allowed NLP research to move beyond “toy” systems into the precursors of
today’s powerful language processing tools. The Brown corpus had some part-
of-speech tags, with eventually Penn Treebank [7] built for it. In 1985 George
Miller at Princeton started WordNet, a semantic lexicon for English [8]. All of
these resources enabled testing of various NLP component technologies, such
as extraction in MUC [9], sentence parsing, and word sense disambigution. The
2007 SemEval [10] event had 18 different testing tasks for NLP, both in Eng-
lish and other languages. The DUC workshop [11] has provided truth-data and
evaluation for summarization of both within-document and multi-document text
since 2001.

Creating data for testing of speech processing, such as speech transcription,
was even more difficult than finding digitized data for text processing. The first
widely used speech data came from the National Institute of Standards and Tech-
nology (NIST) in 1987, limited to a 991 word lexicon and a pattern grammar of
only 2800 sentence patterns. By 1992, this had increased to 20,000 word lexicons
for read text from the Wall Street Journal, with 612 hours of real broadcast news
used in 1999. Work with conversational speech and meeting room recordings has
been started [12]. Other languages such as Chinese and Arabic have also been
used at NIST; CLEF has worked with Czech.

The machine translation community has been in operation for many years,
with many small-scale evaluations [13]. More recently, DARPA sponsored several
large-scale evaluations, such as in 1993/1994, with nineteen systems working
on 100 news articles to be translated from French, Spanish and Japanese into
English. The DARPA TIDES program ran from 2003-2005, with about 30,000
words of news articles to be translated from Arabic and Chinese to English
each year. NIST has continued these evaluations, and the IWSLT conference
has been working for 3 years with translation of speech. The creation of the
BLEU metric [14] has made a major impact by providing a single metric that
can be used continuously for testing, similar to manner in which the metrics in
information retrieval have been used.

These resources and evaluations have made very significant impacts on the
research in HLT. Performance levels have more than doubled for information
retrieval, parsers are working at high-enough accuracy to be considered reliable
tools, and speech (transcription) and machine translation are now embedded in
many applications as a matter of course.

However there is still more to be done. In an effort to gather information about
future needs for these HLT technologies, the MINDS workshops were held in No-
vember 2006 and February 2007. The reports [15] from these workshops provide
major insights into the future directions researchers considered necessary for fur-
ther breakthroughs in HLT. The rest of this paper uses these insights to examine
needs for new evaluation methods, and discusses some of issues concerning these
evaluations.
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2 More Realistic Test Corpora

First, there is a need for more realistic test collections/evaluation corpora, both
in terms of scale and in terms of new types of data for processing. All of
the HLT technologies have this need, although the details differ across the
technologies.

For information retrieval, scale refers to the need for working with much larger
amounts of data, especially web data. The largest TREC collection, the gov2 col-
lection, has 426 gigabytes of data. Whereas this is enormous compared to the 2
gigabytes used in 1992, it is small compared to today’s web. It would be possible
to make larger collections, but making larger collections requires making magni-
tudes more relevance judgments using the current test collection methodologies.
The pooling techniques used in TREC (and CLEF, NTCIR, etc.) have been
shown [16] to provide complete enough answer sets, but these techniques break
down as the collection size gets extremely large. This problem (along with some
possible solutions) has been the subject of several papers presented recently at
SIGIR [17,18].

Speech transcription currently works in real-time only for limited domains and
usually requires speaker-specific training. Scaling these systems to handle unlim-
ited amounts of speech in real-time is beyond today’s technology; but scaling the
evaluation corpora runs into many of the same problems as for information re-
trieval since manual transcription of large amounts of speech will be prohibitively
expensive. The speech researchers in MINDS suggested several ways of avoiding
these problems, such as using poorer quality transcripts like closed captions and
subtitles, or more imaginitively trying to get volunteers on the web to create
transcripts.

Some of the same scaling issues apply for MT and NLP since highly-accurate
results in both of these technologies are very time consuming. In addition,
currently these technologies work on much smaller chunks of text–generally sen-
tences for MT, and sentences or maybe paragraphs for NLP. Both of these tech-
nologies need to scale up to the processing of documents, which will require
better discourse analysis, etc. However evaluation of this expanded research
becomes complex because the “truth” data is not well-defined. For example, sum-
maries of documents automatically created in DUC are compared with manually-
generated summaries, but this comparison suffers from wide variations in human
ideas of what constitutes the best summary. Translations of entire documents
could be done at many different levels of accuracy, or levels of paraphrasing,
summarizing etc., but each application might have a different “ideal” transla-
tion. Therefore both for MT and for NLP there remains the problem of what is
the appropriate text comparison and what are the appropriate metrics.

A second issue in terms of realistic evaluation corpora is the input data.
Currently most of the HLT evaluations are using news data, such as newswires
or news broadcasts. There has been some branching out into areas like blogs or
scanned documents in information retrieval, along with work with conversational
speech or meeting transcriptions for speech, but this work just scratches the
surface in terms of different types of data.
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The speech group at the MINDS workshop discussed the need to address
“everyday” audio, such as conversational speech under various acoustic condi-
tions, speaker characteristics such as children’s speech, and language character-
istics, including the unlimited vocabulary found in conversations. The IR group
recognized the need to work on a rich variety of both formats and media, includ-
ing instant messaging, email, and semi-structured data such as that found in
databases. Note that whereas it would be feasible to build evaluations for these
types of data (privacy issues are a problem), it is critical for the researchers to be
able to generalize their solutions from work on these very individual data types.

Both NLP and MT face most of these same issues. Work with data outside of
news is just starting. There has been some work in NLP with speech transcription
data, and the question answering tracks in TREC and CLEF have worked with
semi-structured data from Wikipedia. Of course for MT there is the question of
working with thousands of different language pairs, with most of these languages
having few necessary resources, such as bilingual dictionaries and large amounts
of parallel corpora.

3 Better Modeling of User Tasks

A second dimension to the realism issues is the need to better model “user” tasks.
Information retrieval, machine translation, and speech transcription all assume
the presence of a user. Good evaluation methodology attempts to understand
the needs of that user and to measure system results with respect to those needs.
This is critical if any of these systems are to be deployed in the real world.

Along with different data types, especially for IR, comes the need for different
types of searching and user needs. The IR group for MINDS identified several
new user needs, such as exploration of information space rather than simple
searching operations. Additionally, users not only want to find information, but
to manage and organize that information. Evaluation for these types of research
will first need to create models for these tasks, then find ways of comparing
system results, and finally enable researchers to “see the big picture” in terms
of comparison of technologies. Ideally one would construct user studies both to
better model the tasks and as part of the evaluation.

The earlier mentioned problem with summarization evaluation comes from
the “poor” user modeling situation. Summaries are used in many different ways,
such as to skim information quickly, to help organize information, and to create
tabular versions of information for special purposes. Each of these user models
requires different types of truth data, and even different metrics, as complete-
ness, fluency, and length of summary carry varying amounts of importance across
these models. Similar issues apply to MT, where quite different levels of accu-
racy and fluency are necessary to meet user requirements. For example, gisting
returned web documents to have a general idea of what is meant necessiates
minimal accuracy; translation of a political speech requires not only high accu-
racy but knowledge of cultural issues across languages. Translating of poetry or
novels require yet other metrics. Obtaining user models for all of these tasks, and
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adapting current evaluation methodologies to these models is a major challenge
to be solved before researchers are likely to invest heavily in these research areas.

The NLP “users” are more likely to be other automatic systems who need
results from component technologies such as word sense disambiguation, term
extraction, co-reference resolution, and time and date handling. Whereas current
evaluation technology can measure the accuracy of these component technolo-
gies, once again there needs to be some “user” model to determine issues like
minimal accuracy and the desired levels of granularity. Many of these problems
also apply to speech transcription, although there can be end users such as for
dictation systems.

4 Understanding Cascading Errors

An important criteria that has not received much attention in current evaluations
is that of “cascading” errors. Karen Sparck-Jones provided an elegant model for
these [19] and discussed their role both in providing better user models and in
providing better understanding of the underlying interaction of complex systems.
This becomes even more critical as the various components of HLT systems begin
to be stitched together for specific applications.

One example for this comes from the speech transcription area. If the results
from speech transcription are used as the documents for information retrieval
(called spoken document retrieval), there are generally few problems because
the important words in any one of these documents are normally repeated sev-
eral times and it is likely that the speech transcription worked at least one of
those times. But if a speech transcription system is used as input to machine
translation, where every word is going to need translation, then the error rate
is likely to be compounded by the machine translation attempting to find the
appropriate translation for a word that does not “belong” in the sentence. If a
cascading model were to be used, the speech error rate would first be measured,
and then the machine translation score would be measured, and these could be
correlated. This correlation is not only helpful for later failure analysis, but can
lead to more complex and useful ways of coupling these two HLT components,
such as feedback loops from MT asking about “unlikely” words.

A second example comes from the machine translation area, where the output
of machine translation is used as the input query to a question answering system.
This task actually involves three different HLT components. First the input query
needs to be translated into the document language(s). The results of this are sent
to the NLP QA system, which analyzes the terms and relationships and creates
a query for an IR system. The IR system returns a list of candidate documents,
which the NLP system then processes to locate the answers to the questions.
Errors from the MT system have two effects here: first they affect the NLP
system in terms of correct parsing of the query. Then, depending on the types of
errors, they create poor keywords for the IR system, such as proper names that
have been literally translated and therefore are not likely to match terms in a
documents. Very incomplete results are then passed back to the NLP system,
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with a final result of no answer to be found. Again, these errors should each be
scored at the component level, probably with some method of collecting types
of error, and then the various results correlated.

5 Better Diagnostics and Better Tools

The above section leads to the final point about evaluation. Too much of the
current evaluation methodology is about comparing results rather than better
understanding the inner workings of a system. Evaluations need to produce
more information about the types of errors for speech transcription or machine
translation. Errors need to be reported on a location-specific basis, such as on
a query-specific basis for information retrieval, and a word or sentence-specific
basis where that is possible for other HLT areas. For a good example of this
type of diagnostic, see the TREC-7 SDR track report [20] where the speech
transcription errors were divided into types such as named-entity and general
words that would be considered stop words by an IR system.

Then there needs to be a systematic effort to produce better tools for failure
analysis that make use of these more detailed diagnostics. All of the systems are
now too complex to do the kind of manual checking that was possible in the
1960s, and the amount of data that needs to be processed is too large. More and
more researchers are avoiding failure analysis except for “simple” errors; the issue
is not just to find the system problems but to enable better understanding of the
individual systems or components. For examples of a complex failure analysis,
see results from the RIA workshop [21] for information retrieval.
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Abstract. In this article, we propose an efficient resource distribution
scheduling scheme for information retrieval from multiple information
sources. This scheme can restrain costs for information searching and
retrieval by limiting the effective area of connection from an information
source to computational resources. Furthermore, we show the effective-
ness of the scheme by computer simulations with various assumption
settings.

1 Introduction

Recently, both volume and variety of information scattered in a large-scale net-
work such as the Internet have grown with dizzying speed, and enormous amount
of information floods this kind of cyberspaces. At the same time, the network
users have come to utilize a lot of handy information retrieved from network ef-
fectively along with the popularization of broadband communications and much
further development of high performance personal computers.

In this environment, it is very important to find the information which the
user really wants quickly and without trouble, and a lot of network users rely on
major searching engines such as Google and Yahoo! as of now. The main idea
of these engines consists of a combination of techniques for crawling around a
whole network, information indexing and keyword matching. But unfortunately,
such information searching does not always work effectively.

For instance, in the case that the index is not ready or not appropriate,
conventional search engines do not work well. Especially in an environment of
the Internet, each piece of information provided by unspecified number of servers
can be rewritten or removed at any time. Therefore, considering the size of the
Internet, it is not realistic that the search engines manage all updates of all
servers and keep their index data up-to-the-second. Moreover, there is also a
problem of insufficient index registration both intentionally and accidentally.
This kind of problems has been discussed in our past studies[1]-[5].

In addition, in the case of precise search which cannot rely on keyword match-
ing, conventional search engines do not always work well. Let us say, searching
of a large volume image which includes a completely identical segment to a
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key image, and searching of haptic data which consists of several types of large
time-series physical data, are good instances. In these cases, even granting that
searching engines can successfully offer some hopeful server’s locations in the
network, searchers eventually have to check the information on the servers one
by one directly until they find their target information.

Therefore, it is very important to acquire effective techniques to obtain in-
formation on demand by accessing information sources directly which exist on
the network, including the information which is not always searched well by
conventional search engines.

However, in order to put it into practice comfortably, searchers need an envi-
ronment where sufficient computational capacity and communication bandwidth
are available for their information searching, although it is difficult to realize for
ordinary network users generally.

On the other hand, a great number of high-performance CPUs have come to
be connected to the Internet recently, which are originally for personal comput-
ers and high-end video game machines owned by general users and not always
busy for their intended purposes. Now they draw attention as promising com-
putational resources on the network, and actually used for enormous computa-
tions such as SETI@home. In this situation, although it is needed to consider
combinations of resources in order to make sufficient processing ability, conver-
gence of data traffic in the network is reduced instead, because of the resources’
dispersion.

Consequently, with these computational resources scattered over the network,
it is possible to realize an effective searching for the information which is not
always retrieved well by conventional search engines and needed to be searched
by checking promising information sources one by one directly until its discovery.
However, this kind of research has not conducted sufficiently. It is obvious that
different ways of resource assignment and scheduling for the information search
make big difference in searching time and cost. And therefore, it is really needed
to find the efficient way of it.

Fig. 1. An environment of distributed computing
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The rest of this paper is organized as follows. Section 2 defines the problem
and the information retrieval environment discussed in this paper. An efficient
of resource assignment and scheduling is proposed in Section 3, and evaluation
of the proposed scheme by computer simulations and its analysis are stated in
Section 4. Finally, conclusion and future work are presented in Section 5.

2 Formulation of the Problem

In this paper, the following three basic conditions are assumed.

(1) There are a great number of information sources such as WWW servers and
a plural number of computational resources over a Large-scale network such
as the Internet.

(2) The information sources release their possessing information to the users
respectively and the users can read and download the information freely.

(3) The users can utilize the computational resources in order to search their
target information.

In addition, the following seven additional conditions are also assumed.

(a) Each computational resource can always execute its searching processes on
a plural number of information sources simultaneously.

(b) Every cost of searching processes on any information sources by any compu-
tational resources is given.

(c) Target existence probability in each information source is given.
(d) Each information source can divide whole its possessing data into small parts,

and let some computational resources execute searching process separately
and simultaneously.

(e) Each information source cannot share the possessing data which have already
started to be searched by another resource.

(f) Computational capacity generally varies by each resource.
(g) The quantity of processing data generally varies by each information source.

Next, the costs assumed in this paper are described, as follows.

– Time cost. Quantity of data one information source possesses divided by
the summation of all computational capacity offered by the resources which
are involved in the search.

– Communication cost. The number of hops on the network topology from
a computational resource to an information source.

Under these assumptions, the problem to solve we set in this paper is to find
an effective resource allocation scheduling scheme which achieves the minimum
weighted sum of communication cost and time cost.
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3 Proposed Scheme

In this section, we propose Hop Threshold Scheme (HTS) below as an effective
resource allocation algorithm. This algorithm is explained in Fig. 2. From here
on, each minimum retrieval process in Fig. 2 is expressed as s(i, j), where i
is the number to identify the computational resources which are sorted in the
descending order of computational capacity. j is discrete elapsed time from the
beginning of retrieval start. The time passes based on unit time with equal
intervals, and each process of the scheme is executed discretely at each unit
time. The numbers indicated in the cells of Fig. 2 denote the number to identify
the information sources. For example, in Fig. 2 (a), s(3, 4) means a process of
searching information source � 8 at time 4 with using computational resource
� 3. And in this figure, N means the total number of computational resources.

〈 Algorithm 〉

(1) A set of the information source numbers the sources of which are located
within the range of a hop threshold (HT) from an information resource
� n (DBn) is defined to be S(DBn). And only in the case that the number
of elements of S(DBn) is not zero, the following processes from (2) to (4)
are executed in turn. Otherwise go to (5).

(2) The cost C(DBn) for searching DBn in each S(DBn) is calculated as
follows.

C(DBn) = w ·
∑

i∈S(DBn)

Hi +
d(DBn)∑

i∈S(DBn) Ai
(1)

where,
number of hops from computational resource � i to DBn: Hi,
quantity of data DBn possesses: d(DBn),
computational capacity of computational resource � i: Ai, and
weight: w (constant number).

(3) The C(DBn) divided by P (DBn) which is the existence probability of the
target information the user demands in DBn is calculated in each informa-
tion resource.

(4) In ascending order of C/P (DBn), computational resources devoted to the
searching for DBn are reserved according to the following procedures. If all
DBns are scheduled to be searched with the resources, go to (5).

(i) Set the start time of DBn searching at time 1, and check if it is avail-
able to schedule the searching time required by all the computational
resources belonging to S(DBn) to start and complete the search at the
same time.

(ii) If there is no duplication, in the schedule checked in (i), resource reser-
vation is done, and return to the top of (4).
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(iii) If there is a duplication, in the schedule in (i), Increment the start time
by 1, and check the schedule in the same way of (i), and return to (ii).
(For instance, in the case of Fig. 2(a), DB8 is needed to be searched
by computational resources � 3, 4 and 5 for 4 unit time. However, as
computational resource � 3 has been already reserved by the searching
of information source � 3 from time 1 to 3, the search should be delayed
and its start time becomes 4. )

(5) If the number of elements of S(DBn) is zero, execute the following process
shown in (5) and (6). The cost required by computational resource � i for
the searching on DBn: C(DBn,i) is defined as follows.

C(DBn,i) = w · Hi +
d(DBn)

Ai
(2)

If there is no elements of S(DBn) the algorithm ends. Otherwise, calculate
the value C/P (DBn,i), which is C(DBn,i) divided by P (DBn).

(6) Concerning DBns which have no elements belonging to S(DBn), in ascend-
ing order of the minimum value of C/P (DBn,i) calculated by (5), make a
reservation of computational resources as follows. If the reservation of all the
DBn is completed, the algorithm ends.

(α) Check if it is available to schedule the searching process of the resource
with the highest computational capacity, from the search start time of
jn + 1 i.e., s(1, jn + 1) , during the sufficient time period of searching
on DBn. Here, jn means the number of times of scheduling availability
checking for s(N, ∗), * of which denotes any time. (Initial value of jn is
zero. )

(β) If the schedule in (α) is available, computational resource is reserved,
and return to (α) for the next DBn reservation. (For instance, in Fig. 2
(b), in the case that 3 unit time is needed for the next search, and the
schedule of resource � 1 is free from s(1, 1) to s(1, 3). )

(γ) If the schedule in (α) is not available, (For instance, in Fig. 2 (b), in
the case that 4 unit time is needed for the next search, and the schedule
of resource � 1 is not always free from s(1, 1) to s(1, 4). i.e. only s(1, 4)
is not available.) Check the schedule availability of the resource with the
next highest computational capacity (For instance, s(2, 1)) in common
with the process of (α), and continue until the reservation succeeds with
increment of i.

4 Effectiveness Estimation of the Schedule

In order to evaluate the efficiency of allocation algorithm mentioned above, we
conduct computer simulations. Computational resources and information sources
are arranged on FKP model topologies which imitate the Internet, and estimated
total cost for information retrieval by using the proposed scheme can be derived.
The simulation according to the BA model topology is also conducted in the
same way for the comparison.
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Fig. 2. An explanation of HTS operation

4.1 Simulation Conditions

Two kinds of network topologies used in this paper, i.e., FKP and BA depend
on parameters needed at the beginning of their formation. The actual method of
generating FKP model topology is based on the reference [7]. The number of the
initial placement nodes is set at 14, and the initial link placement is according to
NSFNET in USA in 1991. As the parameter of generating BA model topology [8],
the number of the initial placement node is set at 3, and the number of outgoing
links from a newly added node is set at 1.

The value of the parameter w in equation (1) and (2) in Section 3 is set at 1,
and the quantity of data each information source has is given as a normal distri-
bution multiplied by 1000, both average and variance of which are 5. Concerning
computational capacity of each resource per unit time, the maximum value is 70,
and its distribution is based on Zipf’s law. The minimum unit time in this paper
is given as the time which the computational resource with the largest capacity
requires by itself to search the source with the minimal volume of data, in order
to reduce the quantization error of search time. Finally, existence probability
distribution of the target information in information sources is also given based
on Zipf’s law.

Parameters for this simulation mentioned above are shown in Table 1.

Table 1. Simulation Parameters

Parameter Value
Number of nodes 100 (computational resource 10, information source 90)
Quantity of data min=70, max=10000

Computational capacity min=10, max=70
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.

Fig. 3. Examples of FKP, BA model topologies

4.2 Definition of Costs

Communication cost and time cost are used as a measure for this evaluation,
and proposed scheme is evaluated as a whole by total cost E, which is defined
as (3) Here, a weighted sum of communication and time costs are shown below.
Communication cost and time cost are denoted by Ec and Et respectively. W is
a weight, which has an impact on relative importance between the two costs.

E = WEc + Et (3)

4.3 Schemes to Be Compared to the Proposed One

In order to verify the efficiency, we also implemented some searching algorithms
which differ from the proposed one, and compared them to the proposed one.

Generally, Round Robin algorithm is used in many cases as a scheduling algo-
rithm. However, in the case of simply adopting this algorithm to this simulation
environment, it is likely that the scheduling is not effective because of two fol-
lowing problems.

Firstly, it is obvious that the searching efficiency becomes high when a lot
of searching tasks can be assigned to the higher performance computational
resources. Hence, simple Round Robin does not fit in this situation well.

Secondly, since the cost for searching depends on the computational capacity
and location of computational resources, an efficient resource allocation policy
considering those factors should be prepared in advance, in order to use Round
Robin or Weighted Round Robin in this searching model.

Consequently, we prepare some comparison schemes in which a queue which
keeps the searching priority of information sources decided by certain factors is
generated, and according to the order, Round Robin distributes the rights of
searching source to computational resources.

Therefore, it is clear that these comparison schemes illustrated below are
more appropriate to this searching model than simple Round Robin or Weighted
Round Robin algorithm.
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For the factors to decide the searching priority of information sources kept in
the queue mentioned above, following five items are used.

– Random (Random Searching)
– Time cost (Time cost Oriented Searching): searching according to the as-

cending order of time cost
– Communication cost (Communication cost Oriented Searching): searching

according to the ascending order of communication cost
– Probability (Probability Oriented Searching): searching according to the

descending order of existence probability of the target information
– Cost/Probability (C/P value Oriented Searching): searching according to

the ascending of order C/P value

These schemes were devised by the authors only for this simulation. We show a
common procedure in these search schemes below.

(1) For each computational resources, prepare a queue to memorize a searching
order of information sources.

(2) According to the priority order prescribed in each scheme explained above,
identification numbers of information sources are inserted into the queue.
(Random Searching’s queue is arranged at random.)

(3) By each queue, The scheduling of the information source with the high-
est priority is reserved tentatively, and then, the search which finishes the
earliest is settled to be scheduled properly. The identification number of
the information source which has already scheduled is removed from the all
queues.

(4) Repeat process (3) until whole searching schedule of all information sources
is fixed.

Here, we show an instance of the TOS(Time cost Oriented Searching)
operation for the process (2) mentioned above in Fig. 4. In this figure, the
time cost required for the search on the information sources form � 1 to 10 is
shown in the table above, concerning the computational resource � 1. In this
case, information source identification � 4 is inserted into the top of the queue,
because the searching cost for source � 4 is the smallest from this resource.
And then, source � 5 which requires time cost 20 is stored in the queue as the
second value. By the repeat of the operations, each computational resources
makes its queue, which stores the order of searching priority.

In Fig. 5, the instance of the operation mentioned above in process (3)
is explained as follows. n in the figure denotes the number of information
sources which have settled their searching reservations. And the numbers
inserted into the cells indicate the identification numbers of the highest pri-
ority sources at that time in each computational resource. However, this
state of the table is the temporary reservation yet. Besides, the number in
the array of “top of queue” illustrates the identification number of informa-
tion sources prioritized as the next search. The circled numbers in the cell
mean the settled reservation.
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8

Fig. 4. An explanation of comparison algorithm (1)

Fig. 5. An explanation of comparison algorithm (2)

First of all, assuming to be in the state (a) just after the tentative schedul-
ing in process (3), the computational number 4 finishes the search earliest
among all resources, and this searching process is settled. Then, going to
(4), since there are information sources the searching schedule of which has
not decided yet, go back to (3), and prioritized information source � 15 at
the top of queue for the computational resource � 4 is reserved tentatively
in the way shown in (b). At this time, among unsettled search reservations,
the computational resource which finishes its search the earliest is � 1, and
the information source � 3 is settled. After the search process advanced to be
in state (c), since the computational resource � 5 fixes the search on source
� 15, resource � 4 cancels its reservation of searching on source � 15, and
change to � 22 according to top of queue at that time.

4.4 Simulation Results and Analysis

Expected total costs estimated by computer simulations are shown in Figs. 6
through 12. For details, figures through 6 to 8 are simulation results derived on
FKP model topologies in the cases that weight W equals 0.1, 1 and 10 respec-
tively. And Figs. 9 through 11 are those on BA model topologies in the cases
that also W equals 0.1, 1 and 10. In addition, relations between the size of HT
and expected total costs are illustrated in Fig. 12 in the cases that W is equal
to 0.1 and 10. This figure has two vertical axes; right axis is for the case that W
equals 0.1, and left axis is for the case that W equals 10.
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In Figs. 6 through 11, simulations are conducted assuming that maximum
existence probability of target information in the sources is both 0.2 and 0.4.
However, because the searching schemes’ effects can be observed more clearly,
we mainly discuss the results in the case of 0.4. And also, 95% confidence intervals
are indicated in all estimated costs in all figures.

In Figs 6, 7 and 8, HTS restrains the estimated costs the best through the all
settings of weight and maximum target information existence probability. The
second best scheme in Fig. 6 is COS, and those in Figs 7 and 8 are both CPOS
followed by POS.

In the case shown in Fig. 6, the user requires to retrieve target information
immediately because the weight is small, and therefore, the search has a priority
to time. The reason COS is better than other schemes except for HTS can be
explained as follows. All of schemes except for HTS are designed to select the
information source which finishes to be searched the earliest when the retrieval
order is decided, and they restrains the time cost naturally. Hence, although COS
is originally designed to conduct a search with less communication cost, it gains
an advantage in the case of this weight. In particular, since the maximum hops
which can be taken on FKP topology is considered to be larger (about 12 hops)
than that on BA model topology (about 9 hops), the influence of communication
costs is larger than that of time cost over the total cost. Accordingly, difference
of total costs between COS and TOS in Fig. 6 is larger than that in Fig. 9 (the
case of W =0.1).

In Fig. 7, the reason that HTS restrains the total cost in the case that HT
equals 7, is as follows. since the maximum communication cost which makes
the total cost on FKP model topologies converged is 12 (hops), HT set at 7 is
large enough. By plural computational resources searching on one information
source, time cost is largely restrained. Simultaneously, the number of information
sources located out of the HT range is nearly zero, and the cases that a single
computational resource searches on a single information source decrease. On the
other hand, in the case that HT equals 1 or 2, although communication cost is
restrained, the search becomes inefficient because there are many information
sources located out of the HT range and accordingly, the cases that a single
computational resource searches a single information source increase. Contrary,
if the HT exceeds 7, though time cost is restrained because the number of compu-
tational resources assigned per an information source increases, communication
cost increases further, and the search becomes inefficient, just the same.

In Figs. 9 and 11, HTS successfully restrains the estimated total cost the best
in all settings of weights and maximum existence probability of target informa-
tion, then, CPOS and POS follows concerning their less searching costs required.
In Fig. 10, POS restrains the estimated cost the best, followed by CPOS by a
narrow margin. HTS manages to achieve the third in this case.

HTS, HT of which is 9 in Fig. 9 restrains the cost most effectively, followed by
POS, and C/POS. HT set at 9 is nearly maximum hop distance in the BA model
topology, and even if HT is increased further, the total cost converges to the same
value and those cases bring the same results. When the HT is large, the time cost is
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Fig. 6. Simulation result with FKP model (W=0.1)

Fig. 7. Simulation result with FKP model (W=1)

restrained because plural computational resources get engaged to search a single
information source. In this instance, although the communication cost increases
because many computational resources get involved, the total cost is restrained in
the end, for the less importance of communication cost (W = 0.1).

C/POS is proved to be the optimal searching in the case of sequential retrieval
by a single computational resource [8]. Intended environment in this paper is not
the same as it, however the value of costs per target existence probability in each
source can be used as a measure of worth searching.

The reason that POS and C/POS successfully restrain their total costs in
Fig.10 is as follows. First of all, all of schemes are designed to restrain their time
costs. Secondly, maximum communication cost is averagely nearly 9 (hops) on
BA model topology and many nodes are likely to be located around the center
of the topology with a short distance each other . Hence, the computational
resources also tend to be in the center of the network, and there is not a major
difference among them in communication cost. As a result, the major factor to
affect the total cost is the target existence probability.

The reason that the total cost of HTS is larger than that of C/POS is as
follows. Searching schedules of the schemes except for HTS do not have any
time-gaps because plural computational resources do not search on a single in-
formation source simultaneously in the process of those schemes, and there is no
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Fig. 8. Simulation result with FKP model (W=10)

Fig. 9. Simulation result with BA model (W=0.1)

need to consider double booking of computational resources. Accordingly those
schemes can continue their searching without any stop until their schedules end.
In this case, HTS is inferior in comparison with the other schemes concerning the
operating efficiency of the computational resources. And it is found that HTS is
not so effective on the topologies such as the BA model in which nodes tend to
be evenly and closely aggregated, under the circumstances that both time and
communication costs are balanced.

In Fig. 11, HTS restrains the total cost the best when HT is set at 4, followed
by C/POS and POS. In this condition, it is effective for the user to execute
the search at the computational resources which are as close to the information
sources to be searched as possible for reducing the communication cost. The
main reasons that HT set at 4 is the most effective are following two things;
searching by a single computational resource seldom occurs, and communication
cost is well restrained because HT is small enough.

Figure 12 shows the relation between expected total cost of HTS illustrated in
Fig. 11 and its HT when W is set at 0.1 and 10. In the case that W is 10, if HT
is small, the number of information sources which are out of the simultaneous
search range increases because the computational resources are assigned to the
searches on close information sources within the range of HT. In the process
of HTS, because information sources out of the HT range are scheduled to be
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Fig. 10. Simulation result with BA model (W=1)

Fig. 11. Simulation result with BA model (W=10)

Fig. 12. The relation between expected total cost of HTS and size of its HT

searched after those within the HT range, searches by using the distant resource,
which are inefficient occur frequently, and as a result, total cost grows.

In the case that W is the same and HT is large, communication cost increases
because the number of computational resources involved in a search of one in-
formation source grows. Furthermore, when W is 10, it is found that the total
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cost with HT set at 9 is larger than that with HT set at 1, which means, the
influence of communication cost on the total cost is larger than that of the time
cost in this case. When W is 0.1, opposite result can be seen in the same figure.
The reason that C/POS and POS successfully restrain the total cost is the same
as mentioned above.

As the result of the computer simulations in consideration of weight of costs,
it is found that the proposed scheme of scheduling with HT is the most flexible
about the various situations of users. Only in the case that W is 1, the proposed
scheme is inferior to the other schemes. However, if more accurate simulation is
conducted reflecting the network congestion caused by the traffic concentration
on certain hub nodes, the proposed scheme seems to be able to restrain the
estimated total cost better than any other scheme in any cases.

5 Conclusions

In this paper, we proposed an efficient computational resource allocation scheme
for information retrieval from many information sources scattered in a large-scale
network.

The scheme mainly assigns neighboring searching resources to each informa-
tion source according to the hop distance between them, and restrains the total
searching cost consists of weighted time and communication costs. And then,
by computer simulations with various settings, we showed the effectiveness of
the proposed scheme. Especially in the case of using FKP model topology, it
achieved the smallest cost for the information retrieval of all schemes under all
conditions we assumed. Even in the case of using BA model topology, in which
hop distance between the centered nodes and marginal ones tends to be small,
proposed scheme also restrained the estimated total cost the best with consider-
ing the appropriate threshold settings in almost all situations except for only the
case that W is 1. In this exceptional condition, where both communication cost
and time cost give an impact to the total cost equivalently, it was also shown
that POS and C/POS are very effective schemes.

As a future work, we will investigate the effectiveness of the proposed scheme
in much more various network environments. And, it is also important to ex-
amine the impact of the network congestions which occur when the traffic for
information retrieval converges on certain nodes.
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