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Preface

After one year, the major actors in the field of cooperative design, visualization
and engineering gathered together again by the side of the beautiful Mediter-
ranean Sea to exchange the research and development experience in the field.
CDVE 2005 served as a forum to promote the research in the field and it attracted
great attention from the CDVE community. This year, we received contributions
from over 100 authors, 5 continents and more than 20 countries.

As we can see, great progress in research and development has been achieved
since the last conference. We received papers on cooperative design, cooperative
visualization, cooperative engineering and other cooperative applications. As an
important trend, the researchers have started to attack the problems in CDVE
from a more generic base. We are happy to see contributions such as constraint
maintenance, decision support, and security enforcement for CDVE. Case studies
and application-specific developments are among the cooperative visualization
papers. Along the line of cooperative engineering, knowledge management, re-
configurability, and concurrency control are major issues being addressed.

Cooperative working in design, visualization, engineering and other areas has
different degrees of cooperation. I classify them as strong cooperation, interme-
diate cooperation, and light cooperation. Strong cooperation involves real-time
multiple-user multiple-location modification to the same workspace. Light coop-
eration exists in the applications where the basic working relationship is only
information or workspace sharing among the cooperative entities, no modifi-
cation to the workspace is involved. Therefore, any application that is shared
by more than one single user can be considered as a light-degree cooperative
application. Any application between these two extremes can be considered as
intermediately cooperative. Our conference addressed the common and specific
issues of all of them.

I would like to express my thanks to the Program Committee and the numer-
ous volunteer paper reviewers for their generous contribution to the conference
which made it at a high-quality event. Without their support, the CDVE 2005
conference would not have been successful.

September 2005 Yuhua Luo
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Ma Jesús Agost . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86



X Table of Contents

GCE: Knowledge Management Applied in a Design Reengineering
Process

Jonice Oliveira, Jano Moreira de Souza, Mauricio Lima,
Ricardo Farias . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

A Constraint Maintenance Strategy and Applications in Real-Time
Collaborative Environments

Kai Lin, David Chen, Chengzheng Sun, Geoff Dromey . . . . . . . . . . . . . . 103

Design of a Cooperative Working Environment for Mobile Devices
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Building a CSCW Infrastructure Utilizing an  
M&S Architecture and XML 

Jenny Ulriksson1, Farshad Moradi1, Mattias Liljeström2,  
and Nicholas Montgomerie-Neilson2 

1 Swedish Defense Research Agency, Department of Systems Modeling, 
172 90 Stockholm, Sweden 

{jenny.ulriksson, farshad.moradi}@foi.se 
http://www.foi.se 

2 Royal Institute of Technology, Stockholm, Sweden 

Abstract. CSCW applications provide virtual spaces for human-human coop-
eration. Within Modelling and Simulation (M&S), CSCW support is highly 
beneficial but, as in most single-user applications, not natively provided. Exter-
nal support, such as infrastructures for creating or adapting applications for col-
laborative work, is generally missing in the CSCW community. At the Swedish 
Defence Research Agency we study the possibilities of defence CSCW, for the 
primary intention of collaborative M&S. Since most of our M&S complies with 
the HLA (a distributed simulation architecture), HLA appeared as a candidate 
for building a CSCW infrastructure upon. Thus we have designed and devel-
oped a prototype of a CSCW infrastructure, based on a combination of HLA 
and XML. The goal is to provide a foundation for developing CSCW applica-
tions, and for adapting existing applications to collaborative work. This paper 
presents the design and development, and experiments conducted for verifying 
utilization of HLA and XML for the purpose. 

1   Introduction and Motivation 

CSCW (Computer Supported Cooperative Work) is a term often used for human col-
laboration in computer environments. CSCW enables people to share applications and 
tools, and at the same time communicate, to collaboratively perform or solve tasks. 
Hence virtual spaces for human-human cooperation can be created to support people 
and organizations to overcome geographical distances. The problem is that most sin-
gle-user applications are specialized for their purpose, and do not naturally provide 
CSCW support. External support, such as infrastructures for developing CSCW soft-
ware or adapting existing applications to collaborative work, is generally a missing 
part within the CSCW community. 

At the Swedish Defense Research Agency (FOI) a project called NetSim conducts 
research activities concerning among other things the possibilities of collaborative 
M&S within the defense. The need for a CSCW infrastructure was identified within 
this work, and the lack of such existing ones determined. Consequently, the decision 
was made to develop our own. Most M&S within our research complies with an IEEE 
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standardized simulation architecture called the High Level Architecture (HLA), and 
the architecture came to mind as a potential candidate technology also for CSCW. 
The technology requirements for building a CSCW infrastructure are many, and HLA 
not only provides some of them, but also offers additional valuable features. But the 
question that rises is: is HLA really suitable for use in distributed CSCW? 

We propose an infrastructure for CSCW that is based on a combination of HLA 
and XML (Extensible Markup Language). The design has partly been implemented in 
a prototype called Collaborative Core (CC), which is based on a replicated distributed 
architecture. All information transmitted in the system is structured according to 
XML information models, and HLA services are used for transmission and other 
functions. Performance experiments have been conducted to verify both the use of 
XML for the purpose, and for verifying the combination of HLA and XML as the 
foundation of a CSCW infrastructure. The result confirmed the suitability of our pro-
posal, but also revealed some HLA limitations that must be considered. 

This paper presents the proposed design and the developed CC prototype. It also 
presents experiment results, our conclusions, some recommendations, and future 
work. 

Clarifications for the reader: when further on discussing nodes, we mean client 
computer environments (i.e. PCs with a client using it). When referred to, one node 
hosts only one client (though in reality a node may host several clients). When dis-
cussing applications, what are intended are the applications used for collaboration 
(i.e. shared tools) within a collaboration session, and not the application providing 
CSCW services. A collaboration session is a session that transpires whenever two or 
more users jointly and concurrently perform tasks using interconnected software. 

2   NetSim and HLA 

At FOI we have performed research within network based M&S for several years. 
Recently we initiated activities concerning development of a common platform for 
defense M&S, and we believe CSCW support to be a very valuable service in such an 
environment. In this work we quickly identified the lack of such infrastructures that 
could be easily integrated with M&S applications and within the proposed common 
platform, and decided to develop our own. 

2.1   The NetSim Project and CSCW 

The NetSim project was initiated in 2003, at the Department of Systems Modeling at 
FOI. The primary project goal is to study, develop and modify methods and tech-
niques for the purpose of network based M&S, and is described in [1]. One of the 
main activities aims at constructing an architecture, and develop a prototype, that can 
act as a common platform for defense M&S – the NetSim Platform. Apart from issues 
within distributed simulation such as fault-tolerance and distributed execution, one of 
the major project actions has concerned exploiting the potential of CSCW for defense 
applications. Since defense related operations engage actors which are often spread 
over long distances, cooperation is not easily achieved and the correct knowledge and 
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support are not accessed without difficulty. A common defense platform that provides 
CSCW support may not replace real human-human cooperation, but can constitute an 
essential alternative. 

2.2   Collaborative M&S Within NetSim 

The area of M&S can substantially benefit from collaborative services, since CSCW 
can facilitate the provision of support that is required in the M&S process. Here it 
does not only make M&S expertise and knowledge more easily available, but also 
activities such as distance training and education more easily accessed. Moreover, the 
quality of M&S activities and products can be secured and controlled. The problem is 
that M&S applications are specialized for their purpose, and do not naturally provide 
support for collaborative services. 

As a first attempt to address the problem, a simple prototype of a collaborative 
M&S environment was designed and developed [2]. This was based on JXTA1 Peer-
to-peer technology. The prototype was dismissed but gave us valuable experiences. 
As an example, CSCW support should not be based on an application specific ap-
proach, but rather constitute a more general infrastructure for various applications and 
purposes. More advanced support for time mechanisms were also needed. A final 
lesson was that it is preferable to use a more mature technology, one that supports 
more functionality than the one used. But we identified no infrastructures that suited 
above functionality. Various applications support some of the functions we desire, but 
none have been successful, and few support all of the desired functionality. 

A general problem that developers of CSCW applications face is the complexity of 
integrating management of collaboration groups and activities within an application. 
As a result, the superior software for most computer-related professional tasks are 
single-user local desktop applications, and the dedicated CSCW software tend to lag 
behind in other than CSCW functionality [3]. Especially within domain specific ap-
plications, such as M&S applications, this kind of support is rarely seen. Thus we 
decided to address the problem through in-house design and development of the 
needed infrastructure, a foundation we call Collaborative Core (CC). CC will provide 
collaborative services, and should due to the nature of defense operations be distrib-
uted. CC is designed and has so far partly been implemented (see Section 3.1 for more 
detail). The development has been performed in close cooperation with two students 
from the Royal Institute of Technology [4, 5]. 

2.3   The High Level Architecture 

Whilst parallel simulation aims at reducing the total simulation execution time (so 
called speed-up), the science of distributed simulation (DS) has different goals [6]. 
DS is the M&S answer to the Object Oriented thinking in the community of Com-
puter Science. In DS, simulation components are executed on different computing 
nodes and coordinated in a joint simulation. This makes it possible for simulations too 

                                                           
1 JXTA is a Java based, open-source Peer-to-peer framework distributed at http://www.jxta.org/ 

[accessed February 2005]. 
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large for execution on one single computer to be distributed and executed on several 
nodes. Further it facilitates and makes it possible for different kinds of simulation 
components to interact, despite residing in different computer environments. 

Above features with DS assume simulation component interoperability, namely 
that all components utilize a common standard. The High Level Architecture (HLA) is 
a framework for component-based simulation systems, originally developed within 
the US Defense Modeling and Simulation Office (DMSO) [7] and is the proposed 
simulation standard within the Swedish Defense. HLA provides a common communi-
cation structure, and rules for simulation components (so called federates) to follow, 
assuring them to be interoperable and able to together act in a distributed simulation 
(so called federation) [8]. The federation is managed and communication is transmit-
ted through an implementation of the HLA services, a distributed operating system, 
called RTI (Runtime Infrastructure). RTI provides required services, such as: 

− Federation Management – creating and controlling the federation execu-
tion etc. 

− Time Management (TM) – flexible and advanced means of federation 
time management 

− and Data Distribution Management (DDM) – mechanisms for efficient 
routing of information among federates 

3   CC Design 

When the CC infrastructure was developed, a concept was first designed and pro-
posed. Thereafter technologies for implementation were chosen. The developed proto-
type was a partial implementation of the CC design, and is described in Chapter 4. 

3.1   CC Infrastructure: The Concept 

The CSCW service in the NetSim platform will be provided as a module that supports 
the user transparently with group management and tool sharing services. Applications 
using the services will do so without user specific complementary action. CC lever-
ages support and services required for a user to be able to start, administrate, and 
participate in computer based collaboration groups, and hence also for sharing tools 
and other functions in NetSim. Besides, CC will offer development support for inte-
grating new tools for CSCW. In general, the CC design is comprised by three main 
components, presented in Table 1. 

Our research and development has focused on the two latter issues. Concerning the 
second component, the CC framework will provide a pluggable interface for collabo-
rative applications, and that relieves tools of responsibility for managing user groups, 
and most of communication responsibility (discussed in Section 4.3). This way, de-
velopers will be supported in developing new CSCW tools, and in modification of 
existing applications to become collaborative. The third component represents 
straight-forward services for CSCW group management and administration, including 
shared group status and shared areas. 
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Table 1. The three CC main components, of which number 2 and 3 are treated in this paper 

CC Service Content 
1. Communication Means Integrated tools for communication 
2. Application Interface API, interface and software as development support for 

integrating new tools into CC 
3. Group Management Services Creating and maintaining collaboration groups,  group 

administration etc. 

3.2   Requirements and Design Choices 

The overall requirements for CSCW in the NetSim platform, and consequently for the 
CC module, are described in Table 2. Considering these, some design choices were 
made. The last requirement lead us to choose a replicated architecture for the CC, i.e. 
all clients execute their own equal set of applications, and are themselves responsible 
for taking the correct action, to the retrieved changes from other clients. Replication 
was chosen since various client types may have different requirements in terms of 
GUI complexity and limited network connections etc. Transmitting only data, and 
letting the client specific application process it, is here a suitable solution. 

The aim of the CC application interface is to provide support for plugging tools 
into the CC. There are two ways of accomplishing this, either by letting CC take all 
responsibility, or through requiring modification and responsibility from the applica-
tion. Allowing no tool modifications at all requires a very generic CC interface, which 
is hardly possible. Thus we decided that CC can set some application requirements, 
with the primary aim to keep modifications at a minimum. 

Table 2. Primary requirements for CC 

Requirement Significance 
Distributed CSCW The environment should be distributed. But this does not 

exclude future architecture combinations 
Synchronous work The CSCW intended here is immediate and synchronous 
Short Persistence Collaboration 
Groups 

Collaborative activities within NetSim are assumed to 
most often be directly task oriented, i.e. life times of 
collaboration sessions are assumed short 

Small group sizes Groups are assumed small, 2-8 persons. Considering 
scalability and regarding HLA as technology larger 
groups are possible. However, that requires social support 
to address virtual conflicts etc., an issue not handled here 

Various client types Different client types are considered, such as thin clients 
with poor network connections. In this regard, we assume 
virtual worlds to be too complex for the purpose 

3.3   HLA for CSCW? 

Since the acceptance as an IEEE standard (IEEE 1516), the area of application for 
HLA has been broadened to both non-military and non-simulation areas. An example 
is the multiplayer online gaming framework by Vuong et al. [9], and the collaborative 
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virtual shopping mall by Zhao & Georganas [10]. The latter made an evaluation of the 
HLA as an enabler of collaborative virtual environments, with overall affirmative 
results [10]. 

Using an already existing architecture to build a CSCW infrastructure upon, may 
contribute to avoiding unnecessary development. HLA provides an infrastructure with 
essential services that beneficially could be used for CSCW, such as time manage-
ment, group management (Federation Management), efficient information filtering 
(DDM), and communication management. Moreover it is a mature technology and 
standardized. An issue is that the HLA originally was not developed for real-time 
applications, something that CSCW applications highly are. Thus, the suitability of 
HLA for the purpose must be evaluated. And as stated, one of the challenging issues 
for CSCW is consistency management. Advanced, flexible consistency management 
has been declared a lacking part in current implementations of CSCW and in existing 
systems [11]. Utilizing HLA and the RTI, which provide advanced, flexible time 
management, this issue can be addressed appropriately. Moreover, since most simula-
tion within our research complies with the HLA, we assumed it to be a candidate 
technology for our purpose.  

3.4   XML for the Purpose? 

XML (the Extensible Modeling Language) provides a way of structuring information 
in a platform independent, human-readable way. XML allows developers to create 
their own markup languages, and templates and rules (defined in XML Schemas), that 
help assuring the interoperability between data. A very beneficial feature is that XML 
efficiently separates data from presentation. In a CSCW infrastructure such as de-
scribed above a lot of information is managed, such as tool specific information, col-
laboration group information and client information. A design choice could be to 
strictly follow the technology chosen (here HLA), but to accomplish a more generic 
structure and less technology dependent, XML can be used for structuring and han-
dling information. Another reason for using XML is that here various client types are 
expected. Using XML, the same information is provided to all participants. At the 
client side, parsing of the XML formatted information can allow for user specific 
utilization and presentation. 

3.5   Combining HLA and XML for CSCW 

Concluding the above discussion and our experiences from earlier work, we propose a 
combination of HLA and XML to constitute the foundation for a CSCW infrastruc-
ture. It uses XML-based group definitions and a communication infrastructure built 
on the HLA.  

4   Implementation 

4.1   The Prototype 

A first CC prototype has been implemented, of which the two main components  
were implemented in separate, but closely coordinated tracks. They are described in 
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Section 4.3 and 4.4 and in detail in [4, 5]. Besides these, a prototype for the NetSim 
environment was developed. A simple user GUI was created along with three simple, 
but demonstrative, prototype applications (shown in Figure 1). These were used for 
practically evaluating the implemented CC functionality. 

 

Fig. 1. CC screenshot. Depicted are three simple tools; a text editor, a box drawing tool and a 
game, that are used within a collaboration session. Additional CC features are shown, such as a 
Participation Panel (group specific information) and an Activity Panel (alerts tool activity etc.). 

4.2   HLA and CC 

Two models were considered for organizing the RTI communication at each client, 
the first one using only one general-purpose federate2 in each node, that managed both 
application specific information and group management communication. The second 
model, which is the one we chose, considered using one group service federate and 
one tool specific federate for each application used within the collaboration. This 
implementation leads to several federates within the same client. But having a single 
general-purpose federate at each client, handling traffic from an unknown number of 
federates while at the same time managing group functions and also tool specific 
functions, would lead to a complex design, without significant associated gains in 
performance. Besides, applications can have different requirements on time manage-
ment, an issue that is more easily managed if each application has its own HLA  
federate. 

                                                           
2 Recall that a federate is an individual simulation component (see Section 2.3) that jointly is 

executed in a federation (simulation). 
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The HLA RTI was utilized as communication medium and for essential facilities 
such as Time Management, Federation Management and also DDM mechanisms. The 
specific RTI used was the Pitch developed pRTI.  DDM provides services for effi-
cient routing of information, i.e. provides means of traffic filtering among federates. 
The DDM functionality is in our solution for example used for directing information 
(instant messaging), and forming subgroups for communication within collaboration 
groups. Furthermore, a distributed lock was implemented using HLA that is used for 
restricting mutual exclusion of some methods. 

4.3   CC Services 

Implemented services of CC address four areas of functionality: 

− Group services – searching, creating, joining and resigning collaboration 
groups 

− Settings – administration services for reading and writing information 
about tools and members in groups and other properties 

− Communication features – data transmission and data filtering 
− Other features – instant messaging, desktop layout sharing, presence 

awareness and activity awareness etc. 

The central mechanism of the CC services is the Collaboration Description 
(CD). This is the vehicle of all relevant information within a collaboration group, 
including settings, member information and status etc. It does not hold tool specific 
settings, which are part of the application interface component (see Section 4.3). 
The CD takes two forms within CC. Distributed and propagated amongst CC cli-
ents, the CD is implemented in XML. And for facilitated management purposes, 
when loaded into client computer memory, the CD is implemented as a DOM 
document wrapped in a class called CollaborationDescription. The Col-
laborationDescription provides valuable methods for accessing the data, and 
parsing services to and from XML. 

CC clients collaborate in groups and sessions, described in the CD, which can be 
seen as a replicated state XML information model. A user may create and join sev-
eral groups. The summarized group state is stored in a persistent storage space, when 
the last member leaves the group. As a member rejoins the group, he or she initiates 
the last saved state and session of the group, through retrieving the last update of the 
group specific CD. In the same manner a late-joiner is updated and initiated, using 
the CD. 

4.4   CC Application Interface 

As stated before, it should be possible to plug tools into CC, without much modifica-
tion. This requires a generic interface, which provides communication facilities 
among the similar tools used within the same collaboration session. Each application 
implements a thin CC interface and the few additional required methods that will be 
used by CC. 

When an application is started in collaborative mode, CC assures a federate is 
started on behalf of the application, and with eventual required settings appended 
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from the tool, such as Time Management (TM) mode. The TM decides in what  
fashion communication between applications is synchronized and handled, and con-
sequently the consistency mechanism used. The federate’s TM mode can be changed 
at any time during a session, without restarting the application. So far two modes have 
been implemented, conservative and relaxed, but further development will consider 
other types as well. 

Applications communicate in the form of messages, and all messages are formatted 
in XML and validated towards an XML Schema created for this reason. To support 
applications in using, parsing and reading XML, the Application Interface provides 
such functionality. There exist three different types of messages, described in Table 3. 

Table 3. The communication between CC applications is held through three different kinds of 
messages, as described here 

Message Type Description 
Event General application event. Used for communication 

among applications; update events, state changes etc. 
Internal Event Federate internal events communicated only between 

federates, for example distributed locks 
Status Event The collected status of an application at a specific time-

stamp. Used for updating newcomers, restarting a sleep-
ing collaboration etc. 

5   Experiments and Results 

As presented, HLA and XML were successfully used for developing an infrastruc-
ture for CSCW. The question that remains is whether the performance of the im-
plemented solution is sufficient for our needs. Two kinds of experiments were per-
formed. Primary parameter of our interest here was time, i.e. message transmission 
times, since this is an important factor for update time (and that causes delay) and 
consistency management in CSCW. 

5.1   XML Conversion Tests 

The first experiment concerned evaluation of XML serialization. The time con-
sumption of conversion tests in both directions was measured, i.e. to and from 
XML. The converter used was XStream3, to comprise information from and to 
XML within the applications, when receiving updates and information. It is essen-
tial that the process of doing so is not too time consuming. The test result is pre-
sented in Figure 2 below. 

Test bed: 1 PC with 256 Mb RAM, Intel Pentium IV 1.5 GHz processor, running 
Windows XP. 

                                                           
3  XStream is an open-source package developed by Codehaus. Homepage: 

http://xstream.codehaus.org/ [accessed February 2005]. 
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Fig. 2. Conversion tests of Java String to and from XML. The X-axis displays the size of 
Strings parsed, and the Y-axis the parsing time in milliseconds. As is seen, total parsing time 
shows good performance, displaying an even linearity, and very low average parsing values. 

5.2   HLA Versus Sockets 

Utilizing the already developed and mature facilities of the HLA framework was 
successful for the purpose. However, before determining the overall HLA suitability 
HLA, some performance tests had to be conducted in order to conclude if using the 
M&S architecture conveyed too much overhead compared to more light-weight archi-
tectures. First a pure socket implementation was measured, where chosen message 
sizes were evaluated towards message transmission times (transfer rate). Then the 
same set of experiments was conducted using communication through the RTI in-
stead. Figure 3 and 4 presents the result of these experiments respectively in two his-
tograms. The same notations are used in both, and results are here displayed for 
twenty tests – the 50 kB test is shown front left, and the 1Mb test is shown furthest 
back into the diagram. Horizontally, the diagram is divided into millisecond-wide 
intervals of transfer-time. Vertical bars show the number of messages for a particular 
test that were transferred within a particular millisecond interval. 

Test bed: 2 PCs equally configured Pentium III 1GHz, with 256 Mb RAM, running 
XP, connected in a LAN with a 100Mbit switch.. 

The result displayed severe differences between the two experiments. First of all 
the HLA was on average slower, but looking merely at the average, HLA compared 
with the socket-based solution in an acceptable way. However, the RTI transfer rates 
presented strange behavior when sending larger packages. When message sizes in-
creased from 550 kilobytes to 600 kilobytes, a huge increase in transmission times 
was observed. When exposing these observations for the developer, Pitch, they ex-
plained that this discrepancy may relate to the complex implementation of memory 
buffers that pRTI possess. A number of suggestions for running the experiments, that 
for example refer to the use and functionality of the JVM, and trying again were pro-
posed, but have not yet been conducted. 
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Fig. 3. Socket-communication. Data follows a normal distributed pattern along a linear curve. 

 

Fig. 4. pRTI-communication. Here, result shows data is distributed in a multi-modal way. 

5.3   Conclusions 

Considering the XML tests, the main conclusion drawn was that XML fulfills the 
requirements of our purpose, and that the XStream converter successfully was able to 
convert all custom classes given to it. 

HLA performed well compared to a socket-based system, which verified the use of 
it compared to other architectures. However, RTI showed some disturbances when 
using large message packets, with sizes above 550 kilobytes, and did not display the 
same linear behavior as the socket-based solution. These diverging transmission times 
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were not acceptable for our solution, and consequently we concluded that those mes-
sage sizes are not recommended if using HLA for the purpose of CSCW and real-time 
applications, unless the problem is solved. Despite this, the essential conclusion was 
that HLA provided useful functionality that could be used instead of developing these 
ourselves, and additional features that were beneficially utilized, such as DDM. 

6   Conclusions and Future Work 

Results of performance tests show that the HLA communication architecture com-
pares reasonably well with a socket-based. Overall, results demonstrate feasibility of 
the CC infrastructure, and of the objective of extending the use of HLA to non-
simulation applications. HLA proved well suited as communication structure for real-
time user interactive applications, and the already built-in advanced functionality in 
HLA was beneficially used for CSCW services. Furthermore, XML conversion tests 
verified efficient use of XML for the purpose and combination with HLA for CSCW. 

Recommendation: Pending resolution of the issues around large-message transmis-
sion, HLA is not recommended as candidate technology for utilization in the purpose 
regarded in this paper if typical message package sizes exceed 550 kilobytes. 

Future work to adapt full-scale applications to the collaborative framework is in-
vited and planned. Furthermore, more advanced synchronization (and consistency 
management) will be considered, and the efficiency of respective time management 
mechanisms for the purpose of CSCW will be evaluated. And last, more extensive 
HLA experiments, to resolve the large-message transmission issue, are proposed. 
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Abstract. Concurrency management protocols are implemented over collabo-
rative platforms in order to manage the shared object modifications. We have
defined the Chameleon protocol which allows us to obtain a dynamic manage-
ment of collaborative architecture. Now, we want to use this algorthm over a
telemedicine platform within a European project on tele-diagnosis for neurology:
TeNeCi. In such a domain, a robust (no errors, no losses...) management of inter-
actions between cooperative members is crucial. Indeed, TeNeCi must provide an
efficient and infallible tool to doctors in order to establish a collaborative diag-
nosis. So, we must validate and prove the Chameleon robustness. Coloured Petri
Nets allowed us to correct the Chameleon weaknesses we have discovered dur-
ing this modeling. Indeed, a time-out and an automatic forwarding mechanisms
have been implemented in the first version of our communication protocol. In
addition, a timestamp has been added to some messages sent to inactive sites.
Finally, a lock mechanism during a particular step has been also implemented in
the Chameleon. Due to those results, we have proved that our protocol is robust.
Thus, it can be used in medicine applications.

1 Introduction

In collaborative environments, sharing notion is everywhere. Concurrency management
protocols become very important. We have defined the Chameleon protocol [1] which
allows us to obtain a dynamic management of the collaborative architecture. This pro-
tocol has been tested [1] and integrated in an e-maintenance platform to support tele-
diagnosis tools. Our aim is to integrate the Chameleon algorithm in a telemedicine
application developed within the framework of a European project on tele-diagnosis for
neurology. Such an application imposes a great robustness to be used in an emergency
context. In the first part of this paper, we present this new framework of utilization: the
collaborative tele-neurology project TeNeCi [2]. The second part of this paper allows us
to define the way to modelize our distributed protocol through coloured Petri nets. The
third part presents the Chameleon specifications and the coloured Petri net we draw to
modelize it. The results and the improvements we did to the Chameleon regarding the
properties of the obtained model are discussed in the fourth part of this paper.

Y. Luo (Ed.): CDVE 2005, LNCS 3675, pp. 14–21, 2005.
c© Springer-Verlag Berlin Heidelberg 2005
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2 The TeNeCi Project

With the support of European/INTERREGIII funding (France - Switzerland), our team
has been working in close collaboration with the Federation of Neurosciences in Be-
sançon on the creation of the TeNeCi project (cooperative teleneurology) [2]. This
project will enable neurological expertise to be improved through the Emergency Neu-
rology Network (RUN) which is already established in Franche-Comté hospitals and
coordinated by the University Hospital in Besançon. It also seeks to promote a col-
laborative network structure coordinated by the Vaud University Hospital in Lausanne
which will gradually develop in hospitals in the Swiss cantons of Vaud and Neufcha-
tel. TeNeCi will ensure improved neurological expertise through the activities of the
RUN network. This network, coordinated by the University Hospital of Besançon es-
tablished between the hospitals in the Franche-Comté region, is dedicated to facilitating
the diagnosis and treatment of neurological emergencies. In the long term a veritable
centre of cross-border and regional excellence will be created. TeNeCi collaborative
tele-neurology application works with two complementary modes. In asynchronous
mode: one person performs the diagnosis with the tools provided by the application.
This mode can be composed of an image search stage to establish a diagnosis, followed
by an emission stage to ask for an opinion, for example. This opinion can be given a
few days after reception. For this mode, the interface must provide the necessary tools
to create a package which must allow the expert to view images and final diagnosis
and also to reconstruct how the diagnosis was posed (annotations, image settings, treat-
ments). In Synchronous mode: it uses the same tools allowing real-time collaboration
among several people. This mode provides mechanisms to manage concurrent access
to particular commands, e.g. contrast and zoom etc. It is composed of an image search
stage, not in order to pose the diagnosis directly and to broadcast information to each
person involved in the real-time collaborative diagnosis. In this project, a perfect (no
errors, no losses...) management of interactions between cooperative members is cru-
cial. Indeed, TeNeCi must provide an efficient and infallible tool to doctors in order
to establish a collaborative diagnosis. In a medical environment (emergency for exam-
ple), errors or looses are not permitted, so we must validate and prove the Chameleon
robustness. The applications that are working according to the synchronous mode are
based on our communication protocol Chameleon. The specifications of this protocol
are available in 4.

3 Bref Introduction to Petri Nets

A Petri net is a mathematical modeling tool. It is possible to modelize and verify prop-
erties and functionalities of different types of system. Petri nets can be used for produc-
tion systems but also CSCW systems [3,4,5]. In CSCW systems, Petri nets can modelize
behaviors as parallelism, synchronization, semaphore and resource sharing. There are
different types of Petri nets : classical [6], timed [7] (with discrete delays), stochastic
[3,8,5] (with continuous delays) and coloured [9,10,4] (with data on the marks). Actu-
ally, the aim of this paper is to fulfill a qualitative study of our communication protocol
in order to verify its robustness. Thus, we decided to use a coloured Petri net to modelize
and evaluate the Chameleon.
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4 Chameleon Specifications Using a Coloured Petri Nets

The first subsection of this part presents the first specifications of the Chameleon. The
second subsection presents its lacks. The last one the used natations and the designed
Petri net.

4.1 The Chameleon Speficiations

Our CSCW Framework called CAliF Multimedia uses distributed shared memory to
manage the consistency of discrete media. The main part of the platform is the com-
munication service. It allows cooperating members to broadcast their information. We
chose to develop a new token strategy based algorithm. The originality of these algo-
rithm, named Chameleon, is to allow the virtual topology to be reconfigured using two
communication techniques: a rotating sequencer for one site and a symmetric approach
for another, for example. Thus, the token only visits the active sites. Another important
characteristic of this algorithm is that the representation of the virtual topology is a dis-
tributed shared object and is transported by the token. Ring topology is more efficient
than a full connected network topology for a multi-broadcast operation; however this
tendency is reversed when the number of active sites decreases. So, we use the second
method (symmetric) for the sites that do not participate actively in cooperative work
to complete the ring which links the active sites. Actors of a cooperative application
can have different roles and rights, thus implying that sites can have different states.
Producer-Consumer (PCo): The site modifies the shared data. It receives information
from the other producer sites and sends the result of its operations to the next producer
through the token; Tutor Producer-Consumer (TPCo): The site modifies the shared
data and sends the results of its operations to its next producer and to the sites for which
it is the tutor. A tutor is a member of the virtual ring, whereas a tutored site is not a
member of the ring but depends on a tutor; Simple-Consumer or Tutored site (SCo):
The site does not modify the shared data; it only receives information from its tutor via
an inactive copy of the token. It never broadcasts a token; Simple Producer (SP): This
site is the only producer. If a PCo site is inactive for a given time it becomes SCo. The
evolution of virtual topology is dynamic and does not require reconstruction, so it is not
very costly. It is based on a ring topology, but it can evolve either towards a centralized
system if there is a Simple Producer, or towards the use of several techniques: a ring be-
tween n sites and a centralized system from a node. The Chameleon algorithm manages
the membership of a site whatever its state may be. The token is not a simple tool allow-
ing a site to broadcast, it contains the virtual topology representation. The consistency
of this topology has to be maintained, to ensure that all the sites have the same view of
the system. The nature and the treatment of the token depend on the state of the sites
that receive it. When a TPCo site broadcasts the token, it begins by sending it to the
next producer. As broadcast is a blocking operation, the TPCo site has to wait until it is
terminated. After that, the token is sent in parallel by the TPCo site to its tutored site(s)
and by its next producer to another producer. So, at the same time, two sites are treating
the token. There is no problem of consistency management because one of these two
sites is SCo and cannot modify the distributed shared memory. Several events can lead
SCo sites to send messages: for example, they may have to become PCo if they have a
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modification to carry out, or they may have to manage the membership of a new site.
In such a case, the SCo site can send messages to its tutor which stocks and treats them
when it is in possession of the token. In this way, the consistency of the virtual topol-
ogy as well as the order and integrity of sent messages are maintained. If a PCo site
is inactive for a given number of token revolutions it becomes SCo. When the change
of state criterion is reached, the virtual topology has to be modified. This modification
depends on the state of the site that causes the change. When a PCo site has to become
SCo, it waits for the token, then it modifies the virtual topology contained in the token
and routes this token, which will broadcast this change of state. The modification of the
virtual topology on the token is performed by a calculation function, which builds a new
topology according to the current topology and to all waiting requests (membership, de-
parture...). If this site wants to become a producer again, it has to send a request that will
not be transported by the token (an SCo site cannot send a token); this request will be
treated by its tutor. Then, if a TPCo (tutor) site becomes Simple-Consumer, it has to find
new tutor(s) for its tutored site(s), find a tutor for itself, modify the virtual topology on
the token, send the token to the next producer site, send the token to its tutored site(s).

4.2 Lacks of the Chameleon Specifications

The description of the way Chameleon works is not complete. Precisions are required
and it may be possible to optimize it. There are concurrent processes, and there is no
details on the way following messages have to be treated: the Chameleon token itself,
copies of the token, connection of a new site, disconnection of a site, an active site (PCo
or TPCo) which becomes inactive (SCo), an SCo site which asks for becoming active,
in addition, is it sure that the token is never lost ? When an SCo site becomes PCo, are
there any token copies left ? Is there always at least one active site ? Are there any lost
messages, somehow ? Does a site always know to which one transmit the messages ?
Indeed, the real topology is on the token, whereas each site has its own copy of this
topology, which is refreshed each time the token or a copy of the token is received. As a
matter of fact, the copy of the topology on each site is different, and at a time, only one
site knows the real one: the owner of the token. So, for example, what happens when
an SCo site sends an SCo2PCo-request to a disconnected site ? Is it even possible ?
On a first step, we specified the behavior of the protocol for 3 sites through a classical
Petri net (no colour). The second step consisted in describing the Chameleon for 4 sites
through a classical Petri net. Since it is difficult to read those Petri nets, finally, we
transformed manually those Petri nets into one coloured Petri net. Since there is no tool
that permits to validate the obtained coloured Petri net, we made manual verifications of
this last Petri net [11]. Only this coloured Petri net is presented in this paper. A colour is
given to each site, and the number of colours is not limited. Thus, This Petri net works
whatever the number of sites is. To render it readable, we have chosen to represent it
by parts, using 2 figures. Each figure deals with a particular behavior of the protocol.
Some places, like SCo, PCo, NC, Token, Signal are drawn in different figures, but each
place PCo refers to the same place whatever the figure is, as for the other places. In
addition, we have assumed the fact that when a site becomes Simple-Consumer, then
the next Producer-Consumer site considering the way the token is transmitted around
the ring becomes its tutor.
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4.3 Behavior of a Producer-Consumer and a Simple Consumer

The figure 1 describes the behavior of a Producer-Consumer (PCo) site. This Petri
net considers the topology transmitted by the token. Indeed, each site has its own
view of the topology and the reference topology is the one transmitted by the token.
Thus, if a Ci-coloured mark is in the place PCo, that means that this site is PCo in
the topology transmitted by the token, but this site may be Simple-Consumer (SCo)
in the topology of another site. The topologies of each site are not represented in
this model. The initial marking is not specified in the figure since it depends on the
number of sites. Each site has a colour, and there is an order between those colours.
This order corresponds to the way the token is transmitted around the logical ring of
sites. Indeed, at initial time, there is a mark of each colour in the place PCo, and
for each site i, there are ITER_i Ci-coloured marks in the place Iterations. The to-
ken is given to one site i, thus, there is one Ci-coloured mark in the place Token and
one Succ(Ci)-coloured mark is placed in Next, since, a priori, the next site to which
the token will be transmitted is Succ(Ci)-coloured one. In order to update an ob-
ject, one site i has to be the owner of the token. Before determinating the next ac-
tive site, all the signals received by the other sites have to be treated. Under those
conditions, i determinates which site to send the active token, and the token copies.
The active token is sent to the next active site before the inactive token copies to its
tutored sites. The figure 2 shows the behavior of a Simple Consumer (SCo) site. In
order to become active, one site i has to treat all the inactive token copies left be-
fore sending a signal to its tutor. If it is not the wright tutor, the signal is forwarded
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to the next active site. i will become PCo the next time its tutor will be the owner
of the active token. The detailed behaviors of an SCo and PCo sites are described
in [11].

5 Model Analysis. Details Given to the First Specifications

In [11], we verified some properties of the obtained coloured-Petri net for 3 connected
sites and 4 token revolutions without any updating before comming SCo. We drove
different significant scenarii and drew significant parts of the accessible marking graph.
Indeed, since this Petri net is coloured, unlimited and contains inhibitor arcs, it is neither
possible to use a software to automatically find out its properties, nor possible to draw
the whole accessible marking graph. Thus, this study has been made manually and
we verified different properties according to significant initial markings (cooperative
system states) and scenarii (site actions). Assuming there are one Ci-coloured mark
∀i ∈ {1; ...; n} in the place PCo, one Ci-coloured mark i ∈ {1; ...; n} in the place
Token and one Succ(Ci)-coloured mark in the place Next, In [11], we have verified
that the Petri net is alive. Indeed, it is possible to cross each transition, and there is no
lock in our protocol. Thus, there is no way to go to an inconsistent state. In addition,
there is always at least one mark in the place PCo which means there is always one
active site at least. All sites can not become SCo or disconnected at the same time. We
have verified also that (PCo, SCo, NC) constitutes an invariant marking for each colour.
That means the state of each site is never lost and always either PCo, SCo, or NC. In
addition, each site has always only one consistent state on the token. If we consider
only the colours in the place PCo at any time, there is only one mark of those colours
in the place Token or in the place DetNext. This property proves the token is never lost
and there is only one active token. One of the active sites is either in critical section,
or determining which site is the next one. In addition, there is always no more than
one mark in one of the places Upd or NoUpd. That means there is no more than one
site in critical section. The Petri net is also not limited because the number of marks in
the place Token is not. Indeed, there are the active token and also all the inactive token
copies sent to the Simple-Consumer(s) in this place. When a site is SCo, it is inactive,
so it can consumes the inactive token copies at its own rythme. Thus, the number of
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copies is only limited by the available space left in this SCo. Nevertheless, this site may
become active again. So, in order to keep a consistent view of the production area, it is
necessary to concume the copies keeping the same order as the order in which they have
been sent to it. For all those reasons, a timestamp must be added to the inactive token
copies sent. Since the topology replicated on each site may be different from the others,
inconsistencies may have occur. The reference is actually the topology transmitted by
the Chameleon token. Moreover, asynchronious signals have to be transmitted to sites,
and the choice of the receiving site depends on sites replicated topologies. Our Petri
net model validates the behavior of the connecting sites. Many specification points are
clarified through this Petri net model. Indeed, we show the reasons why signals have to
be treated before the active token transmission on the PCo sites in section 4.3. Since all
signals modify the topology the token may be sent to the wrong site. In parallel, inactive
token copies may also be sent to sites which do not need them. In addition, it is better
to send the inactive token copies created during the last token arrival before entering
in critical section again in order to minimize the differences between the production
area and the production area replicated on SCo sites. As a matter of fact, inactive token
copies must be consumed by SCo sites as soon as possible. In order to optimize the
speed of the token revolution, it is better to transmit the active token to the next PCo
site before transmitting the inactive token copies to the tutored sites. This model shows
that one site can send no more than one signal to no more than one site and wait for
the treatment to be complete, or to wait for a time-out achievement. In addition, an
acknoledgment and a time-out mechanisms are required when a signal is sent. Indeed,
if the receiver is in fact disconnected, the request may be lost, the receiver of a request
must inform the sender if it is able to treat it. Indeed, if the receiver is SCo or if it
is disconnected, the sender has to send the request again to another site. The TeNeCi
platform will be based on our framework CAliF [2]. Over this platform, the Pilgrim
and the Optimistic Pilgrim are the protocols that manage the concurrent accesses to
the shared objects [12]. The results presented in this section prove that the protocol
can be used for such a domain. Regarding this Petri net model, we also improved our
communication protocol optimising the order of the tasks. Concretly, the active token
is transmitted only to the active specialists connected to the platform, and the others
receive inactive token copies. For example, when one specialist is drawing a circle over
an X-Ray photography in a white board shared editor, we are certain that all the other
specialists (active and inactive) will see this new circle. In addition, we have also proved
that each specialist can modify this circle, even if he (or she) has not drawn anything
for a long time. Furthermore, the way this circle is transmitted is optimized.

6 Conclusion and Further Works

We have defined a new protocol for concurrency management in collaborative work: the
Chameleon. For a medical use, we had to prove its robustness. Coloured Petri Nets allow
us to correct the Chameleon weaknesses we have discovered during this modelling.
Indeed, when an inactive site sends a signal to its tutor in order to become active, this
signal may not be sent to the right site, as the model has shown us. Thus, a time-out
and an automatic forwarding mechanisms have been implemented in the first version
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of our communication protocol. In addition, the model proved that it is possible to send
a lot of inactive token copies to an inactive site, so, a timestamp has been added to the
inactive copies sent by the active sites to their tutors. Finally, when a site is seeking for
the next active site in the shared topology, it is now not allowed to take into account the
signals of its tutors, otherwise one site may be in an inconsistent state (both active and
inactive). Thus, a lock mechanism during this step has also been implemented in the
Chameleon. Due to those results, we have proved that our protocol is robust and can be
used in medicine applications.
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Abstract. Networked based distributed collaboration has become pervasive and 
makes today’s enterprises much more productive than ever before. The automa-
tion of the collaborative processes can be driven and managed by workflow 
rules. In addition, during recent years, ubiquitous computing and universal net-
work connectivity have imposed another imperative requirement on collabora-
tion systems. That is, remote participants with heterogeneous and dynamic con-
nection and process capabilities should be able to join seamlessly in the col-
laboration at any time. Intelligent, context-aware, and workflow-centric col-
laboration is an essential prerequisite to fulfill that requirement. In this paper, 
we describe a generic framework, dubbed as EkSarva, which is capable of em-
bedding workflow rules and context-awareness intelligence into collaborative 
sessions leading to increased opportunities for process automation 

1   Introduction 

Networked based collaboration in its most fundamental form consists of interaction 
and information generating and sharing among participants. Current groupware and 
collaboration tools mainly focus on facilitating information sharing. These tools typi-
cally bundle the numerous functionalities found in applications like email, document 
editors, calendars, and process management and provide a single interface for their 
usage. This tool-centric approach, we believe, only increases the usage complexity 
and is not adequate to capture the semantics of the collaboration operation. In addi-
tion, with the proliferation of mobile devices and ubiquitous computing, these tradi-
tional tools also are not flexible enough to support heterogeneous and dynamic  
usage patterns.  
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sity. The views herein are those of the authors and do not necessarily reflect the views of the 
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As an alternative, we are developing a generic collaboration framework where the 
workflow is embedded in the enactment system and connection-awareness is auto-
matically maintained to support collaboration participants’ diverse and dynamic re-
quirements. In essence, we believe CSCW should be a design-oriented research area. 
The design of the above framework captures a deep understanding of the nature of 
collaboration work and its forms and practices. 

The paper is organized as follows. We first describe the key design considerations 
of EkSarva. Then we review related work. Next, we explain the EkSarva framework 
and the formalisms it provides to model collaboration. Following this, we use an ex-
ample to illustrate the usage of this framework. Finally, we conclude our paper with a 
brief discussion of our prototyping and future research extensions to improve it. 

2   Key Design Consideration 

2.1   Workflow Centric 

In a society of knowledge workers, collaboration, in its most fundamental form, con-
sists of generating information, sharing it with others in the same community. This 
sharing of information will result in further generation of new information which will 
trigger actions upon them. The underlying paradigm of this collaboration can be sim-
ply stated as “information sharing, when acted upon, results in a state-change of the 
project which triggers further information exchange-until the project goals are 
achieved – or we run out of time”. This collaboration process is often referred as 
“Workflow”. In the design of this EkSarva collaboration framework, we focus on the 
workflows driving the collaboration towards a common task.  

2.2   Context Awareness 

During recent years, ubiquitous computing and pervasive network connectivity have 
given rise to expectations of building a digital society, where remote participants with 
heterogeneous and dynamic connection and process capabilities can join seamlessly 
to accomplish a common task. This imposes a new requirement on today’s collabora-
tion framework: context-aware capabilities of adapting to heterogeneous computing 
requirements. The essence of context-awareness is invisibility; the changes of physi-
cal locations, process speed or other technical barriers should be transparent or invisi-
ble to collaboration participants. The collaborators should focus on the workflows 
embodying the collaboration process and moving on to achieve the final target instead 
of spending a significant amount of time and efforts in reconfiguring tools and adapt-
ing to new computing environments.  

In the EkSarva framework, we also bring in context-awareness capabilities to ful-
fill this new requirement imposed by the emergence of a pervasive computing society. 
This context-awareness feature facilitates the movement of workflows driving col-
laboration towards its final targets without being interrupted to adapt to the changes of 
computing environments; the latter is made invisible to collaboration participants. 
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3   Related Work 

Habanero [1] is a collaborative framework and an environment containing several 
applications. The Habanero environment consists of a client and server. The server is 
responsible for hosting and managing the sessions. The client interacts with the ses-
sions using various applications. DISCIPLE [2, 3] is a framework for synchronous 
real-time collaboration. The main characteristics of DISCIPLE framework are a lay-
ered architecture, explicit knowledge-based support for software modules, and multi-
modal human/machine interaction. These frameworks provide the substrate for col-
laboration. They do not provide any mechanisms to embed workflow rules into the 
execution components. As a result human interaction is required, consistently, to 
progress a collaborative session. In [4, 5] Personal Agents (PA) are used to enhance 
collaboration. The agents are limited to knowledge management tasks in a collabora-
tion environment. They do not participate in the enactment of the collaboration. The 
Chautauqua [6] consists of a workflow system at its base. The system also facilitates 
changes to the workflow during the enactment, thus providing a notion of dynamic 
workflow. Our system differs from the above projects in its ability to model collabo-
ration with flexible and powerful formalisms. In addition, our system places workflow 
in the center and also provides adaptive services through context-awareness to meet 
the requirements of dynamic and heterogeneous collaboration computing environ-
ments. 

4   Conceptualized Collaboration Framework 

Modeling a collaboration session involves capturing the fundamental components 
involved in the collaboration sessions and the interaction among them. A collabora-
tion framework cannot succeed without successfully modeling its targeted collabora-
tion activities. The EkSarva collaboration framework conceptualizes the following 
entities involved in collaborations: Person(P), Project(P), Place(P), Situations(S), 
Signal(S) and Transcripts(T).A detailed description of this conceptualized framework 
can be found at [7]. 

5   EkSarva System Architecture 

The architecture of EkSarva consists of two major components based on the function-
alities of those subsystems[Fig 1]. 

5.1   Specification System 

The specification subsystem is responsible for providing mechanisms to specify the 
framework component: Project, Person, Place, Situation, Signal and Smart Transcript 
(PPP/SST). This subsystem would be realized through the development of the Col-
laboration System Specification Shell (CSS) with a domain specific knowledge base. 
Through an interface, a Collaboration Initiator (CI, the person who has the authority 
to initiate collaboration) interacts with the shell to specify the above mentioned 
framework components. Further, the CI would provide additional information re-
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quired for any customizations. The customizations are intended to create a collabora-
tion environment that differs from the domain specific generic environments. In short, 
the above specification subsystem provides the initial configuration of the collabora-
tion system.  

Behaviors Rules

EkSarva Collaboration System 
Specification Shell

Workflow 
Rules

EkSarva Collaboration Engine

Collaboration 
Compiler

Collaboration 
Run-time

Dynamic 
Collaboration 

Context 
Manager
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Fig. 1. EkSarva System Architecture 
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Fig. 2. The layered view of the framework 

5.2   EkSarva Collaboration Engine 

EkSarva Collaboration Engine is responsible for enacting the collaboration embedded 
in the workflow rules by providing coordination, synchronization and communication. 
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The collaboration engine processes the rules specified by the CSS and executes the 
workflow. Thus the two-stage process is analogous to a compiler of specification and 
a run-time engine for instructions generated. Mechanisms that are required to imple-
ment the above mentioned architectural components can be facilitated through a lay-
ered component model (Fig 2). Each layer corresponds to a software module provid-
ing the necessary services 

5.3   Layered Structure of EkSarva Framework 

EkSarva Framework can be structured in four layers: interface, coordination, 
knowledge and network.  The interface layer, in addition to, providing a representa-
tional view of the underlying collaboration ‘‘Project’’, also enables interaction with 
the project; The coordination layer is the command center of a collaboration pro-
ject; the knowledge layer contains the library of concepts that enables EkSarva to 
bring context awareness and intelligence to the collaboration process. The network 
layer provides network supporting services to the above layers. A more detailed 
description of the above layered structure can be found at [7]. But here we illustrate 
more detailed and revised functionalities provided by the coordination layer. 

The coordination layer  has the following main components (a) Workflow Man-
ager, (b) Context Manger,  (c) Workspace Manager, and (d) Transcript Manager.  

a) Workflow manager is the controlling entity of the collaboration process. It is work-
flow manager that drives the process forward to different stages until the final goal is 
reached. The core of workflow manager is a workflow decision engine that makes 
decisions to control the flow of the collaboration process based on different collabora-
tion situations.  

  

Fig. 3. Context Registration and Adaptive Notification 

b) Context Manager is responsible for maintaining context-awareness through the 
entire collaboration process. The core of context manager is a context decision en-
gine, which enables the framework to adapt to the changes of different collaboration  
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computing environments, and these changes or heterogeneous computing environ-
ments are made invisible to collaboration participants by the services provided by it. 
Consequently, collaboration participants then can concentrate on the collaboration 
process instead of technical details. 

After the EkSarva collaboration engine starts running and the collaboration proc-
ess is initialized, collaboration participants can join the collaboration session 
through a registration process (Fig 3). During this registration process, the client 
tells the collaboration server what are his/her interests. Meanwhile, the client also 
registers his/her computing environment, including computation power, display 
size, connection type and speed, etc. The client can also register more than one 
device in the server. For example, Sarah (a client) can register a PDA, a smart 
phone and a laptop. All of the above information will be stored in a client profile 
associated with the client’s logical ID in the collaboration process. The context 
manager manages a profile for each client and maintains the context-awareness 
through these profiles. During the collaboration process, suppose another client, 
Jacobi, starts a video conferencing. He can simply send the video to the server. 
Then the context-decision engine will send out this video stream to all subscribers 
(Sarach) and send it in a format which is suitable for each individual client based on 
his/her current computing environment. Sarah’s heterogeneous and dynamic com-
puting environment is then made invisible to Jacobi. 
c) Workspace manager provides the necessary functionalities to store, retrieve and 
manage object that are constituents of a project. Policing of access control mecha-
nisms of objects is also the responsibility of this manager.  
d) Transcript manager is responsible for generating and maintaining ‘‘Smart Tran-
scripts’’. Transcripts are used to ‘‘record’’ information about the activity of the col-
laboration, such as states, action items, important milestones, etc. 

6   An Example Usage Scenario: Cyber Conference Room 

To visualize how the EkSarva framework could be harnessed to facilitate collabora-
tion, we illustrate a cyber conference room where geographically distributed con-
ference attendees can participate. Within a company, several departments are hold-
ing conferences simultaneously. By signing up for departments, employees can 
become members of those respective conference collaborations (Fig 4). An em-
ployee views his or her workspace within a cyber conference room via the Project 
view. This view provides all relevant conference information, such as reports, data, 
deadlines, and so on. Submitting a report may be as simple as dragging and drop-
ping the file from his/her personal view into the project view. The EkSarva personal 
space then submits the file to the cyber conference group space. The coordination 
layer of the projects makes this operation transparent to the user. This layer is re-
sponsible for interpreting the rules present in the Knowledge Layer, which specify 
how each action should be handled based on the corresponding workflow rules and 
collaborative computing environment context.  
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In order to support heterogeneous and dynamic collaboration environment, context 
manager maintains each client’s context profiles collected at the registration process. 
Based on these client profiles, collaboration information and data such as multimedia 
presentation will be filtered or tuned to fit each client’s capability. For instance, in  
the above example, John is on the way to his office and he only has a personal  
PDA connected to the Internet. Therefore, based on his computing environment  
context, only a small size multimedia  presentation  version  will be  sent  to  his PDA. 
After John arrives at his office, he switches from the PDA to his laptop. This change 
of computing environment is detected by the collaboration server. The follow-up 
media stream will be changed to higher quality to reflect this change. But all of these 
computing environment changes are made invisible to other meeting attendees by the 
services provided by the context manager in the server. 

 

Fig. 4. Cyber Conference Room 

7   Conclusion and Future Work 

In this paper, we have presented a generic collaboration framework. Our main focus 
is the development of a flexible collaboration framework that is driven by intelli-
gent workflow. In order to meet the heterogeneous and dynamic collaboration envi-
ronment requirements, we incorporate context-awareness into the framework de-
sign. This also facilitates CSCW based collaboration in meeting the trends of ubiq-
uitous computing. We are working on prototyping the above cyber conference room 
project to demonstrate the effectiveness of its modeling of collaboration processes 
and satisfaction of ubiquitous computing requirements. We are also exploring dif-
ferent mechanisms, including the client context profile maintenance and manage-
ment, to better support the diverse client capability requirements. 
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Absract. Developments in digital design workbenches that combine 
Augmented Reality (AR) systems and tangible user interfaces (TUIs) on a 
horizontal display surface provide a new kind of physical and digital 
environment for collaborative design. The combination of tangible interaction 
with AR display techniques change the dynamics of the collaboration and have 
an impact on the designers’ perception of 3D models. We are studying the 
effects of TUIs on designers’ spatial cognition and design communication in 
order to identify how such tangible systems can be used to provide better 
support for collaborative design. Specifically, we compared tangible user 
interfaces (TUIs) with graphical user interfaces (GUIs) in a collaborative design 
task with a focus on characterising the impact these user interfaces have on 
spatial cognition.

1   Introduction 

Digital design workbenches, table-top Augmented Reality (AR) systems equipped 
with tangible user interfaces (TUIs), have been proposed as an alternative for the 
design review meetings since they allow designers to intuitively modify the spatial 
qualities of 3D designs and keep communication channels open by preserving 
traditional mechanisms such as verbal and non-verbal communication. This research 
focuses on the way the digital design workbench supports design thinking and design 
communication. Several researchers have proposed that such tangible interaction 
combined with AR display techniques might affect designers’ cognition and 
communication (Tang, 1991; Bekker et al., 1995). However, they have not posed any 
evidence in a systematic way. To date, the central preoccupation of research on TUIs 
has been in a developmental direction, which usually describes the fundamental ideas 
behind their tangible systems, their prototype implementation, possible application 
areas and some initial usability results. We aim to obtain empirical evidence about the 
potential impact of TUIs by investigating if and how the tangible presence of the 
virtual objects on the design workbench affects designers’ spatial cognition and 
design communication in collaborative design. This paper presents some preliminary 
results of a pilot study using protocol analysis, which considers what factors are 
associated with designers’ spatial cognition in 3D modelling.  



 Do Tangible User Interfaces Impact Spatial Cognition  31 

2   Tangible Presence and Spatial Cognition 

Since a human’s cognitive ability is strongly bounded, to carry out complex reasoning 
without the aid of tools is very difficult. Norman (1991) defined tools as cognitive 
artefacts, which do not modify the computational power of the human’s cognitive 
ability but instead modify the content of the knowledge involved in the elaboration 
process (Rizzo et al., 1995). That is, tools of thought – cognitive artefacts – are 
external aids that enhance cognitive abilities. Thus, we predict that designers’ 
perception of spatial knowledge will be improved when using TUIs, and this may be 
due to the tangible presence of virtual objects.  

2.1   Tangible User Interfaces and Physical Interaction 

AR technology blends reality and virtuality to allow the seamless interaction between 
physical and digital worlds. Thus AR research has focused on the linkage between 
digital information and physical objects by superimposing, tagging and tracking 
objects. The term “augmented reality” is often used to refer to such TUIs in which 2D 
and 3D computer graphics are superimposed on physical objects. TUIs turn the 
physical objects into input and output devices for computer interfaces to restore the 
richness of the physical world in human-computer interaction. Arias et al. (1997) 
argued that new HCI approaches need to combine physical and digital environments 
to augment the weaknesses of the other by using the strengths of each since the 
“reflective conversations” are very different between the two environments. Digital 
design workbenches that combine AR technologies and TUIs provide a physical 
interaction by putting tangible 3D objects containing digital information into a single 
environment.  

According to Wang et al. (2001), the strengths of physical interaction can be 
explained by two aspects. Firstly, physical interaction provides direct, naïve 
manipulability and intuitive understanding. It is very natural to pick up and place a 
physical object; certain characteristics such as size, weight, colour and shape can be 
used to communicate meaning. Secondly, physical interaction provides tactile 
interaction; the sense of touch provides an additional dimension of interaction. 
Seichter and Kvan (2004) posed the concept of “augmented affordance” to explain 
interactions using TUIs in AR systems. Norman (1988) regarded the study of 
affordances of objects, originated by Gibson (1979), as the start of a psychology of 
things since affordances result from the mental interpretation of things, based on our 
past knowledge and experience applied to our perception of the things. He proposed 
that “affordance” refers to the perceived and actual properties of the thing that 
determine just how the thing could possibly be used. According to Seichter and Kvan 
(2004), TUIs can be seen as offering a conduit between the real or perceived 
affordances implied by the physical properties of the interface tool and the 
affordances created by the digital behaviours in the virtualised interface. 

2.2   Designers’ Spatial Cognition and Spatial Representation 

As a consequence of the diversity of approaches and related disciplines, there is little 
consistency in what is meant by the term “spatial” (Foreman & Gillett, 1997). We 
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associate the designers’ perception of the form and spatial relationships of the design 
components with the designers’ spatial cognition. The meaning of ‘space’ to the 
designers is not an abstract of empty space, but rather of the identity and the relative 
locations of the objects in space. Space then is decomposed into particular objects and 
the spatial relationships among them viewed from a particular perspective. The spatial 
relationships may include functional reasoning since design is required to satisfy 
intended functions. In addition, it has been argued that touch is also a spatial 
modality, where the close linkage between motor and spatial processes has been 
emphasized. Kinaesthetic information through a haptic system provides us with the 
ability to construct a spatial map of objects that we touch (Loomis & Lederman, 
1986). It is the movement of a hand repeatedly colliding with objects that comes to 
define extra-personal space for each individual, as a consequence of repeatedly 
experienced associations (Foreman & Gillett, 1997). Thus, the movement simulated 
by the mouse in desk-top systems lacks tactile and kinaesthetic feedback that 
normally accompanies movement.  

Based on the assumption that people often use general purpose verbs and 
prepositions when the context is sufficiently clear to disambiguate them, we will 
investigate language spatial representation. Language draws on spatial cognition so 
that we can talk about what we perceive and it thereby provides a window on the 
nature of spatial cognition (Anibaldi & Nualláin, 1998). Jackendoff (1983) suggested 
a level of mental representation devoted to encoding the geometric properties of 
objects and the relationships among them in space, in order to express our spatial 
experience in talking about objects and talking about spatial relationships. Gesture is 
also recognized as a good vehicle for capturing visual and spatial information as it is 
associated with visuospatial content (Wagner et al., 2004). People produce some 
gestures along with their speech, and such speech-accompanying gestures are not just 
hand moving (Lavergne & Kimura, 1987). Speech and gesture are both characterizing 
the spatial relationships among entities, which are closely related to and may even be 
beneficial for cognitive processing (Goldin-Meadow, 2003). Wagner et al. (2004) 
found that the movement of hands facilitates recall of visuospatial items as well as 
verbal items.  

2.3   Digital Design Workbenches 

We reviewed various digital design workbenches: metaDESK, iNavigator, BUILD-
IT, PSyBench, URP, MIXdesign and ARTHUR system. Ulmer and Ishii (1997) 
constructed the metaDESK system with a focus on physical interaction to manipulate 
the digital environment. Standard 2D GUI elements like windows, icons, and menus, 
are given a physical instantiation as wooden frames, ‘phicons, and trays, respectively. 
iNavigator is a CAD platform for designers to navigate and construct 3D models, 
which consists of a vertical tablet device for displaying a dynamic building section 
view and a horizontal table surface for displaying the corresponding building plan 
geometry. From the user’s perspective, the display tablet is served as “a cutting plane” 
(Lee et al., 2003). BUILD-IT developed by Fjeld et al. (1998) is a cooperative 
planning tool consisting of a table, bricks and a screen, which allows a group of 
designers, co-located around the table, to interact, by means of physical bricks, with 
models in a virtual 3D setting. A plan view of the scene is projected onto the table and 
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a perspective view of the scene is projected on the wall. Brave et al. (1998) designed 
PSyBench and inTouch, employing telemanipulation technology to create the illusion 
of shared physical objects that distant users are interacting with. Although still in the 
early stage, it shows the potential of distributed tangible interfaces. URP developed 
by MIT media lab is a luminous tangible workbench for urban planning that integrates 
functions addressing a broad range of the field’s concerns such as cast shadows, 
reflections and windflow into a single, physically based workbench setting. The URP 
system uses pre-existing building models as input to an urban planning system 
(Underkoffler & Ishii, 1999). MIXDesign allows architects to interact with a real 
scale model of the design by using a paddle in a normal working setting, and also 
presents an enhanced version of the scale model with 3D virtual objects registered to 
the real ones (Dias et al., 2002). ARTHUR system is an Augmented Round Table for 
architecture and urban planning, where virtual 3D objects are projected into the 
common working environment by semi-transparent stereoscopic head mounted 
display (HMDs). Placeholder objects (PHOs) and wand are used to control virtual 
objects (Granum et al., 2003).  

These various configurations of digital workbenches, with and without augmented 
reality, show a trend in developing technology that supports designers in creating and 
interacting with digital models that go beyond the traditional human-computer interface 
of the keyboard, mouse, and vertical screen. The different configurations described 
above draw on specific intended uses to define the components and their configuration. 
Few of the publications about digital workbenches evaluate the new interface 
technology with respect to spatial cognition or improved understanding of the spatial 
relationships of the components of the digital model. In this paper, we consider the 
existing digital workbenches as defining a class of design environments that use TUIs to 
be a departure from the traditional GUIs that designers are currently using to create and 
interact with a digital design model. While TUIs and GUIs will continue to be 
alternative design environments for digital models, we focus on the differences between 
them in order to clarify the role and benefit of TUIs for designers. 

3   Comparing GUI-Based with TUI-Based Collaboration 

In devising an experiment that can highlight the expected improvement in spatial 
cognition while using TUIs, various scenarios have been considered: Face-to-face 
collaboration with physical models versus TUI-based collaboration with tangible 
digital models; Face-to-face collaboration with pen and paper versus GUI-based 
collaboration with mouse and keyboard; GUI-based collaboration with intangible 
digital models versus TUI-based collaboration with tangible digital models. We chose 
the third category for this research because it will enable us to verify if and in what 
way tangible interaction affect designers’ spatial understanding of 3D models in 
computer-mediated collaborative design.  

3.1   Design Collaboration in GUI vs. TUI Environments 

A GUI is a graphical user interface to a computer, which features a pointing device, 
icons and menus, and desktop on the display screen. Thus, we consider a 3D CAD 
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system for the design environment in a GUI environment. Current CAD systems 
allow designers to explore design alternatives as modifiable models, but they produce 
indirect interaction with 3D models using a mouse. Despite the physical form, the 
mouse has no physical contextual awareness and lacks the efficiency of specialized 
tools. It is regarded as a time-multiplexed input device controlling different functions 
at different times (Fitzmaurice, 1996). The ability to use a single device for several 
tasks is a major benefit of the GUI, but given the nature of interaction where only one 
person can edit the model at a time, the GUI environment may change interactivity in 
collaborative design (Magerkurth, 2002). On the other hand, TUIs have been offering 
an alternative to standard computer user interfaces, where physical objects are 
representations and controls for digital information, thereby restoring some of the 
tangibility of physical models. We consider a digital design workbench for the design 
configuration in a TUI environment. The digital design workbench is specifically 
configured for 3D design and visualization (Daruwala, 2004), where designers can 
manipulate 3D virtual objects in a semi-immersive environment in real time and can 
be spatially aware of each other as well as the design. The direct hands-on style of 
interaction afforded by the physical objects provides designers concurrent access to 
multiple, specialized input devices. That is, they are “space-multiplexed” input 
devices, which can be attached to different functions, each independently accessible 
(Fitzmaurice, 1996). Using AR techniques, TUIs merge the display and task space, 
which may support shared understanding due to the interaction that draws out ideas in 
a conversational manner (Arias et al., 2000). 

 3.2   Experiment Set-Up 

We chose ArchiCAD as an application for the GUI-based collaboration and a design 
workbench constructed by Daruwala and Maher (2004) for the TUI-based 
collaboration. Inspired by the fact that tabletops and walls are the main working 
surfaces during collaborative design sessions (Ma et al., 2003), they proposed a 
customized digital workbench that provides both horizontal and vertical display 
surfaces to facilitate multiple views of the 3D model. In addition they included a 
collection of 3D blocks with tracking markers in ARToolKit to offer a form of tactile 
influence on the design as handles to the virtual objects. The digital workbench 
environment is designed to demonstrate a range of novel input techniques for 3D 
design, so it is not engineered as a targeted end-user application.  

Table 1. Two experiment settings 

 GUI-based collaboration  TUI-based Collaboration 
Hardware Desktop computer - Mouse & Keyboard Digital design workbench - 3D blocks 
Application ArchiCAD ARToolkit  
Display/Task space Vertical LCD screen/a mouse & keyboard Vertical LCD screen & Horizontal table/Horizontal table 

Settings 
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To simulate a situation similar to a design review meeting where designers review 
the current state of the 3D plan and modify it, we developed two renovation scenarios 
of the same degree of difficulty: the layout of a home office apartment and the layout 
of an interior design office. Designers are required to collaborate on renovating the 
studio to satisfy intended functions to a pre-defined set of specifications in design 
briefs. The designers did not have access to a pen device or to the 2D view in 
ArchiCAD to make the conditions similar to the TUI-based collaboration. A set of 3D 
objects were made available in the application’s library in order for the designers to 
focus on design configuration rather than designing the furniture components during 
the design sessions. The working time in each design environment was limited to 20 
minutes. 

Table 2. Experiment design 

Experiment 1 Experiment 2 Experiment 3 
Sessions/Task 1st GUI(TA) 2nd TUI (TB) 1st TUI (TA) 2nd GUI (TB) 1st TUI (TB) 2nd GUI (TA) 
Activity Extending and renovating the studio by placing the furniture 
Subjects A pair of 2nd year architecture students 
2D tool/ View No pen was allowed to use / 3D view in ArchiCAD was required 

library 
30 pieces of furniture were provided in order for designers to focus on design rather 
than furniture selection 

*Task A (TA): Home office apartment, Task B (TB): Interior design office 

4   Segmentation and Cognitive Actions 

We have done a pilot study that is an adaptation of protocol analysis, a methodology 
for studying problem solving processes that has been widely used in design cognition. 
Rather than ask the designers to think aloud, we recorded their conversation and 
gestures while they were collaborating on a predefined design task. The data collected 
for analysis includes verbal description of spatial knowledge and non-verbal data such 
as gestures. We are not trying to capture evidence of all of the designers’ cognitive 
actions during the design process, but instead focus on the contents of what designers 
do, attend to, and say while designing, looking for their perception of discovering new 
spatial information and actions that create new functions in the design.  

4.1   Segmentation 

Segmentation is dividing the protocol into small units according to a rule. One way of 
segmentation is to divide protocols based on verbalization events such as pauses or 
syntactic markers for complete phrases and sentences (Ericsson and Simon, 1993). 
Another way is looking at the content of the protocol, and divide the protocols into 
small units along lines of designer’s intentions (Suwa et al., 1998). We take the latter 
approach, thus a change in subjects’ intention or the contents of their actions flagged 
the start of a new segment. Focusing on a specific part of a design, designers 
emphasized a different aspect of the design of that specific part, which showed what 
they actually were doing or attending to. Consequently, a single segment sometimes 
comprises one sentence, and sometimes several sentences.  



36 M.L. Maher and M.J. Kim 

Table 3. Segments of the protocols from one of the TUI sessions 

Seg. N Time Transcript Intentions 

9 1:40 
S: Cos I’ve seen in how in some studio apartments how
they’ve got these bookshelves that partition the room
….and then just chuck some crap in there 

S is retrieving previous 
knowledge on bookshelves that 
partition the room.  

10 1:49 
A: Okay. Um. Should we go about rearranging it? 
S: Alright, so…we’re gonna move these, like, that way 
A: So, first, these are all living stuff but you’re uh… 

They are rearranging 3D blocks 
by moving all living stuff to 
other side.  

  11 2:04 
S: How about if we partition in there and we… 
A: …Put some bookshelves like this. Uhh.. yeah… 
some bookshelves 

A is putting bookshelves on the 
horizontal surface attending to 
partition 

4.2   Cognitive Actions 

For each segment, we classified designers’ cognitive actions into four categories 
including visual and non-visual information based on Suwa’s definition (1998): 3D 
modelling actions, perceptual actions, functional actions and design communication. 
The three categories correspond to the levels at which incoming information is 
thought to be processed in human cognition. 3D modelling actions correspond to 
sensory level, perceptual actions to perceptual, and functional actions to semantic. 
Another action category, the design communication, is included to reveal specific 
aspects of the collaborative interactions. We paid attention to the information of 
whether or not actions are new for each design action and the dependency on each 
other in order to measure the correlation between them and designers’ spatial 
cognition. The first category, 3D modelling actions, refers to physical actions that are 
functionally processed with design thinking. This category includes the selection, 
placement and relocation of pieces of 3D blocks made by designers. The second 
category, perceptual actions, refers to actions of attending to visuo-spatial features of 
the artefact or spaces they are designing with. Perceptual actions are inherently 
dependent on physical actions. The attention to the feature or relations, creation of 
new space or relations, and unexpected discovery of objects or spaces that occurred 
were investigated as a measure of designers’ perceptive abilities for spatial 
knowledge. The third category, functional actions, refers to actions of conceiving of 
non-visual information, but something with which the designers associate visual
information. Whenever instances of functional actions were found it was necessary to 
interpret what perceptual actions or 3D modelling actions were dependent on them. In 
terms of functional actions, we focused on discovering ‘Re-interpretation’, which was 
applied to a segment when a designer defined a different function from previous one 
when s/he revisited. The fourth category, design communications, refers to actions of 
communicating with one another regarding design ideas and the completion of the 
design task itself.  

5   Analysis 

The following analysis is a preliminary interpretation of the data collected. We 
focussed on finding patterns of designers’ behaviours and cognitive actions by 
interpreting the information shifts, specifically looking for significant differences in 
the data collected from the GUI sessions and the data collected in the TUI sessions.  
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5.1   Observation of Designers’ Behaviours 

Through the observation, we noticed that designers in the GUI sessions discussed 
ideas verbally and decided on a solution before performing 3D modelling actions 
whereas designers in the TUI sessions communicated design ideas by gesturing at and 
moving the objects visually and decided on the location of each piece of furniture as 
they were manipulating 3D blocks. That is, designers in the GUI sessions spent a lot 
of time explaining their ideas to one another verbally while designers in the TUI 
sessions used 3D blocks to test and visualize design ideas. In terms of collaborative 
interactions, the TUI environment enabled designers to collaborate on handling the 
3D blocks more interactively by allowing concurrent access to the 3D blocks and to 
produce more revisited 3D modelling actions before producing the final outputs. 
These results may be caused by the different properties of the tools. Designers in the 
GUI environment shared a single mouse compared to multiple 3D blocks, thus one 
designer mainly manipulated the mouse and the other explained to his partner what 
they were focusing on. On the other hand, with the direct, naïve manipulability of 
physical objects and rapid visualization, designers in the TUI environment seemed to 
produce more multiple cognitive actions and completed the design tasks faster.  

Fig. 1. GUI-based collaboration Fig. 2. TUI-based collaboration 

The above results motivated us to be interested in the revisited 3D modelling 
actions in terms of idea developments and designers’ spatial cognition. We speculate 
that the revisited 3D modelling actions in the TUI sessions uncover information that is 
hidden or hard to compute mentally and suggest that this will play an important role 
in supporting designers’ spatial cognition and producing a design solution.  

5.2   Cognitive Actions in the GUI and TUI Sessions 

Looking more in depth into the content of cognitive actions, we found different 
patterns of behaviour between the GUI and TUI sessions. In terms of perceiving the 
location of an object or space, designers in the GUI environment focused on the 
individual location itself while designers in the TUI environment attended more to 
spatial relations among objects or spaces. For example, when designers worked on the  
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layout of a sink in the home office apartment, designers in the GUI session just 
clarified the location of the sink without noticing the problem in relation to the 
bedroom whereas designers in the TUI sessions found that the current location of the 
sink is wrong by perceiving the spatial relation with the bedroom.  

Table 4. Perceptual actions on the location of a sink 

Session Transcript (GUI ) Session Transcript (TUI ) 

TUI 1 

A: It shouldn't be near the bathroom or I mean, I 
think it shouldn't be near the bedroom, sorry. It 
shouldn't have a kitchen sink. 
S: Yeah that's what I was thinking. Why is it next 
to the bed? 
A: It's a bit odd, and it's also just….not…normal 

GUI 2 

B: Kitchen and dining area 
A: Yep 
B: Which she does not yet have… well 
she has a sink [laugh] in her ba-
bedroom, and then living/meeting area 
A: Yep… and a working area 

TUI 3 

B: coz.. The sink sink,  sink dosen't need to be in 
the bedroom 
A: needs to be in the kitchen 
B: yeah sink in the kitchen.  sink over here for 
now 
A: mm hmm 

When placing an object in the GUI environment, designers put it in a relevant area 
simply considering the function of the object, and sometimes they attended to the 
shape or style of the object itself. On the other hand, designers in the TUI 
environment created and attended to a new spatial relation created by placing an 
object, with respect to other objects or space around it. For example, regarding the 
placement of a new desk, designers in the GUI session emphasized the function of a 
desk for a computer programmer and placed it in the corner. However, designers in a 
TUI session considered two locations for the desk, in the corner or near the window, 
and then they decided to put it near the window because the designer can look out the 
window by creating a spatial relation between the desk and window. 

Table 5. Cognitive actions on the placement of a desk 

In comparison to the GUI system, the TUI system allowed designers to discover a 
space and features of an existing object unexpectedly when it is revisited, and which 
were never paid attention to. These perceptual actions were classified as unexpected 
discoveries, which are usually associated with ‘Re-interpretation’ actions. Re-
interpretation and unexpected discoveries have been regarded as the driving force for 
exploration of new design ideas, thus we can hypothesize that the TUI system 
facilitates generating ideas by improving designers’ spatial cognition. However, it is 
not yet clear that the idea fluency is directly connected to the quality of the final  
 

Session Transcript (GUI ) Session Transcript (TUI ) 

GUI 2 

B: we need a work table             A: desk and stuff 
B: she's a prgrammer right? so she'd need a, ummm 
A: that one's got a little computer thing on it 
B: hummm (as in yeah)              A: that one? 
B: yeah                      A: and that can go in the corner…. 

TUI 3 

B: we need a desk, first of all, for his um office area.. maybe one 
of this..is it like a desk?                                               A: ok 
B: maybe in the corner there 
B: now we want the desk to go near the windows     A: ok 
B: so he can look out the window 
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output. The following are examples of unexpected discoveries and re-interpretation 
extracted from the verbal protocols of the TUI sessions.  

Table 6. Unexpected discoveries and Re-interpretation in the TUI sessions 

Transcript Interpretation 
B: Just little bit layout is not very…. 
A: You don’t like how they have drawers in the middle?   
B: No, I mean 
A: You end up with empty space in the middle. how this sofa 
faces onto her 

B felt that the layout is little bit strange and then A 
is discovering an empty space in the middle.   
(Unexpected discovery) 

B: and ahh… the dining table can go… can go her… near the 
kitchen 
A: I’m thinking of having the dining.. The kitchen and dining 
area closer to.. 
B: Closer to the bed? 
A: Yeah. pit it closer to this section here 
B: That ahh That might get crowded over there. I 
could…move it around here? 

B is discovering that the area is getting crowded
(feature) by placing the dining table and sink near 
the bed 
(Unexpected discovery) 

S: (Interrupt) ya know how they have those kitchens that are 
just two long rows?  
A: Oh yeh 
S: And then that would be like, become like the bar. The 
breakfast bar.

After discovered the shape of kitchen to be two 
long rows (Unexpected discovery), A is defining a 
new function of the cabinet in the kitchen. (Re-
interpretation)

6   Conclusion 

The results of the pilot study indicated that the GUI and TUI sessions produce 
different outcomes in terms of designers’ cognitive actions. Compared to the GUI 
sessions, designers in the TUI sessions exhibited the following patterns of behaviour: 

• performed multiple cognitive actions in a shorter time
• re-visited a previous design frequently while coordinating design ideas
• created and attended to spatial relations such as local and global relations 
• discovered a space or feature of an existing object unexpectedly
• produced more re-interpretation actions

From the above results, we can assume that the TUI system is an effective design 
environment for the spatial layout design since it encourages designers to attend to or 
create spatial relations between artefacts or spaces. However, more protocols have to 
be analysed to reinforce these findings.  

In the next phases, we will consider different experimental situations including a 
single designer using the think aloud method, we will develop a coding scheme 
derived from our observations in the pilot study and theories of spatial cognition, and 
will analyse the results using both qualitative and quantitative methods. 

While there may be significant differences in spatial cognition in using TUIs, we 
do not think that digital workbenches will replace GUI systems. Rather, new 
developments in TUIs will provide alternative design environments that complement 
existing GUI systems. Knowledge of the implications of the differences in spatial 
cognition provide a basis for developing and implementing new design environments 
as well as provide guidelines for their most effective use.   
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Abstract. In the recent years, industrial design programs have shifted
from a co-located, sequential process to a globally distributed, concur-
rent process. Therefore, communication and coordination within and
among teams have become major challenges. Surprisingly, several studies
demonstrate that collaborative tools exist but are very seldom deployed
nor used. Indeed, co-located working sessions remain a critical coopera-
tion milestone for otherwise remote teams. In order to better understand
the dynamics of those meetings, and identify what makes them so criti-
cal for the design process, we analysed working sessions of aeronautical
design teams. This article reports the results of our observations based
on three criteria: information types, information flow and interactions
performed.

Our study shows the critical importance of private communication
channels, and investigates how they relate to the working session’s pro-
cess. It highlights the need of parallel visualization channels for cross-
references, and analyses the use of interactions depending on ownership
and context.

1 Introduction

Industrial design programmes for complex products, such as cars or aircrafts,
are heavily relying on efficient collaboration among all actors involved in the
project. Two major factors have been further increasing this dependency in the
recent years.

On the one hand, design organisation has been increasingly challenged by
the distribution of design teams and the distribution of programmes in general.
This trend is general to most design industries. As reported by Simienuch and
Sinclair in their study of automotive industry, percentage of an automobile being
outsourced has risen from 5-15% in 1989 to 40-80% in 1997 [1]. Analogically in
aeronautics, the average number of nationalities involved in a program has risen
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to 40 countries in the latest programs. As a consequence, one meeting out of
three involves international partners. Global distribution of work is a reality.

On top of this increase of distributed teams, concurrent engineering organ-
isation has been adopted as the norm for most large industrial design projects
[5]. Concurrent engineering is based on [2]:

– simultaneous/parallel design activities with strong interdependencies be-
tween each parallel team,

– integration of all lifecycle constraints in the early phases of the project
– and development teams made of multidisciplinary backgrounds.

So concurrent engineering is yet another factor that reinforces the need for effec-
tive cooperation. Indeed, early involvement of all lifecycle constraints assumes,
among others, a multidisciplinary cooperation between manufacturing, support
and designers all along the project. Similarly, strong interdependences between
teams distributed in several countries calls for frequent and efficient cooperation
and coordination solutions.

Influenced by those two factors, design has shifted from a co-located se-
quential process to a globally distributed, concurrent process. Consequently, the
existing very strong need for cooperation, who already occupied more than 50%
of a designer’s daily activity.[3], has now become a strategic element. It is criti-
cal that cooperation be efficiently supported among distributed muldisciplinary
teams.

Different solutions exist to support remote cooperation, especially one-to-one
collaboration. High-end solutions such as video-conferencing, data conferencing
and application-sharing are now widely available on the market. However, we
observed that those solutions are very seldom used for real-time cooperation and
meetings. Teams still heavily rely on face-to-face co-located meetings and ”low-
cost” solutions such as email and telephone to cooperate. Those observations
corroborate findings of other recent studies [3], [4], [5]. This lack of usage is
usually said to be due to a lack of training and availability of ”sophisticated”
tools, and to the ”natural” initial resistance of most users to new technologies.
We argue in this paper that this lack of usage is also due to a lack of adequacy
between existing collaboration tools’ functionalities and actual needs.

In order to demonstrate that hypothesis and assess in what designer’s needs
are specific, we studied current work practices of aeronautical design teams dur-
ing a set of design meetings called working sessions. This article presents and
analyses the results of observations of those working sessions based on three cri-
teria: information types, information flow and interactions performed. It helps
understand what makes co-located design meetings so critical that no coopera-
tion tools makes possible its occurrence in a distributed environment yet.

In a first section, the article justifies the choice of working sessions as a test-
case in an industrial design context. A second section presents the methodology
used to analyse the working sessions. The next two chapters then detail observa-
tion’s results before comparing them to existing works in the following chapter.
In a last section, the article eventually discusses perspectives for the introduction
of relevant technological tools in the cooperation environment.
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2 Working Sessions as a Use Case

Studies on environments supporting distributed design cooperation often focus
on punctual projects limited in time and aiming at co-designing a whole prod-
uct during meetings. Supporting environments must therefore facilitate actual
design during the sessions. For instance, two remote student teams must co-
operate during a limited number of meetings to design a complex mechanical
sub-system in [6]. This type of configuration is not representative of large indus-
trial programmes’ reality.

Programmes’ organisation follows a rigorous product breakdown-structure,
so that each team works on a specific sub-component’s design. Most design work
is therefore accomplished within the co-located design teams. Meetings between
distributed teams aim at coordinating the various sub-components coherency
and interfaces. Very little if any design is performed during the meetings.

In those programmes, meetings are declined in several types of ”reviews”,
for instance to validate the interfaces compatibility between sub-components, to
verify the respect of initial constraints, to assess design maturity or to discuss
planning and managements. Observations showed that most of those reviews are
formal presentation meetings, leaving very little room for exchanges and debates
beyond oral negotiation.

In parallel to this formal coordination process, slightly less formal meetings
are organised to discuss more technical points. They involve experts and design-
ers of remote teams for one to three days and give way to information exchanges
and technical design solution’s negotiation [7].

Those working sessions are by far the most interactive and complex of all
design reviews for distributed team’s we observed. The working sessions are the
only ones gathering different technical teams for in-depth design discussions,
involving sketches, technical drawings and open design discussions. This com-
plexity has been the main reason for us to focus on working sessions. Analysis
of working session’s dynamics provides the most complete requirements in terms
of information types, flow and interactions performed.

3 Methodology

The research methodology involved observing a selected number of working ses-
sions over a fixed time period. These observations were organised to improve our
understanding of the dynamics and specificities of working sessions gathering
remote design teams.

Known as ”structured observation”, this methodology was made popular by
Henry Mintzberg [8] in his landmark study of managerial work. Structured ob-
servation involves observing the designers as they participate to the working
session. Each observed event, such as a verbal contact or a piece of shared doc-
ument is coded by the researcher and categorized in pre-established records. In
order to perform this study we adapted the structured observation methodol-
ogy to the specificities of design meetings. A chronology record describes topics
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patterns, documents record describes each piece of document used, a participants
record describes each participant, a public topics keeps track of each interventions
during a topic discussion, documents used and interactions performed, a sidebar
discussions record describes each private discussion and an actions record keeps
track of all decisions made. Data are then synthesized and analysed.

More than 800 interventions have been recorded during four working sessions
of one day each. The data were synthesised and then analysed at three different
levels. The first level detailed the types of information manipulated, their for-
mat and origin. The second level involved analysing information flow, detailing
where and how designers used the information. The third level analysed how
designers interact with the information during a working session with respect to
the previous two levels.

The analysis further differentiates the interventions performed depending on
two different contexts. The first context is during a public discussion, involving
the majority of participants around a given topic. The second context considers
private discussions, also called sidebar discussions [9], when a few participants
engage in a parallel discussion for a limited duration of time. The next two
chapters detail the most significant analysis results for both contexts.

4 Public Discussions Dynamics

Public discussions are the most visible context where designers share and discuss
information. Most remote collaboration tools focus exclusively on the public dis-
cussion as the only communication channel among distant users. However, each
level of analysis draws key conclusions, which highlight frequent misconceptions
or gaps between the reality and available tools.

4.1 Environment Layout

Working sessions usually involve five to seven disciplines from two or three na-
tionalities for meetings lasting one to three days. Participation fluctuates be-
tween less than ten to around twenty participants. The latest being the maxi-
mum observed. Under those circumstances, the working session tends to be more
formal, with less technical debates and more information sharing.

Our observations took place in one single room, all participants gathering
around a long square table. Classical meeting room layout and tools were avail-
able: one video-projector, two whiteboards, a paper-board, a telephone and a
fax. It was interesting to note that less than 50% of all participants brought lap-
tops to the meetings, so that not all participants could connect to the available
video-projector.

4.2 Information Formats

Our initial analyse was to evaluate the format of documents used during public
conversations. It appears that designers tend to use less tangible documents,
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such as paper-based documents or whiteboard drawings, than a few years earlier.
Observations made by Guthrie [3] three years ago showed that as few as 13%
of documents used during aeronautical design meetings were electronic. Our
observations registered that this figure has risen to 70%. This is mostly due to
the availability of laptop computers and generalisation of office tools such as
Microsoft R© PowerPoint R© for presentations.

However, with 30% of all documents used, tangible documents still play a sig-
nificant role in public discussions. They are still privileged for fast and intuitive
interactions, such as drawings and annotations and unplanned print-outs fetched
from the suit-case at the last minute are still widely used during discussions.

Tangible documents would be hard to integrate to distributed sessions, how-
ever, the key ideas of intuitive interaction and unplanned, on the spot, use of
documents may be considered.

While a lot of research effort is made to enable Digital Mock-Up (DMU) and
Computer Aided Design (CAD) models to be used during distributed meetings,
their actual use during working sessions was very seldom. Still, most presenta-
tions and documents contained snapshots and still images of the digital models.
The images were used to highlight an innovative design solution or point out an
existing clash but almost never required interactive models to be used.

Three possible reasons can explain that DMU and CAD applications are sel-
dom used during working sessions. First, the lack of adequate hardware to run
CAD software in meeting rooms. Second, the obligation for one the actors to ”pi-
lot” the CAD-station [10] and perform required interactions on the model. Third,
because they are time consuming: both in set-up times and tedious manipulation
delays while they are mainly used for snapshots

Analyse shows that at least two actors of each team brought documents to
use in public discussions during working sessions. About 50% of the documents
used had not been initially planned on the topic. The less formal the working
session is the more unprepared documents are used.

Those points stress the need to add unprepared documents dynamically to an
opened discussion. No matter who the actor is, all actors need to be able to access
this functionality at any time.

4.3 Information Flow

Not surprisingly given the large proportion of digital documents, 67% of all
documents are made public using the retro-projector. The table and whiteboard
are also used on a lower percentage to display paper-documents and sketches.
This observation only confirms that large displays are used to make information
public.

A more surprising observation is the need for parallel visualisation of multiple
documents. Observations showed that up to 26% of the documents used were dis-
played in parallel with other documents. In most cases two documents were used
simultaneously, for instance a formal presentation of a topic was displayed on the
projector while a designer showed related paper-based details of the same topic
on the table. On a very small percentage of occasions (4%) up to three docu-
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ments were used simultaneously, an electronic presentation, a whiteboard sketch
and a paper document with cross references between all three documents. The
need for parallel visualisation channels is usually based on a reference document,
stating validated elements, and related documents presenting specific contribu-
tions. Parallel channels enable cross-references between documents, which both
structure and helps to justify a presentation. It also enables to keep background
information visible, which often facilitates shared understanding in a tongue all
participants do not always master.

Collaborative tools almost never allow to simultaneously display different doc-
uments. This can be understandable for small display solutions in face to face
meetings, but should be taken into account in large group meetings
environments.

4.4 Interactions Performed

Observations showed that interactions have always been performed sequentially.
Designers never simultaneously interacted with the same document. At some
points, three experts have for instance been hotly discussing and drawing on a
whiteboard, each expert with his own pen. But social rules made that if two
experts were making a move to draw on the board, one was always stopping to
prevent simultaneous interaction with the same support.

Therefore, there is no need to implement simultaneous interaction capabilities
in meeting displays.

An analysis of interactions per displays and per documents format clearly
shows that displaying documents, navigating within documents and pointing
are the most performed of all interactions during a public discussion (85%). The
smaller percentage of annotations, authoring and drawing is almost exclusively
performed on tangible documents (95%).

In a significant percentage of cases (38%), several attendees interacted with
the same document. This is particularly true for whiteboards, were in most
cases two experts author, point and annotate the same document, but it was
also observed for interactions with electronic documents. For example, one doc-
ument was transferred to a laptop and displayed on the projector, the presenter
points and makes references to his document while the laptop’s owner navigates
in the slides. During a discussion another expert asks for the mouse and cir-
cles a particular area of the public document to ask a question. In this case
no less than three participants interacted with a single document. There is a
need for the environment to support different types of interactions on public doc-
uments. Any attendee should be able to interact with a public document from
his seat.

5 Private Discussions Dynamics

Frequently neglected in cooperative tools, private discussions, also called sidebar
discussions, take an important part to the working sessions [11], [9].



48 F. Laborie, D. Jacquemond, and M. Echalier

5.1 Form and Objectives

Results showed that as much as 36 private discussions took place on average
during working sessions. A large majority involved members of the same team
or same nationality, but 22% of sidebar communications gathered actors from
different nationalities.

Few actors usually participate to those discussions, 75% only involved two
actors, and 19% involve three, so that 90% of them took place in the working
session room.

There is a need to establish dynamically private communication channels
among participants of different teams in parallel to the main discussion.

When analysing discussion’s purpose, we found that the large majority of
private discussions (72%) took place to extend and discuss a previous public
topic. Designers usually engage in sidebar discussions to consolidate their confi-
dence in an information discussed, or give and ask confirmation to their pairs.
The remaining 28% of private discussions initiated a new discussion, for instance
to prepare a new meeting on a specific topic.

A majority of private conversations use documents as a support to discus-
sions (52%). As most private conversations have a direct link with a previous
public topic, 20% of documents were previously displayed in the public space.
Another 20% was authored directly during the conversation, all of them on
tangible surfaces. After discussions, 17% of sidebar discussion’s made their con-
clusions public, mainly orally. However, in 20% of cases documents used in the
private space were also used to support their public conclusions.

A private discussion’s environment should therefore permit to move seam-
lessly documents to and from the public space into the sidebar discussion space,
or to author documents directly in the private space.

5.2 Display Surfaces and Interactions

Once on the private space, documents are predominantly visualised on usual
private spaces: the table and laptops( resp. 53% and 39%). However, a few dis-
cussions took place around whiteboards, usually associated with public displays
(9%). Mostly because the designers needed to sketch on existing drawings.

Again, there is a need to associate public displays, or their contents, to pri-
vate discussions. Whether by offering the capability to switch between public and
private mode or by providing equivalent functionalities in the private environ-
ments.

As for the public environment, a few occurrences of parallel use of documents
during discussions have been observed. In most cases it associated electronic
documents displayed on a laptop and technical sketches on paper notes.

Sidebar discussions may also require parallel visualisation of document.

6 Related Works

The need for parallel visualisation and seamless exchange and control of doc-
uments within a meeting environment have been studied in a few experiments
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of co-located ubicomp environments. For example the iRoom [12], CIFE [13] or
iLand [14] associate three large displays and flexible control and document shar-
ing capabilities between public and private spaces. However, those environments
have been designed specifically for co-located meeting scenarios. Those works
should be extended to the study of distributed scenarios.

Solutions to enable sidebar conversations have also already been proposed.
Törlind et Larsson [11] tested an instant messaging solution and Marratech R©1

commercial solution offers private video channels. Those solutions only partially
address the needs identified for private discussions as they are mainly limited
to text or video. Moreover, those solutions have initially been designed to sup-
port one-to-one-to-one distributed users, not many-to-many collaboration, they
therefore expect each user to collaborate through his personal computer not
within a room or collective space.

7 Perspectives

By analysing working sessions dynamics, this article introduces a set of tech-
nological gaps to overcome in order to support distributed meetings. The next
logical step is to design a cooperative environment that supports those function-
alities. And to evaluate the impact and relevance of those new functionalities on
distributed working sessions.

Two experiments have been conducted so far. The first is to introduce two
digital visualisation channels in two remote environments. One is an interactive
whiteboard, the other a classical projector. Designers are currently using the
boards in local experiments. However, as they grow familiar with the function-
alities, we observed an increase in annotations performed on digital boards and
a few cases of parallel use of the two digital displays during meetings.

The second experiment was to introduce data-sharing capabilities to the en-
vironments. As users get used to the functionalities we observed during the latest
co-located working sessions that designers used the data sharing functionality to
display their private space on the public environment.

Next challenges will be to further evaluate the new solutions implemented
during distributed meetings, and to integrate more intuitive documents flow and
control capabilities together with sidebar discussions functionalities.

8 Conclusion

Through an analysis of aeronautical working sessions dynamics, this article in-
vestigated the patterns that cooperative tools should support for many-to-many
cooperation scenarios. Based on semi-structured observations results, it focused
on three levels of analysis to define the sessions dynamics: information types,
information flow and interactions performed. We identified four major function-
alities that current meeting environments fail to support effectively:
1 Marratech: http://www.marratech.com .
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– Unprepared documents are often dynamically integrated to the public dis-
cussion. The environment must facilitate on-the-spot information sharing.

– There is a strong need to share more than one document at the same time
as multiple documents are often visualised in parallel, for cross-references.

– Multiple participants can sequentially interact with the same public docu-
ment. Interaction solutions in the room should easily enable shared control
of public documents.

– Participants often engage in private discussions. They transfer documents
to and from the public space into the private discussion space, and author
documents directly in the private space.

The authors are well aware of the limitations of these results who are confined to
an observation of current patterns of collaboration in co-located design reviews.
However, the observations stress major gaps between current practices and tech-
nological solutions available and call for further on-field studies of environments
supporting those requirements distributed situations. It will then be interesting
to evaluate the impact of those tools on distributed working sessions practices
as new patterns may emerge.
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Abstract. This paper presents a design study evaluating the shared workspace 
for Amplified Collaboration Environments (ACEs). ACE is a display-rich pro-
ject room that enables distributed teams to work together in intensive collabora-
tion campaigns. The study involved small groups of users performed a collabo-
rative visualization and analysis task while varying the technology 
configuration for ACE’s shared workspace. The result showed the participants 
benefited from the ability to see others’ work, which helped enhance group 
awareness and performance. 

1   Introduction 

With the emergence of collaboration technologies, people can better communicate 
with one another and accomplish complex tasks while at distant locations. Major cor-
porations launch global virtual teams to address multifaceted challenges of global 
competition, markets and coordination. Also, modern science and engineering re-
search are often carried out by large, distributed and multidisciplinary research teams 
to produce significant discoveries by sharing computational resources, scientific in-
struments and massive data. The trend in the collaborative nature of scientific re-
search and tremendous improvements of computer and network technologies suggest 
an opportunity to update and elaborate the original concept of scientific collaboration. 

Amplified Collaboration Environment (ACE) is a display-rich project room that in-
tegrates ubiquitous tools and spaces to support a collaborative scientific investigation 
using advanced computation, collaboration and visualization technologies [5]. An 
ACE, such as the Continuum, adapts information to optimally display in a project 
room such that it allows distributed teams of experts to work together in intensive col-
laborative campaigns.  

Fig. 1 shows the displays that comprise two fully constructed Continuum spaces at 
the Electronic Visualization Laboratory (EVL) at the University of Illinois at Chi-
cago. The Continuum uses a variety of modular technologies: conferencing, content 
sharing, collaborative annotation, and wireless interaction. The Access Grid (AG) 
supports group-to-group collaboration in which a group of people at different loca-
tions can see and talk with one another simultaneously [2]. A passive stereoscopic 
display  is  used  for  3D  immersive  data  sharing.  The  high-resolution tiled displays  
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Fig. 1 Two Continuum Amplified Collaboration Environments built at the Electronic Visualiza-
tion Laboratory at the University of Illinois at Chicago  

provide shared content views of text documents, web pages, spreadsheets, graphs and 
charts, and scientific visualizations. The collaborative annotation is supported by 
shared touch-screen whiteboard on which collaborators may jot down notes and 
sketch diagrams. Also, remote access interface is supported to encourage users to 
work on these displays collectively. 

While collaborative visualization is a key component of data analysis process in 
scientific investigation, most widely available visualization tools are designed for sin-
gle user models in which all users must cluster around a single workstation for col-
laboration. Over the past two decades, many synchronous collaboration tools have 
been developed by industry and research institutes, but most are designed for interac-
tion among co-located users in a room (e.g., Colab [7]) or distributed users sitting at 
separated desktop computers (e.g., Commune [1]). While these tools are valuable, 
they are not capable of supporting the kind of interaction that occurs in real science 
campaigns because scientists need to collaboratively query, mine, view, and discuss 
visualizations of enormous data sets (in the order of terabytes) in real time. In this pa-
per, we present an ACE’s shared workspace model, targeted for accommodating in-
teractions among distributed teams and sharing data intensive visualizations.  

This paper presents the shared workspace models found in previous synchronous 
collaboration systems. It then describes a set of iterative design studies of distributed 
teams who used the Continuum spaces to perform a collaborative visualization and 
analysis task while varying the technology configurations. It will describe the changes 
of the Continuum technologies, discuss the findings, and compare them with previous 
shared workspace models.  

2   Shared Workspace Models 

In this section, we review some of more important shared workspace models found in 
previous collaboration systems. This review covers synchronous collaborative work 
of co-located or distributed group members sharing information over shared visual 
workspace. 

.
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• Collaborative work side-by-side model is a spontaneous co-located col-
laboration where individuals work side-by-side at adjacent terminals.  
Their activities can range from discussing their current work, comparing 
results, and sometimes leaning over to ask their neighbor for assistance 
and to monitor their neighbor’s activities.  

• Extreme programming model is a practice in which two programmers 
work side-by-side at one computer, continuously collaborating on the 
same design, algorithm, coding or testing [10].  

• Shared surface model is where three to four people work around a large 
sheet of paper or a whiteboard with each individual having a pen for 
pointing or drawing. This model also includes Single Display Groupware 
(SDG), which offers a shared public display and multiple inputs from us-
ers for small co-located group work [8].  

• The CoLab model is an electronic meeting room that has a large public 
display and individual workstations to give users the ability to work on 
private or public information artifacts [7].  

• Presentation model is where all meeting participants share information ar-
tifacts presented on a large public display that are pushed from a speaker’s 
private workspace (such as, a laptop computer).  

• The war room model is a project room that contains whiteboards, flip-
charts, tack boards, and walls stuck full of information that are visible and 
accessible to all members [6]. 

• Distributed shared surface model, such as Commune [1], is where all dis-
tributed participants see and share the same information and the interface 
of the work surface while allowing simultaneous access and providing 
methods to convey gestures to remote collaborators using tools like tele-
pointers.  

• Distributed CoLab model includes relaxed-WYSIWIS system (e.g. 
GroupSketchpad [3]) that allows distributed members to share, view and 
control information contents publicly or privately.  

• Distributed presentation model, such as Forum [4], allows distributed au-
diences to view a video of the speaker as well as speaker’s presentation 
slides. This model provides display pushing from the presenter’s desktop 
screen to remote participants’ desktops to share the information contents.  

• Distributed meeting room model involves the coupling of several meeting 
rooms and remote offices as well as integrating them into virtual meet-
ings. This model can be described as multi-users, multi-devices and room-
to-room interaction. 

3   The Design Study of Evaluating ACE’s Shared Workspace  

This section describes a set of iterative design studies conducted to examine the sys-
tem configuration of ACE’s shared workspace. It presents the design changes of the 
Continuum technologies and findings and lessons learned from the study. 
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Table 1. System configuration changes over iterative design studies 

System Configuration 
Study Group 

Conference 
Tiled dis-
play 

With per-
sonal display 

With full-screen 

Study 1 
Group 1 
Group 2 

Full-AG &  
mini-AG 

Distributed 
corkboard  

  

Study 2 
Group 3 
Group 4 

Full-AG &  
Enhanced 
mini-AG* 

Distributed 
corkboard  

With close-
up personal 
display* 

 

Study 3 
Group 5 
Group 6 

Full-AG &  
Enhanced 
mini-AG 

Distributed 
corkboard 

With close-
up personal 
display 

With full-screen* 

Study 4 
Group 7 
Group 8 

Full-AG &  
Enhanced 
mini-AG 

Presentation 
display* 

With close-
up personal 
display 

With full-screen 

3.1   Method 

Table 1 shows the changes of group and system configuration over the four iterative 
design studies. Two groups of four students were assigned for each design study. For 
each study, the system configuration was varied, and the study evaluated mainly on 
the configuration of the tiled display. All students participated in two design studies 
and solved different problem sets with other group members. The groups were re-
organized in the third or the fourth study. 

Sixteen computer science graduate students volunteered as subjects in this study. 
All students had experience with computers and collaboration technologies such as 
email and instant messaging. Some students have used Microsoft’s NetMeeting® or 
other online meeting room systems. None of them had prior experience with the 
XmdvTool [9], an information visualization tool, used as a part of this study. Most 
students had little to moderate experience with correlation statistics. All students ex-
pressed fairly high interests in collaborative work using the Continuum technologies. 

The groups were given a pre-test survey (e.g. technology familiarity, comfort, in-
terest, and domain knowledge) and received one-hour training about the Continuum’s 
hardware and software technologies and some basic concepts of correlation statistics 
and multivariate data analysis required in their first exposure to the tasks. The group 
members were then separated in two Continuum spaces (two users in each room) and 
asked to perform a collaborative information visualization and analysis task. A post-
test survey and interview was followed shortly after to give feedback about the usabil-
ity of Continuum technologies. 

In this task, the groups were asked to perform an exploratory data analysis on a 
multivariate dataset using the information visualization tool, called XmdvTool. The 
groups briefly scanned the text of the dataset to become familiar with the variables 
and to read the hypotheses. They then examined the Cereals dataset or the Boston 
housing dataset on the XmdvTool to answer questions and wrote up a report of the 
group findings on the whiteboard. The groups were asked to solve five focused ques-
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tions where members would need to find evidence to verify or refute hypotheses. The 
groups were also asked to solve two trend questions where members would need to 
search for inquiry trends in the dataset.  

All groups were recorded using video cameras. An evaluator in each room also 
took observational notes on group behaviors. All activities of group members on the 
computers were also captured into log data files. The work quality and group work 
process, such as number of problems solved correctly, members’ participation, and 
group interaction was also measured. A post-test survey was collected to measure user 
satisfaction with the technology and the precision of the work process. 

3.2   System Configuration 

The first design study evaluated the distributed corkboard of the Continuum. The 
Continuum uses the tiled display as a large distributed corkboard where information is 
visible to all members and member’s activities are available at a glance. As shown in 
Fig. 1, each Continuum space has 4-node tiled display (2 by 2 wall mounted layout), 
an Access Grid display (4 cameras and 2 microphones in the full-AG setting, and 1 
camera and microphone in the mini-AG setting), and a shared touch-screen white-
board. The SpaceGlider program allowedïusers toïnavigate their mouse pointers 
across the boundary of the tiled display screens. SpaceGlider is an intuitive approach 
to the problem of navigating and controlling multiple computers that may exist in 
physically separate locations [5]. The shared whiteboard between rooms were con-
nected using the NetMeeting’s shared whiteboard application. 

The second design study evaluated the addition of personal displays that mirrored 
one of the tile screens. The personal displays (tablet PCs) were provided to support a 
close-up view. This configuration change was made to help user interaction with the 
wall mounted tiled display. The mini-AG was improved by adding another micro-
phone and a camera with a magnifying filter to capture a wider close-up view of the 
collaborator. This is done to help casual interaction between distributed participants. 
SpaceGlider was used to connect the four tile screens and the whiteboard. 

The third design study evaluated the scalable distributed corkboard tiled display, 
which was provided to support smoother transition between individual work and 
group work. It allowed users to view either the distributed corkboard or one screen 
maximized over the entire tiled display. The tiled display, by default, showed four in-
dividual screens (i.e., full-screen option is off) that had distinct background colors for 
easy identification of workspace. Users could turn on or off the full-screen option at 
any time to maximize the screen over the entire tiled display. The Switcher program 
was provided for users to access the tiled display and the whiteboard. Switcher al-
lowed users to jump to any of the displays [5]. 

The fourth design study evaluated the presentation display to see how the user’s 
awareness of their remote collaborators’ work factored into their combined problem-
solving ability. In this study, group members were assigned to their own tablet PCs 
that had distinct background colors, and one could choose to make his/her workspace 
appear on the tiled display for all members to see. This configuration allowed only 
one individual workspace (tablet PCs) to be visible on the public group display (the 
tiled display) at a time. Hence, it provided more private workspaces while it also  
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allowed users to make their workspace visible to all group members. This time  
participants could switch only between their own workspace and the whiteboard on 
their tablet PC. Other settings were the same as the third study. 

3.3   Observations 

The distributed corkboard tiled display supported high visibility of all group mem-
bers’ work activities. It allowed members to casually glance over at others’ work on 
their tile screens, which helped them maintain necessary group awareness between 
distributed members. The participants pointed out that they found useful information 
or answers, received new ideas and learned from other‘s activities, which saved them 
from having to ask questions. For those having difficulty, remote collaborators could 
immediately address their problems, as their screens were available for everyone’s in-
spection. The distributed corkboard also helped the group members to easily refer to 
the contents on the screens. It is observed that the participants often asked the others 
to “look at” one of their screens to point out someone’s finding on the screen during 
group discussion. 

The presence of personal displays (i.e., tablet PCs) seemed to encourage the group 
members to focus on their individual work, but it also reduced the amount of casual 
glancing by the members. The members worked more on close-up personal displays 
and occasionally checked the distributed corkboard tiled display or the local collabora-
tor’s personal display to see others’ activities. With the personal displays, the distrib-
uted corkboard was mainly used to mediate remote collaboration, such as assisting re-
mote collaborators and facilitating group discussion. Interestingly, the groups indicated 
that they were still aware of others’ activities even with reduced casual glancing. 

The scalable distributed corkboard provided less public visibility, because the full-
screen made others’ workspaces private. It also helped users read texts or graphs 
more easily and supported somewhat easy transition between individual work and 
group work. The third study groups used this full-screen option to read trends in the 
graphs from one’s finding during group discussion. This full-screen option was also 
useful for individual uses, such as to make a personal scatter plot graph bigger. How-
ever, it did not interfere with other members’ work since they could still work on their 
personal displays. The participants also said they used the full-screen occasionally to 
grab other’s attention to start a group discussion. While the scalable distributed cork-
board reduced visibility to some extent, our participants were still aware of current 
contexts since the full-screen was used for short periods. 

The presentation display with personal displays provided more private visibility. It 
allowed only one person’s work (i.e., tablet PC) to be visible on the presentation dis-
play (i.e., tiled display) at a time. This presentation display disallowed casual glancing 
over other members’ work.  This less visibility resulted in reduced group performance 
and interaction due to the extra step required to show individual work on the public 
display. We called this the “show me” pattern – That is, members were asking for and 
offering to show his/her workspace in order to share information with other members. 
This was a source of delay when the group wanted to share information since group 
members had to explicitly ask to make information visible. More importantly, given  
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the presentation display, the groups expressed the need to see others’ work simultane-
ously for comparison purposes as they did with the distributed corkboard. They  
reported that they only looked at the presentation display during group discussions. 

4   Discussion 

The distributed corkboard provided a public display that allowed group members to 
interact with any tile screen and to see other’s work at any time. This is similar to the 
shared surface model with the only difference being the group having high-resolution 
workspaces. The distributed corkboard with personal displays encouraged group 
members to focus on individual work on their personal displays while the distributed 
corkboard in users’ periphery served as a group display for awareness and remote col-
laboration. This is similar to the CoLab model with the difference being the group be-
ing able to see other members’ work. The scalable distributed corkboard with the per-
sonal displays is also similar to the CoLab model with the difference being the group 
having both the distributed corkboard for awareness and the full-screen for group fo-
cused work. The presentation display with the personal displays is modeled for the 
presentation model where individual work becomes visible on the presentation dis-
play by “display-pushing” from private personal displays. This, however, is a source 
for delayed information sharing among members in our intensive collaborative work.  

A traditional model for collaboration is a group of users clustering around a single 
workstation, discussing their ideas and planning their next actions. The collaborative 
work side-by-side model encourages more individual work while it allows spontane-
ous group collaboration. The extreme programming model strictly forces a pair to 
work together using a single workstation thereby disallowing individual parallel work, 
but assisting the pair to establish greater shared understanding. The shared surface 
model provides a WYSIWIS group display with multiple input controls to allow 
members to work simultaneously on this shared workspace. The WYSIWIS provides 
a common view among members, which helps them build shared understanding dur-
ing distributed collaborative work [1]. However, WYSIWIS is too restrictive and of-
ten results in members having to switch the shared workspace sequentially due to less 
information visible at one time.  

The CoLab model is motivated to relax the over-strictness of WYSIWIS to support 
both group work and individual work [7]. However, the awareness problem is particu-
larly severe in the distributed case due to non-visibility of individual work when 
members work simultaneously on different parts of the shared workspace [3]. In the 
presentation model, individual work is not visible until the individual is presenting it 
on a public display. Hence, this model is appropriate for group members working to-
gether on a single item of interest, such as a Power-Point presentation. The war room 
model is most apt at intensive collaborative work since it provides high visibility of 
all members’ work and also allows members’ spontaneous and simultaneous interac-
tion with these artifacts. The ACE extends the shared workspace of the war room 
model to distributed collaboration. Our design study confirmed that the participants 
benefited from highly visible, high-resolution shared workspaces. This feature helped 
them work simultaneously while maintaining necessary group awareness. 



 Designing Display-Rich Environments for Collaborative Scientific Visualization 59 

5   Conclusion 

Amplified Collaboration Environments are integrated ubiquitous tools and environ-
ments that allow distributed researchers to work together in intensive collaborative 
campaigns. The Continuum is an ACE specifically designed to support collaborative 
scientific investigation in which collaborators can visualize, analyze, and solve prob-
lems. Unlike other previous shared workspace models, ACE’s aim is to support inter-
actions among distributed teams with a lot of information artifacts over multiple input 
controls and display technologies.  

This paper presented an exploratory design study conducted to evaluate ACE’s 
shared workspace for enhancing distributed teams’ collaborative work. The study 
asked small groups of users in two separate Continuum spaces to perform a collabora-
tive visualization and analysis task under a variety of technology configurations. The 
study result confirmed the value of having all information artifacts visible to all group 
members during intensive collaboration. Such high visibility helped members to be 
aware of each other’s activities and the problems others faced. When this visibility 
was reduced, members explicitly showed or asked to show information from their pri-
vate personal display to the public group display. This research will be continued in 
the direction of improving and evaluating the high-resolution graphics and collabora-
tion technologies of the Continuum to support real world distance collaboration. 
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Abstract. Almost all projects can be considered as cooperative undertakings. 
Their strategic management as well as the daily operations causes numerous in-
teractions to occur, either among persons or among persons and resources. 
These interactions have been studied from various viewpoints but few research-
ers have focused on their visualization. The graphical representation of the co-
operation is however a powerful tool to help the project participants to get a 
correct understanding of the situation. This paper proposes thus a structuring 
framework (IVF - Interaction Visualization Framework) of the visualization 
techniques used to display such interactions. Three basic axes of classification 
are used to structure the study. Which objects are visualized? Why are they 
visualized? How are they visualized? For each axis, several properties have 
been identified and the admitted values have been specified. This work can be 
considered as a first step towards a structured view of the ‘visualization of co-
operation’ domain. 

1   Introduction 

Almost all projects can be considered as cooperative undertakings. In fact, consider-
ing that, in most of the cases, several persons join their efforts towards the project 
common goal, the three basic functions of cooperative situations, namely communica-
tion, co-production and sharing, and coordination [8], are always present to a certain 
extent. In order to produce the promised deliverables, numerous interactions occur all 
along the project life cycle, either among persons or among persons and material or 
immaterial objects. These interactions can really be considered as the visible face of 
the cooperation. It is thus not very surprising that many researchers have studied them 
in different contexts. 

For instance, in the construction industry, the interactions among the participants 
of a project have been studied from very various viewpoints such as trust [9], distribu-
tion of communication media [5], modes of information dissemination [10], influence 
of communication media on design performance [6], or distributed cognition [12]. 
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Nevertheless, notably fewer researchers have focused their work on the specific 
challenges associated with the visualization of these interactions, or in other words, 
on the visualization of the cooperation. This viewpoint is, however, really worth being 
investigated. Indeed, human beings know for centuries how powerful may be a 
graphical representation of a problem for helping to solve it, which is usually summa-
rized by the famous citation ‘A picture is worth a thousand words’. This paper aims 
thus to reflect on a global framework that would be able to characterize the visualiza-
tion techniques aiming to represent some interactions such as those arising during a 
project. 

The paper is organized as follows. First, the motivation of the research is ex-
plained. Second, some definitions are proposed in order to precisely position the au-
thors’ work. The framework used for the analysis of the visualization techniques is 
then described in details. The next section highlights the potential of application of 
the framework with an example. The paper ends with a conclusion and some reflec-
tions on further works. 

2   Motivation of the Research 

The intended result of this work is thus to propose a taxonomy which could be used as 
a basic tool by researchers studying the visualization of interactions. Indeed, to the 
limit of our knowledge, no taxonomy especially dedicated to this kind of visualization 
techniques has already been proposed. Such a framework would, however, be clearly 
of prime interest as the following reflections point it out. 
Herbert Simon stated some decades ago that ‘the first step to understanding any set of 
phenomena is to develop a taxonomy’ [14]. Several researchers have also drawn the 
attention on the reasons why taxonomies, classifications or frameworks (these terms 
are often used with quite similar meanings) are so crucial in any science. In this paper, 
we limit ourselves to some specific authors who belong to the information visualiza-
tion domain in order to demonstrate that the arguments apply in our context but the 
reader must be aware that numerous other researchers have discussed this point. 

According to Lohse and his colleagues [7], ‘Classification lies at the heart of every 
scientific field. Classifications structure domains of systematic inquiry and provide 
concepts for developing theories to identify anomalies and to predict future research 
needs.’ Wehrend and Lewis [16] explain that, with a common conceptual framework, 
‘workers in any area can place their techniques, so that abstract similarities among 
problems in different application areas can be identified, and new techniques can be 
readily transported across application lines’. Gruia-Catalin and Cox [4] mention that 
a taxonomy is a ‘vehicle through which we carry out a systematic review of current 
systems, techniques, trends, and ideas …’.  

In any scientific domain, a taxonomy is necessary for several reasons, among 
which the most important are probably: 

• allowing a systematic and rigorous review of current techniques and ideas; 

• positioning specific works in the whole research field; 

• clarifying the concepts of the field, which is a required step before elaborating a 
new theory; 
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• identifying similarities and differences among the research findings; 

• pointing out new research directions; 

• highlighting lacks in research proposals. 

This list is certainly not exhaustive but it is believed to include the most significant 
elements and it offers enough good reasons to reflect on a new taxonomy. 

3   Definitions 

Before all, it may be useful to remind the scope of the different scientific domains 
dealing with graphics and data. Card, Mackinlay and Shneiderman [3], who are 
among the most renowned authors in this field, define ‘visualization’ as ‘the use of 
computer-supported, interactive, visual representations of data to amplify cognition’. 
They also propose a list of working definitions aiming to clarify the relationships 
among the concepts related to information visualization. The most useful of them in 
the context of this paper are the following. ‘Scientific visualization’ concerns ‘the use 
of interactive visual representations of scientific data, typically physically based, to 
amplify cognition’. ‘Information visualization’ deals with ‘the use of interactive visual 
representations of abstract, non physically based data to amplify cognition’. 

The research work described in this paper can now be better positioned: it relates to 
the information visualization field and does not encompass the scientific visualization 
domain. In other words, the visualization of physical artifacts (e.g. a combustion en-
gine, a chemical molecule, or a power plant) is not considered in our reflection. In-
stead, we focus on the graphical representation of abstract objects, such as meetings, 
e-mails or access to shared documents. 

After having specified to which scientific discipline our work belongs, the research 
field needs to be accurately delimited. The research aims to study the visualizations 
techniques used to display the interactions occurring during a project, i.e. the interac-
tions linked to a professional context. Therefore, the concept of interactions, which is 
a central element of our research work, has also to be defined. In this paper, an ‘inter-
action’ is defined as ‘any kind of communication or exchange among two or more 
persons, or between one or many persons and some resources used in the project’. 
Typical examples of such interactions are phone calls between an architect and a con-
tractor in a construction project, e-mail exchanges between a project manager and the 
project members, face-to-face meetings between the project manager and the client, 
successive operations on a document located on a web site, or planning modification 
requests by some project participants. 

4   Interaction Visualization Framework - IVF 

4.1   General Approach 

A global framework, called IVF (Interaction Visualization Framework), has been de-
signed to underpin the analysis of the visualization techniques aiming to display some 
interactions (called InterVis techniques in this paper). It relies on a very rational ap-
proach. Any visualization technique can be qualified by an object to be visualized 
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(What?), a goal for which the object is visualized (Why?) and a technique with which 
the object is visualized (How?). This generic framework has been instantiated in our 
research context and has been applied to distinguish the InterVis techniques. 

In each of the three above-mentioned aspects, a set of properties has been identi-
fied and the values allowed for each property have been specified. Most of the time, 
the values are not exclusive, which means that a given InterVis technique can simul-
taneously take several values. 

Some of the properties (e.g. Retinal Variables, Entity Covering Level) are derived 
from previous taxonomies in the information visualization domain [1], [2], [13], [15]. 
Other properties (e.g. Interaction Media, Integration) do not belong to these previous 
taxonomies. The structuring work described in the paper is thus original in two ways. 
One one hand, it identifies some new properties. One the other hand, it offers a spe-
cific collection of criteria especially dedicated to the classification of InterVis  
techniques. 

The following sections describe the properties associated to the three basic view-
points: What? Why? How? 

4.2   Objects to Be Visualized: What? 

First we have to discuss the objects to be visualized. In accordance with our previous 
definition, two kinds of objects are concerned: the interacting entities (persons and / 
or resources) and the interactions themselves. Very logically, the properties used to 
describe the object to be displayed are thus grouped in two distinct sets. 

The first set of properties qualifies the entities in interactions. 

• Two kinds of entities are distinguished: ‘persons’ and ‘resources’. Obviously, in 
this approach, the persons are not considered as resources, which are limited to 
material (e.g. device) or immaterial (e.g. document) objects. Two values are al-
lowed for the ‘Interacting Entities’ property, namely ‘person-to-person’ and 
‘person-to-resource’. 

• The ‘Entity Visualized Objects’ property allows specifying whether the visuali-
zation technique displays entities and / or attributes of these entities. It may take 
two values: ‘entities’ or ‘entity attributes’. For instance, in this context, a project 
participant is considered as an entity while the role of this participant in the pro-
ject (e.g. manager) is an entity attribute. 

• The ‘Entity Temporal Aspects’ property specifies whether some time-related 
aspects (e.g. history) of the entities are displayed. Due to the very specific nature 
of time, a dedicated property has been added while time-related aspects might 
have been considered conceptually as attributes of the entities. This property 
admits two values: ‘time sensitive’ and ‘not time sensitive’. For instance, if the 
visualization shows only the presence of interacting persons, this property takes 
the ‘not time sensitive’ value, but if it also displays the moment when the per-
sons joined the project the ‘time sensitive’ value is set. 

• The next property, called ‘Entity Covering Level’, expresses the level of cover-
ing of the data space. It can take three values: ‘one entity’ (i.e. visualization of 
one specific object), ‘some entities’ (i.e. a specific subset of all objects) and ‘all 
entities’ (i.e. all objects). The example of project participants can still be used to 
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illustrate this property. If one specific participant is displayed, the property takes 
the value ‘one entity’. If the visualization concerns the subgroup of all partici-
pants employed by a given company, the property takes the value ‘some enti-
ties’. Finally, if all participants of the project are showed, the property is set to 
‘all entities’. 

• The ‘Entity Granularity’ property refers to the level of data aggregation allowed 
by the visualization technique. If only individual entities can be displayed, the 
property value is set to ‘individual entities’ but if some groups of entities can be 
visualized as such, the property gets the ‘aggregated entities’ value. For in-
stance, if the visualization technique only allows displaying documents as sepa-
rate graphical objects, the ‘Entity Granularity’ property gets the ‘individual enti-
ties’ value. If it allows showing a group of documents as a single graphical 
object, the property is set to ‘aggregated entities’. 

The second set of properties relates to the interactions themselves. 

• The ‘Interaction Visualized Objects’ property allows specifying whether the 
visualization technique displays interactions and / or attributes of these interac-
tions. It may take two values: ‘interactions’ or ‘interaction attributes’. For in-
stance, in this context, an e-mail is considered as a basic object while the ‘prior-
ity’ of this e-mail is an object attribute. 

• The ‘Interaction Temporal Aspects’ property specifies whether some time-
related aspects (e.g. history) of the interactions are displayed. Due to the very 
specific nature of time, this dedicated property has been included but, conceptu-
ally, time-related aspects might have been considered as attributes of the interac-
tions. This property admits two values: ‘time sensitive’ and ‘not time sensitive’. 
For instance, if the visualization shows the moment when each interaction oc-
curred, it gets the ‘time sensitive’ value but if it displays only that some interac-
tions occurred, the ‘time not sensitive’ value is set. 

• The second property expresses the level of covering of the data space. The ‘In-
teraction Covering Level’ property can take three values: ‘one interaction’ (i.e. 
visualization of one specific object), ‘some interactions’ (i.e. a specific subset of 
all objects) and ‘all interactions’ (i.e. all objects). The example of e-mail ex-
changes can still be used to illustrate this property. If the technique permits to 
show a specific e-mail, the property takes the value ‘one interaction’. If the visu-
alization concerns all the e-mails sent by a specific participant, the property takes 
the value ‘some interactions’. Finally, if all e-mails exchanged during the project 
can be displayed, the property is set to ‘all interactions’. 

• The ‘Interaction Granularity’ property refers to the level of data aggregation al-
lowed by the visualization technique. If only individual interactions can be dis-
played, the property value is set to ‘individual interactions’ but if some sets of 
interactions can be visualized, the property gets the ‘aggregated interactions’ 
value. For instance, if the visualization technique visualizes each individual e-
mail as a single graphical object, it gets the ‘individual interactions’ value. If it 
allows representing all the e-mails exchanged between two project participants 
with a unique graphical object, the property is set to ‘aggregated interactions’.. 
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• The ‘Interaction Arity’ property is defined by the number of entities that take 
part in the interaction. Two values are allowed for the interaction arity: ‘binary’ 
(i.e. interaction between two entities) and ‘multiple’ (i.e. interaction between 
more than two entities). 

• The ‘Interaction Centricity’ property specifies whether the interactions that are 
visualized are relative to a given central person (‘egocentric’) or concerns all in-
teracting people without favoring a specific individual (‘sociocentric’). For in-
stance, an e-mail client is typically ‘egocentric’ as it shows all interactions be-
tween the connected user and the other persons. 

• The ‘Interaction Media’ property refers to the tool(s) supporting the interac-
tions. Some possible values are ‘face-to-face meetings’, ‘e-mail communica-
tions’, ‘phone calls’, ‘video-conferencing’, ‘web site access’, … 

4.3   Goal of the Visualization: Why? 

The goal of the visualization is the second aspect that we use to classify the visualiza-
tions of interactions. This aspect concerns the context of use for which the visualiza-
tion is designed. Indeed, it is crucial to elicit the reasons why some interactions are 
displayed. Two properties are associated with this viewpoint. 

• The ‘Visualization User Role’ property specify whether the technique is dedi-
cated to be used by an actor which takes part in some of the interactions (‘par-
ticipating actor’) or by someone which is external to the interactions (‘external 
observer’). 

• The ‘Visualization Purpose’ property indicates the essential purpose of the 
visualization. Two basic goals are identified: ‘interaction support’ and ‘interac-
tion analysis’. The first value concerns the cases when the basic purpose of the 
visualization is to support the user to interact with other entities and the second 
value applies when the visualization is used to analyze the interactions between 
some entities. 

4.4   Visualization Techniques: How? 

The last classification axis concerns the visualization techniques themselves. Inten-
tionally, no property is defined to specify what might be called the ‘visualization 
type’ (e.g. pie chart, tree or parallel coordinates). In fact, such a property would not 
be consistent with the framework philosophy that aims to characterize the InterVis 
techniques in a way as generic and lasting as possible. 

• The ‘Display Space Dimensions’ property is used to indicate how many space 
dimensions are used to represent the data graphically. Three values are allowed: 
‘1-Dimension’, ‘2-Dimensions’ and ‘3-Dimensions’. This property is defined as 
the number of coordinates necessary to position any data in the visualization dis-
play space. It may be useful to point out that it does not refer to the number of 
dimensions of the data. In Bertin’s terminology [1], this property refers to ‘plan 
variables’. It does not concern the retinal variables such as color or size. For in-
stance, a timeline is ‘1-Dimension’, a planar tree is ‘2-Dimensional’ and a virtual 
reality representation is ‘3-Dimensional’. 
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• The ‘Entity Graphical Mapping’ property indicates which kind of graphical ob-
ject is used to represent the entities in interaction. The possible values are ‘point 
object’, ‘linear object’, ‘surface object’ and ‘volume object’. For instance, in 
usual ‘node-links’ graphs, this property takes the value ‘point object’ because the 
entities are displayed as point-like nodes. 

• The ‘Interaction Graphical Mapping’ property indicates which kind of graphi-
cal object is used to represent the interactions among the entities. The possible 
values are ‘point object’, ‘linear object’, ‘surface object’ and ‘volume object’. 
For instance, in usual ‘node-links’ graphs, this property takes the value ‘linear 
object’ because entities are displayed as links. 

• The ‘Retinal Variables’ property specifies which retinal variables are used to 
represent data values in the visualization technique: ‘color’, ‘grey level’, ‘shape’, 
‘orientation’, ‘size’, ‘grain’, and ‘texture’. For instance, in a node-link graph, the 
frequency of the interactions can be represented by coloring the links (‘color’) or 
increasing the link width (‘size’). 

• The ‘Display Space Boundaries’ property is used to specify whether the graphi-
cal representation uses a fixed (‘fixed’) or variable (‘variable’) display space, 
depending on the size of the data set. For instance, this property is set to ‘fixed’ 
for a treemap and to ‘variable’ for a classic node-link graph. 

• The ‘Geometrical Distortion’ property specifies whether the visualization tech-
nique shows distorted views of the data (‘distorted’ vs. ‘not distorted’). In a dis-
torted view, the values of the data are not all equally mapped with their geomet-
rical representation within the display space. The fisheye lens and the 
‘Perspective Wall’ are some examples of distorted techniques. 

• The ‘Abstraction Level’ property indicates whether the graphical elements 
used in the representation are purely abstract shapes (‘abstract’), remind some 
real objects via metaphors (‘metaphorical’) or mimic reality (‘pseudo-real’). 
To illustrate these values, representing e-mails by arcs takes the ‘abstract’ 
value; using expressive faces to display e-mail priority takes the ‘metaphori-
cal’ value; and representing meetings within a virtual 3-D world takes the 
‘pseudo-real’ value. 

• The ‘Animation’ property indicates whether some movement or animation is in-
cluded in the graphical representation of the interactions. Two values are al-
lowed: ‘animated’ or ‘static’. In order to avoid confusion, it must be mentioned 
that this property does not refer to the dynamics of the interactions themselves. 

• The ‘Interactivity’ property refers to the presence or absence of means for the 
user to interact with the graphical representation. A visualization technique will 
be called ‘interactive’ if the user can dynamically modify the selection of objects 
to be displayed, the displayed properties of these objects, or a parameter of the 
graphical output used to display them. If the user cannot modify any aspect of 
the data representation, the visualization technique is called ‘not interactive’. 

• The ‘Integration’ property explains whether the visualization technique is inte-
grated with the interaction tool (‘integrated’) or not (‘independent’). For in-
stance, an e-mail visualization module can be integrated within an e-mail client 
(‘integrated’) or it can be used to display an e-mail log file issued from an exter-
nal application (‘independent’). 
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5   Application of the IVF Framework: An Example 

This section illustrates how the IVF framework is currently used to support the design 
of new visualization techniques. The e-mail conversation is one of the very usual 
ways to cooperate and several researchers study how to enhance the graphical repre-
sentation of these interactions. In this context, the authors have recently developed a 
technique called Mat’Graph [11] (cf. Fig. 1). It may be noted that the IVF framework 
was not used in the design process because it has been developed afterwards. Never-
theless, the next developments of this technique, which are currently under way, 
clearly benefit of the IVF framework. 

 

Fig. 1. Mat’Graph Visualization of e-mails 

Indeed, the design process has been modified and the new procedure is described 
hereafter. First, the IVF framework is used to qualify the visualization to be improved 
- namely Mat’Graph in the example - as well as other potentially appropriate visuali-
zation proposals. Second, the values given to the IVF properties in the case of 
Mat’Graph are systematically scrutinized and are compared with those encountered in 
the other existing techniques. Third, the modifications that are supposed to be the 
most meaningful are identified. Finally, a new visualization technique (Mat’Graph2) 
is developed as an evolution of the former one. This design methodology is applied in 
an iterative manner in order to progressively refine the visualization technique as the 
two following examples illustrate it. 

The first example relates to the representation of some interaction properties. The 
Mat’Graph visualization was given the ‘color’ value for the ‘Retinal Variables’ 
property. Having characterized other techniques, it appeared that it could sometimes 
be useful to use the ‘shape’ of some glyphs (i.e. another value cumulatively allowed 
for the ‘Retinal Variable’ property) to convey information about a property of the 
messages. Mat’Graph was thus adapted and it was decided to visualize the priority of  
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the e-mails by the shape and the color of the glyph at the beginning of the arrows 
associated to them. The meaningless black circle in Mat’Graph was thus replaced 
by a red square when the message priority is high (cf. Fig. 2). A second occurrence 
of the refining process concerned the modification of the value given to Mat’Graph 
to the ‘Interaction Media’ property. Instead of displaying only the e-mail-based in-
teractions, it was decided to visualize also the ‘face-to-face’ meetings. Some verti-
cal yellow lines in the matrix cells of the participants are used for this purpose (cf. 
Fig 2.). 

high priority
e-mail

face-to-face
meeting 
between 
Robby, 

Faxter and 
ITM

normal priority
e-mail

 

Fig. 2. Mat’Graph2, an IVF-based evolution of Mat’Graph 

Those successive refinements of the Mat’Graph visualization technique could 
probably also be achieved by a less formalized process. Nevertheless, the IVF frame-
work certainly eases the work of identifying the parameters of the design space where 
some improvements are possible. 

6   Conclusion 

The proposed framework is a first attempt to classify the visualization techniques 
aiming to display the interactions occurring during a project, which are seen as the 
visible face of the underlying cooperation. Several properties have been identified 
to characterize the InterVis techniques according to what is visualized, the purpose 
for which it is visualized and the techniques used to visualize it. Further works re-
lated to the IVF framework will explore three main directions. First, some comple-
mentary reflections are needed to assess whether some new classification criteria 
should be added. Similarly, the range of possible values for some properties should 
probably be more refined. The framework will also be confronted to a large set of 
InterVis techniques in order to evaluate its completeness. Finally, as it has been il-
lustrated, the framework is currently used to support the design of new  
InterVis techniques. 
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Abstract. In the multi-user VR game, wide stereoscopic display is an important 
component that supports immersion and perception to the gamer. Because the 
space in front of the display allows multi-participants to collaborate and guaran-
tees view with the entire field of view for each user. This paper describes a 
method to integrate user interfaces for interactions among users wear VR de-
vices on wide stereoscopic display. The key technologies of our proposed sys-
tem include the problems of coordination with various devices to treat user 
events in real-time, synchronization of PC clusters which renders the VR con-
tents, and seamless display of multi-channel display surfaces. To accomplish 
this, we propose a VR game display platform composed of multi-projectors, 
stereoscopic see-through head mounted device, and gesture recognition system 
for collaborative interactions. Our preliminary results showed that the proposed 
strategy well suits high resolution application at real-time frame rate for  
VR game.  

1   Introduction 

Many conventional VR arcade games have typically used monitors as their display 
devices. While monitors were cost-effective size but easy to use, they failed to convey 
a feeling of immersion to their users. We believe that multi-user VR game display 
requires a wide screen model which multi-user could collaborate in immersive envi-
ronments. Nowadays there are many applications for wide screen using project-based 
multi-channel stereoscopic display, such as CAVE® [1], immersive desks [2], and 
their derivatives. These are often used as superior tools for data visualization and 
analysis of these very large amounts of data because of the benefit of wide FOV 
(Field Of View) [6]. So, in this research area, it is only necessary that simple commu-
nication device such as keyboard or mouse input command for navigation or passive 
manipulation of virtual environments. Moreover multiple users can use the same input 
command device as their interface to interact or collaborate, so that their command is 
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controlled by remote distributed machine on via network. So it is allowed that multi-
ple users use same device. But, if they share device in the same spot area such as wide 
screen, then respective multiple events must be treated by one single control machine. 
In this respect, we consider the issues of interface metaphor that multiple VR devices 
can serve the serve the purpose of interaction very well. As well as, there are many 
growths in the user interface. These interfaces must have a high degree of clarity and 
allow the interaction in the form of human-like behaviour through computer-aided 
tools. It is important to consider the goals of these entities, their possible actions, and 
the information available to them. One user’s action provides pre-described strategies 
to the different players. We are interested in the construction of 3D stereo display 
allows the real-time interaction not only between a user and another but also between 
user and 3D object onto that.  

In this paper, we propose a VR game display interfaces which delivers a sense of 
presence in the game environments through the collaboration and communication to 
users. Our proposed display platform ensures that coordinated interfaces achieve 
different from typical networked VR system preserving overall system perform-
ance. And also we introduce a preliminary example of VR safari game which is 
based on a projection-based multiple windows rendering system on passive 3D 
stereo display, synchronization and intensity-blending of multi-channel system for 
wide field of view on different PCs. 

2   Our Proposed System Components 

This section describes in detail our proposed VR Game system and contents, with 
some specific game devices. Our system overview is graphically shown in Fig. 1.  

 

Fig. 1. Our proposed system overview 

Target contents is a virtual world of real jungle hunting adventure and on-line 
role-playing game (RPG) supported by more than 2 persons. Main system supports 
surrounded display with PC clusters [3][4]. And it drives various VR interfaces with 
DirectX[9] APIs that is composed of DirectInput for haptic jacket, seat and force 
feedback wheel, DirectMusic for 3D stereo sound, DirectPlay for network services 
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and Direct3D for rendering of X file format. One user plays game performing ges-
tures with hand glove. The hand gesture is tracked by magnetic sensor, which is 
attached hand glove. And then the hand’s orientation and positions are transmitted 
to Motion Recognition Engine. The other user drives the jungle off-road with force 
feedback steering wheel. The extracted game event is transferred to Rendering and 
Animation Engine. And the motion of actor is generated with virtual actor on screen 
in real-time. Player 1 wears SEE through HMD and player2 wears polarized 
glasses. Both players enjoy the jungle hunter with wide stereo screen. So, our topics 
of several 3D display interfaces and real-time interactions [8][11] are discussed in 
the order written. 

3   Considerations of Interactive 3D Display Interface 

Our system extends the concepts of guaranteed entertainment and predictable per-
formance into multi-agent domains such as cooperating teams of VR Game. Agents 
will communicate to achieve overall team goals. While executing their allocated 
tasks, agents will respond to ongoing events in real-time. And triggering dynamic 
action tailored to the current context.  

We describe our efforts in developing a 3D display for the improvement of col-
laborative abilities and maximization of entertainment. This section covers user 
interface flow, which includes input and output device information. And we de-
scribe some requirements for coordination of input and output devices.  

3.1   Proposed Metaphor for Game Interface 

We basically use a spatial common display for share communication interface. First, 
it is required that there be adequate wide for multi-agents. Second, multi-agents must 
wear some device to pass their intents through the display. And last we explore the 
notion of a agent for assisting users communication. 

To solve these problems, we use a projector-based display system. This 3D ste-
reo system includes LCD projectors with polarized filter and PC clustered rendering 
systems. The PC rendering system is clustered for synchronization. This clustered 
system has been developed last year [7]. And users incorporate 3D wide visualiza-
tion capabilities with stereoscopic see-through HMD and polarized glasses.  

Fig2 shows our event flows and interfaces. The beginning of game is started 
from the tracked information of director’s hand. The tracking system traces the 
latest position and orientation of the hand gesture. The motion recognition engine 
interprets the motion as predefined game command. The motion is the metaphor for 
game events and communication with other collaborator. Game events include cast 
spells upon a game objects, change of attack plan, and movement sign and so on. 
Director’s motion rendered into display is the method for game mission. So, the 
other collaborators understand the intention and effect. And also the motion’s result 
is converted for output device into strength of sound and digitalized information for 
haptic suit and seat.  
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Fig. 2. An diagram of event flows and used interfaces  

3.2   Shared Large-Sized Display Using Multi-channel 

PCs, consisted of the Multi-Channel PC Cluster, are connected to their corresponding 
projectors. These projectors display their own portions of game display, and, thus, 
when they display simultaneously, a user can enjoy an immersive game display with a 
wide FOV. However, since the display surface for the projectors are shaped arbitrar-
ily, the user must endure watching the distorted game display affected by the shape of 
the display surface. Furthermore, if there are cases where a display area for a projector 
is overlapped with another, these will cause an irregular game display in terms of its 
intensity. These problems can be fixed by using structured light technique and inten-
sity blending. In addition, a laser tracker is used to track user’s position to render the 
game content on the user’s viewing point.  

Geometry calibration. There are multiple projectors and screens which must be 
edge-aligned. We use a set of a reference plane; arbitrary display surface, CCD 
camera and projector pairs, and a laser tracker (see Fig. 3). Each camera and projector 
pair is used to extract a shape of its corresponding portion of display surface based on 
a Structured Light Technique. The same projector is also used to project a game 
content on the display surface.  

 

Fig. 3. The composed system for geometry calibration 
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Projector is used to display an interference pattern on its display area and camera is 
used to capture the pattern on the area [10]. The Structured Light Technique is a well-
known two-wavelength phase shifting interferometer. The basic concept of phase-
shifting method is to extract heights of the object surface from an interference pattern 
created by a phase-shift of interferometer. 4-frame phase-shifting method is normally 
used, and, from this method, we can acquire four interference patterns by shifting a 

phase of 2/π  four times. The formula expresses the intensity of acquired interfer-

ence pattern at ),( yx . 

]}),(cos[),(1){,(),( 0 ∆++= yxyxyxIyxI p φγ  (1) 

),(0 yxI  is an average moiré intensity at ),( yx , ),( yxγ is a standardized visibility of 

moiré interference pattern, ∆ is a degree of phase-shifting, and ),( yxφ  is a height of 

the surface at ),( yx . By the 4 frame phase-shifting method, we can get following four 
different formulas from following formula. 
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Therefore, we can acquire the height map of the object surface from ),( yxφ . How-
ever, since these heights are calculated from arctangents, there can be ambiguities of 

height in every π2 . And then two-pass rendering technique is added.  (see Fig. 4). 

 

Fig. 4. Object rendering onto arbitrary display surface 

Intensity blending. This multi-projector display does not rely on an assumption that 
each projector is dedicated to its unique part of the display surface. Thus, there may 
be an overlapped display surface area by projectors. When this overlap occurs, the 
intensity of the overlapped area becomes the sum of intensities of the projectors 
involved with the area. Thus, this situation produces an irregularity of brightness to 
the multi-projection display. Our method is to assign each vertex of display surfaces 
in overlapped area different alpha value depending on the distance to its nearest edge 
of the display surface. The vertices of an overlapped area in a display surface are 
same with its corresponding ones in the other display surfaces. The alpha value is 
expressed as (3). 
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),( yxiα is an alpha value of a vertex at ),( yx  which is in the display surface i . 
),( yxd i
is the distance between the vertex and its nearest edge of the display sur-

face i . Fig. 5 shows a display without the intensity blending and one with it. 
Cleary one can see the effect of the intensity blending from the overlapping edge. 

 
Fig. 5. The result scenes of intensity blending 

3.3   Private Display for Collaboration and Personal Works 

Apart from completeness usability, immersion and entertainment are the key quality 
aspects for VR game system. There are many situations in which we would like to 
interact with private objects in the surrounding public contents. An Augmented Real-
ity can make this possible by presenting private information that enriches the public 
worlds. But there are only a few applications in augmented reality gaming and sig-
nificant potential in this area. And also see-through HMD is used to overlay private 
information on the contents displaying on the wide screen. We use HMD to determine 
which weapon is selectable in nearby-space and which object is targeted in far-space. 
The interface presents two windows to the operator. The first window carries private 
information. We currently use a navigation and selection weapon menu. And the sec-
ond window displays surround contents formed through the lenses. 

3.4   User Interactions with Real-Time Virtual Character Animations 

A user is displayed as a virtual character on shared display. We use a skinned mesh 
for the character that is stored as an X file, and it is rendered using the Direct3D. For 
the user’s immersion into the game, whenever the user makes a command by gesture, 
movement of the arm of the virtual character is generated in real-time according to the 
sensed hand position of the user. For this purpose we implemented a real-time inverse 
kinematics (IK) routine [5]. 

Two kinds of IK solver were implemented. One is an analytic solution for 2-link 
IK problem and the other is for multi-links by using the inverse rate control. We as-
sume the links are arms. Our 2-step IK solution for the 2-link case consists of finding 
the incremental transformations for the elbow and the shoulder. If an original trans-
formation matrix is R and a new needed incremental transformation is ∆R, then a new 
transformation matrix becomes ∆R⋅R. The detailed 2-step algorithm is as follows. 
First, we calculate the desired elbow angle θ′2 from L1, L2, the goal position, and the 
base joint position. L1 and L2 are the length of the upper arm and the lower arm, 
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respectively. If we designate L3 as the distance from the base to the goal, θ′2 is  
given by 
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∆θ2 is (θ′2 - θ2), and the incremental transformation for the elbow, ∆R2, is a rota-
tion by ∆θ2 with respect to the axis of rotation that is perpendicular to the plane 
formed from the three joints. The second step is positioning the end-effecter to the 
goal position by adjusting the shoulder joint. This is similar to the first step and ∆θ1 is 
calculated. The axis of rotation for ∆R1 is the line perpendicular to the plane formed 
from the base, the goal position, and the intermediate end-effecter position in the first 
step. Without additional calculations for exploiting the redundancy in the elbow joint, 
our algorithm produces a fast and natural-looking solution given an initial natural 
configuration. Initial configuration is restored after each execution of the algorithm to 
avoid losing the original posture and drifting with an unfeasible posture.  

For the multi-link IK we applied the inverse rate control as in. This method uses 
the Jacobian matrix and numerical integrations. The process can be abstracted by 
following equations. 

x  =  f (θ ) ,  ∆x= J∆θ  (5) 

∆θ  =  J+∆x ,  J+ =JT (JJT ) -1  (6) 

Where J is a Jacobian matrix and J+ is a pseudo inverse of J. In order to obtain a 
real-time result, the multi-link IK routine was formulated to solve an incremental 
problem i.e. a final configuration becomes the initial configuration of the IK problem 
at the next frame. 

4   Experimental Results and Conclusions 

We described the design and implementation of a real-time, collaborative, entertain-
ment VR interfaces on 3D display system. We developed projection-based 3D stereo 
system, rendering using DirectX, intensity blending, geometry calibration of screen 
and user interactions using real-time virtual character animations.  

We evaluate three major components: interactivesness, completeness of game mis-
sion, and realtime performance. First two of them are tested through the depth and 
size correction for stereo-scopic displays. The effective use of stereoscopic display 
systems requires the perception in stereopsis especially to represent the physical ob-
jects as the realistic virtual scene. And we measure the frame rate to achieve real-time 
performance(fig.6). The contents consist of objects which are non-playerable and 
playerable with average 30000 triangles and simulated by a physics engine. The re-
sults shows that the frame rates are 60 billion polygons per second and uniformable. 
So our proposed system is resonalble to be used VR game platform.  
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Fig. 6. Frame rates evaluation 

Finally, our current research includes some futurer works on the wide interactive 
display such as the automatic calibraion of multiple projectors and color. 

References 

1. Cruz-Neira, C., Sandin, D. J., DeFanti, T. A., Kenyon, R. V., and Hart, J. C., : The 
CAVE:audio visual experience automatic virtual environment. Communications of the 
ACM, Vol. 35, No. 6, (1992) 64-72 

2. Funkhouser, F., and Li, K., : Large-Format Displays. IEEE CG&A, Vol. 20, No. 4, (2000) 
20-21 

3. Brian, W., Constantine, P., Vasily, L, : Scalable Rendering on PC Clusters. IEEE CG&A 
(2001) 62-70 

4. Raskar, R. : Display Grid: Ad-hoc Clusters of Autonomous Projectors. SID04 (2004) 
5. Tolani, D., Goswami, A. and Badler, N. I.. : Real-time Kinematics techniques for anthro-

pomorphic limbs. Graphical Models. Vol. 62, No. 5. (2000) 353-388 
6. Funkhouser, F. and Li, K.: Large-Format Displays. IEEE CG&A Vol. 20, No. 4. (2000) 

20-21 
7. Jeong-Dan, C., Ki-Jong B. et al. : Synchronization method for Real Time Surround Dis-

play using Clustered Systems. ACM Multimedia. (2002) 259-262 
8. Choi K. H. : A Probabilistic Networks for Facial Feature Verification. ETRI Journal, Vol. 

25, no.2, (2003) 140-143 
9. Microsoft Corporation. DirectX 8.1 programming reference 

10. Ming H. : Surface Effects on Alignment of Graphic and Real Objects in a Stereoscopic 
Augmented Reality Environment. CHI (2001) 441-412 

11. Pattie M., Bruce B., Trevor D., and Alex P. :  The Alive System: Wireless, Full-body In-
teraction with Autonomous Agents. ACM Multimedia Systems, No. 5. (1997) 105-112 



Y. Luo (Ed.): CDVE 2005, LNCS 3675, pp. 79 – 85, 2005. 
© Springer-Verlag Berlin Heidelberg 2005 

Concurrency Control and Locking in Knowledge Base  
for Rapid Product Development 

Dieter Roller, Marian Mešina, and Constanza Lampasona 

Institute of Computer-aided Product Development Systems,  
University of Stuttgart, Universitätsstr. 38, D- 70569 Stuttgart 

{dieter.roller, marian.mesina,  
constanza.lampasona}@informatik.uni-stuttgart.de 

Abstract. Rapid Product Development (RPD) is a product-development 
technique that includes experts collaborating in a multi-disciplinary 
environment. Products consist of components. A component can be used in 
various products. These can be represented by a network structure (semantic 
network) consisting of vertices (objects) and edges (relations). Modifying a 
vertex can change other vertices within the network. In the Active Semantic 
Network (ASN) these modifications are propagated automatically. The RPD-
Information is stored in the ASN knowledge base. Changes of referenced 
objects should be automatically taken into account within the ASN-database. 
Reciprocally, changes of an object attribute should lead to modifications in the 
referenced files. For the synchronization, object-lock mechanisms and access-
control to the knowledge base are necessary. The concept presented here allows 
locking objects and also individual attributes. Object status and attributes allow 
regulating the access and the necessary steps for consistency re-establishment 
after system crash.  

Keywords: Active semantic networks, locking, concurrent engineering, rapid 
prototype development (RPD), Knowledge basis consistence.   

1   Introduction 

This contribution was accomplished in the context of the SFB-374 research project, 
whose activities are focused on the development of methods and tools to reduce 
iteration cycles in product development. Active Semantic Networks (ASN) were 
developed for the improvement of product development practices [01]. One very 
important task was setting up a knowledge base containing and administrating cross-
linking information and all development-relevant data. 

The knowledge base most represents the current state of several parallel-running 
development-processes. Which objects can be processed in parallel must be clearly 
regulated. Finding and using synchronization techniques belong to the most important 
tasks. 

2   ASN Knowledge Base 

The ASN-knowledge-base consists of the ASN-database and a collection of files 
referenced in the database. Some ASN objects can be fully described in the database 
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(e.g. a working group), others only partially by their attributes (e.g. a construction 
unit); their remaining information is contained in referenced files (e.g. CAD models). 

The ASN-database is based on the URDM (Unified Relational Data Model [02], 
[03], [04] and [05]), a simple database design, which allows representing very 
complex databases with only a few tables without losing information. 

The basic idea is having object-specific tables (RDBS) or classes (OODBS) with 
different data field/attributes and converting them into a new table/class named 
Attributes. This new table/class has at least three fields/attributes: Object_ID, 
Attribute and Attribute_Value. Other field included is Status(from…to) to establish 
the validity period.  

All objects are collected in the table/class Objects, which at least has the 
attributes: Object_ID, Object_Type and Status(from…to). 

The relations between objects in URDM are record sets of a table named Net 
that has the fields: Object1, Relation_Type, Object2 and Remark. 

 

Fig. 1. Simplified presentation of the Unified Data Model 

The URDM-design is presented in figure 1. The tables Objects, Attributes and Net 
would be sufficient for using the database.  

The table Hyperlinks was added in order to gather the places where the referenced 
objects are stored. All copies of the referenced objects are included in the Hyperlinks 
table, but only one can have the Master status. The relation “A is a version of B” may 
be added using a name convention. Naturally, all referenced objects and their copies 
are saved where they are needed the most. 

3   Transaction Security 

The problem of transaction security is very complex and in this contribution only 
some important aspects are considered. For the transaction and data security a 
conception was elaborated, which differentiates between consistency states and access 
methods to the knowledge base. 
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3.1   Access Methods 

Read Access 1: The read data (e.g. project costs) should stay unchanged some period 
of time. While performing this reading, all related dependent objects should be 
locked. 

Read Access 2: This read mode corresponds to the usual Read (just reading attribute 
values, without durable consequences). With the read mode 2, objects dependent on 
the read object should not be locked. 

Change Access: Object attributes or hyperlinks assigned to it are changed. All 
dependent objects must be locked.  

3.2   Knowledge Base Consistency States 

Consistency state 1: Data in the database is complete and consistent. Object 
attributes contained in the database fulfill all constraints conditions and correspond to 
the attribute values in the referenced files. Also the attributes values in referenced 
files correspond to the values in the database.  

Consistency state 2: The ASN knowledge base is not in consistency state 1. 
However, the database contains the necessary information, in order to cause 
automatically or manually the consistency state 1 if necessary. Precisely here the 
status attributes play a central role. 

Example: The attribute values of some objects were changed. The calculation of the 
attributes dependent on constraints can be accomplished e.g., by the solution of 
equation systems. The solution could take relatively much time and be seen as a long 
transaction. In order to reach consistency state 2, in a first step objects and object-
attributes status are set, which show, which input sizes will be dealt with. Setting 
status attributes can be seen as a short transaction. A system crash during the solution 
of equations does not mean an information loss, since the status attributes are only put 
back after the complete execution of the computation procedures. The status attributes 
set before the system crash show which changes must be still accomplished. In 
normal operation, the knowledge base is nearly always in consistency state 2 and only 
in the “quiet phase”, after the execution of all transactions, in consistency state 1.  The 
ASN remains also after the system crash in the consistency state 2 

Consistency state 3: The ASN knowledge base is neither in consistency 1 nor in 
consistency 2. However, the ASN users can bring the knowledge base into one of 
them. Consistency state 3 is a legitimate but unwanted state. Examples: Some 
referenced objects were deleted or changed without declaring it in the status 
attributes. Objects in the database were erroneously deleted and referenced files or 
dependent objects exist further. In case of a total loss of the ASN database it should 
be possible to continue working with different applications. 

The transition from consistency state 3 to 1 or 2 must be accomplished partially 
manually by the system administrator. It is important that, during the ASN operation, 
consistency state 2 can be achieved through short transactions. The transitions can be 
activated with the help of the implementation of ECA (Event, Condition, Action) 
rules directly or with coordination agents. 
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3.3   Undo Function 

The tables Objects, Attributes and Relations have defined validity period attributes. It is 
possible to achieve old database states using this attributes. This is an important aspect 
of the security philosophy.  

3.4   Referenced Extern Data and Applications 

Changes of referenced external files, e.g. CAD models, are accomplished by external 
applications (Catia, MS Excel). Such changes can be regarded a long transactions of the 
knowledge base, but not as transactions of the database. They do not fulfill according to 
ACID the atomicity criterion. Processed intermediate stages of work can be stored as 
versions. For each version of an external file an object with suitable attributes in the 
database can be provided and assigned. User-specific programs must be developed for 
the automatic adjustment of attribute values in the database and the external referenced 
files.  

4   Lock Mechanisms and Attribute Status  

In earlier ASN versions the locks could be set only on objects. In the current version it 
is possible locking several attributes and their status attributes.  

4.1   Short and Long Transactions 

Different changes in the ASN knowledge base take different times. Transactions can 
be roughly divided in 4 categories. 

T1. Set/change of attribute values. Acceptance - attribute values are known before the 
transaction. It concerns very short transactions in the database, where ACID 
(Atomicity, Consistency, Isolation and Durability) conditions are always fulfilled. 

T2. Determination of object dependence, marking of selected objects and attributes by 
setting status values. Determinations are based on the Constraints tables or on table 
Net. These transactions are also relatively short and the computing times lie in the 
seconds range. 

T3. Dissolution of constraints. Constraints are mathematically very different and can 
lead generally complex nonlinear sets of equations and/or inequation systems. This 
can lead to computing times within the range of milliseconds up to minutes. 

T4. Into this category belong the manual treatments of objects with many attributes, 
treatments of referenced files, and manual synchronization of object attribute values 
in the ASN database and in the referenced files. These transactions are often very 
long, the treatment of a complex CAD model can take up days, weeks or even 
months. 

Since the marking procedures of the objects belong into category T2 and take 
relatively short time, they should initiated only by one user at a time. The marking 
accesses are regulated by the table DBObject. The status value busy means that a 
marking procedure was started. The remaining data-fields show who started the 
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marking procedure and when and to which object the marking procedure was started. 
The status value free means that a new marking procedure can be started. 

4.2   Status-Attribute Values 

All objects on which object A depends are called "predecessors of the object A". All 
objects whose attribute values are dependent on object A are called "successors of the 
object A". Cyclic dependence (closed dependence loops) are possible. 

Case 1: determination of status attribute values with read access 1 - reading of all 
attributed of object A is intended: 
0 - Initial state, no lock; 
1 - Object is read, all predecessors must be marked; 
2 - Object is read, all predecessors are marked; 
3 - Reading, the object A is being read; 
4 - Object was read, predecessors must be unmarked.  

With object state 1-4 all attributes of predecessors are automatically locked. 

Case 2: determination of status attribute values with read access 1 - reading of only 
certain attributes of object A is intended: 
0 - Initial state, no lock; 
151 - Object is read, all predecessors and their relevant attributes must be marked;  
152 - Object is read, all predecessors and their attributes are marked; 
153 - Reading;  
154 - Object was read, predecessors and relevant attributes can be unmarked. 

Status values (marking) of selected attributes: 

11 - Selected attribute is read;  
12 - Objects and attributes, of which the selected attribute is dependent, are marked 
13 - Reading, the value of the selected attribute is being read  
14 - Value of selected attribute was read, predecessors’ attributes can be unmarked. 

The use of the status attribute values described in the case 2 increases the 
possibility for parallel treatment of ASN objects because not whole objects but only 
certain attributes become locked. However, in order to be able to use the attribute 
locks, dependences between individual object attribute values must be created. If this 
information is not available, it can only be worked with locks as those described in 
case 1. With the read access 2 no object or attribute locks must be set.  

The cases 3 and 4 refer to change accesses in the ASN knowledge base. 

Case 3: determination of status attribute values with change-accesses to object A. 
These change-accesses concern all attributes of object A and all attributes of 
dependent successors:  
0 - Initial state, no locks;  
61 - Object is being changed; all successors and referenced objects must be marked; 
62 - Object is being changed, all successors are marked; 
63 - Recording procedure, it is being worked on object A; 
64 - Object has been changed, all successors must be updated  
65 - All successors were updated, successors must be unmarked.  

With status 61-64 all attributes znd referenced files are automatically locked. 
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Case 4: determination of status attribute values with change-accesses to object A That 
change-accesses concerns only certain attributes of Object A and attributes of 
successors: 
0 - Initial state, no locks;  
161 - Object is being changed; all successors and their relevant attributes must be 
marked; 
162 - Object is being changed; all successors and their attributes are marked; 
163 - Recording procedure;  
164 - Object has been changed; all successors and referenced objects must be 
updated;  
165 - Successors must be unmarked. 

Status values (mark) of selected attributes: 

21 - Attribute is being changed;  
23 - Attribute is in treatment;  
24 - Attribute value was changed. 

The use of the status attribute values described in case 4 increases the possibility 
for parallel treatment of ASN objects because not whole objects but only certain 
object attributes become locked. However, in order to be able to use the attribute 
locks, dependences between individual object attribute values must be created. If this 
information is not available, it has to be worked must only with locks as those 
described in case 3. 

Status Values in the Table Hyperlinks 
0 - Initial state;  
31 - Object to that the hyperlink file pertains is being changed; the hyperlinked file 
must be treated later; 
32 - Object to that the hyperlink file pertains was changed; the hyperlinked file must 
be treated. When the treatment of the hyperlink file is done, the status attribute value 
is set to 0 again; 
33 - Hyperlinked file is being changed; object corresponding to the hyperlink file and 
further dependent objects must be marked; 
34 - Hyperlinked file is being changed; object corresponding to the hyperlink file and 
further dependent objects are marked; 
35 - Hyperlink file was changed. The object corresponding to the hyperlink file and 
further dependent objects must be updated.  

5   Summary 

In this contribution examples were shown, on how the status attribute values of the 
objects and attributes can be set in order to reach consistency 2 in the knowledge base 
at any time. Even if the system would crash, status information is present for reaching 
the complete consistency of the knowledge base. The status values of an object and its 
predecessor (read-access 1) or its successors (change-access) change coordinately.   
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The coordinated changes of status value can be realized by ECA rules or by 
coordination agents. The system for the definition of the status values suggested here, 
can be still refined and further developed. The status values of objects have first soft 
locks. They warn the potential user, which would access information, which is would 
soon changed or that change access may be incompatible with other user’s accesses. 
Nevertheless, if an access is to take place, arrangements between the users of the 
knowledge base must be first met. 

The use of the status attributes offers support during the objective definition and 
locks when needed but using only as few as possible. 
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Abstract. This paper presents a solution for cooperation between companies 
that belong to a supply chain in the ceramic tile sector, where competitiveness 
requires constant innovation in product design. Since it is becoming ever more 
frequent for these companies to design products and work collaboratively 
within the framework of the Extended Enterprise, a need arises for a 
methodology for the successful implementation of collaborative practices. The 
main contribution of this research work lies in the definition of a collaborative 
infrastructure for cooperative design that enhances interaction and knowledge 
management between different firms using information technology tools and, 
particularly, PLM solutions. The methodology used to achieve an efficient 
implementation is based on process modeling. Design processes are not always 
structured; there are continuous changes due to engineering modifications, and 
this fact makes modeling harder. Consequently, the definition of collaborative 
processes will allow a deeper understanding of product development activities. 

Keywords: Virtual Enterprise, Collaborative Design, Product Lifecycle 
Management Solutions, Ceramic Tile Cluster. 

1   Introduction 

If the Extended Enterprise is to be efficient, it must have a good supply chain 
management, which requires improvements in the planning and management of 
interrelated complex systems in order to increase productivity. 

Although the concept of supply chain was developed a little more than two decades 
ago, we could say that researchers are recently paying attention to solve the problems 
of virtual organizations [1]. This involves a terminology that was incorporated in 
order to define an advanced logistic technique that focused on the integral control of 
company flows [2]. 

Over the last few years, the level of integration actually involved in the definition 
of Supply Chain Management is being reviewed and improved. Nowadays, other 
concepts such as Synchronized Supply Chain, Supply Chain e-collaboration or 
Extended Concurrent Engineering (3D-CE; Product/Process/Supply Chain) have been 
incorporated into the cultural heritage of this area to greatly enhance these limitations. 
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In this new era of globalization it is becoming more frequent for companies to 
design products and to work collaboratively within the framework of the Extended 
Enterprise (EE), since this enables them to reduce the number of operations and 
processes that add no value and thus achieve better and more robust products through 
supply chain management. 

 

Information Flow

 
Suppliers 

 
Customers Advanced IT links IT links IT links

Product flow

Manufacturer Manufacturer

Manufacturer

 

Fig. 1. Extended Enterprise information flow [3] 

As we can see, Information and Communication Technologies (ICT) have allowed 
the integration of several activities within the company and with the enhanced 
capabilities of the Internet, the initial ideas of extended and virtual organizations can 
finally be deployed (Fig. 1). 

However, from the technological perspective, it cannot be said that the solution 
could only come from the implementation of computer support tools. It is clearly 
recognized that Information and Communication Technologies, and more particularly 
those based on the web, can be of great help in integration and collaboration and, 
moreover, that the concept of collaborative engineering and cooperation is closely 
linked to the use of web services (e-collaboration). Yet, the real situation of many 
implementations reminds us that integration and collaboration cannot be achieved 
between the different agents involved by simply adopting the required technology. 

Therefore, there is a need not only for a web-based tool for collaboration (CSCW 
or PLM) but also a framework that allows for the integration and coordination of 
product life cycle processes and the exchange of information between agents (expert 
applications or individuals). 

2   Collaboration Framework for Supply Chain Models 

Although the idea of the Extended Enterprise linked to the supply chain is relatively 
new, a small number of firms have begun to implement its principles. Competitive 
pressures, an instinct for survival, and the realization that their traditional business 
model was likely to fail, typically have driven these firms to adopt this new 
organizational model. For example, the Airbus consortium of four of Europe’s 
aerospace companies joined efforts and fortunes to create an airplane, the Airbus, 
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which was a response to Europe’s shrinking share of the commercial airline business. 
Attempts are now being made to implement this initiative in other sectors that seek 
collaboration with new technologies in their product development process. 

We could say that the Extended Enterprise is the entire set of collaborating 
enterprises, both upstream and downstream, from raw material to end-use consumers 
that work together to bring values to the market. The advantages of the Extended 
Enterprise derive from an enterprise’s ability to quickly utilize the entire network of 
suppliers, vendors, buyers, and customers. The flows of information that lie at the 
core of the coordination and collaboration among network members not only link 
disparate information sources, they also provide an opportunity to build knowledge-
based tools. Enterprises engage in longer term partnering relationships built around 
mutual goals and accompanied by a very rich and deep exchange of information. 

However, we can find several network topologies that can configure an extended 
Enterprise or combination of them (Fig 2). 

 
Supply 
Chain 

Hub and Spoke 

Peer-to-peer 

Supply 
Chain 

 

Fig. 2. Different types of configuration for an Extended Enterprise 

Success or failure is now a function of the collective performance of the enterprise 
and not individual actions. Companies must participate in effective chains, linked by 
trust and a belief that one partner will not act opportunistically at the other’s expense. 

But the success of e-collaboration, mainly in the product development process, is 
not possible merely by investing in technological solutions. Suitable implementation 
of these solutions is also required and the enterprise must be correctly prepared for 
this new project; such preparation will be the first step of the implementation stage. 
First, in this preparatory stage, it will be necessary to have a global knowledge of the 
situation of the enterprise, as well as how and to what extent it will be affected. 

The Collaborative Engineering (CoE) concept confirms the same principles as 
Concurrent Engineering but on a wider scope. The concurrent development of 
products and their processes remains the core of the philosophy. However, new 
concepts such as coordinated decision-making (related to product and project) and 
information technology have been added. 

In this way, the core of Collaborative Engineering is the workgroup, usually 
geographically dispersed, working in an Extended/Virtual Enterprise context. As in 
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Concurrent Engineering, a workgroup implies people from different fields, 
departments and even enterprises working together on the development of the product 
and throughout its life cycle. Concurrent Engineering was not focused on how this 
collaboration and cooperation among the team members takes place. However, 
Collaborative Engineering does focus on this issue. The new enterprise models of 
Extended and Virtual Enterprise imply a new way of working, where the team 
members are geographically dispersed and collaboration must fit the inter-enterprise 
contracts [4]. 

This implies the need for a cooperation framework for Information and 
Communication Technologies which can support not only cooperation and integration 
among the members but also good process and project management and knowledge 
management [5]. With this aim, a research project is being developed in order to 
apply these ideas regarding the design process within a ceramic tile supply chain [6], 
where virtual enterprises can be created supported by a cluster with a collaborative 
infrastructure. 

3   Research Approach 

Spain is the second most important ceramic tile manufacturer and exporter in the 
world. Within the ceramic tile sector 75% of the supply chain’s stakeholders are 
gathered in the area of Castellón, which accounts for 90% of the Spanish production. 
This success is, in part, due to the informal relations among the different members of 
the supply chain. These relations constitute the beginning of a structured collaboration 
called “collaborative ceramic cluster”. 

From this predominant position, the Castellón ceramic tile sector will have to face 
new challenges in the new Product Introduction and Development environment. 
These companies are aware of the difficulties; such as the high rate of references that 
forces the sector to manage more than 6.000 references at the same time, and the 
launch of new products comes up against problems since companies are bound by fair 
timing. 

For these reasons it is extremely important to invest in new product development 
and innovation processes to improve the quality of ceramic tiles. Moreover, ceramic 
tile enterprises with a high capacity for organizational learning and design 
management will be the most competitive and profitable enterprises. 

To help enterprises to face these challenges, the Industrial Enterprise Innovation 
Center (CINEI) is developing a research project (CE-Tile) that promotes business 
collaboration and resolves information and activity management problems in new 
product design and introduction processes. 

Therefore, the ultimate aim of the project is to solve problems in the management 
of the information associated to the development and introduction processes of 
ceramic products by creating a process model using Information and Communication 
Technologies, together with the Internet, to set up a network that enables companies 
to collaborate and to share knowledge. 

The experience of the sector in the implementation of ERP systems (for shipping, 
invoicing and production) using applications for large business management 
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solutions, like SAP, has made us see the need to have some models adapted to the 
typology and specific characteristics of the products and processes of the sector. 

One specific objective that stands out is the development of a pilot project, which 
is based on a commercial software solution (SAP PLM), and allows the integration of 
diverse sub-systems such as creative and graphic design, product development and so 
on, carried out by the enterprise or by others in the supply chain. 

The pilot project is being developed supported by a methodology that reproduces 
life-cycle phases of the Extended Enterprise with ICT tools to build up the Virtual 
Enterprise (VE). This VE is created with the objective of designing and developing a 
floor tile series/model. The enterprises that belong to the sector supply chain and are 
involved in the development of this model form the VE [7]. With the aim of 
improving cooperation, concurrency, information and knowledge exchange and 
reducing time to market, the pilot project is developed in four phases: 

1. Creation of the basic infrastructure of the collaborative cluster and the foundations 
of the VE. 

2. Creation of the VE and configuration of the operating infrastructure. 
3. Execution of the experience of series/model design and development. 
4. Analysis of the results from the pilot project. Implementation planning in 

manufacturing. 

The solution reached, and the experience gained during the first two phases, have 
shown the need for an implementation team consisting not only of the supply chain 
firms themselves and the project leader (CINEI) but also the support of a consulting 
enterprise and a software developer company. The real problems arose when finding a 
general framework for collaboration. Therefore, a general solution was developed in 
order to make it feasible to extend it to other supply chains. 

4   Findings 

The first studies on product development processes have illustrated that, traditionally, 
there is a certain amount of collaboration among all the actors in the design chain. 
This collaboration is interdisciplinary and takes place among commercial technicians 
from the enamels and colorings industries, graphic designers, production and product 
development technicians from the ceramic tile industries, as well as mold 
manufacturers. Although this collaboration has not been accomplished to any large 
extent, it is a consequence of the competitiveness that exists within the sector, which 
is expected to be really fierce. Moreover, it has also been detected that capital assets 
are sometimes crossed between companies involved in the logistic chain and, more 
particularly, in the design chain. 

Therefore, for the first phase, a basic infrastructure of the collaborative cluster and 
a foundation for the VE was set up and a model of the current state of product design 
and development process was produced, so that a diagnosis could help to propose the 
final collaborative solution. 

After the analysis, a descriptive model of cooperation was developed with IDEF0 
methodology in order to describe the activities that transmit and transform the 
information (Fig. 3). It shows how people should act or work together for the 
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particular purpose of designing ceramic tiles and to help other partners willingly when 
it is requested. It also recommends the collaborative project management activities 
that coordinate timetable and product related information so decisions can be more 
efficient. This model goes beyond the idea of a process model in that it includes 
strategic level and medium level processes and reflects cooperation and coordination 
activities. 
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Fig. 3. Process model for Collaborative Design 

A second model (operational level) was carried out to set up the different 
interactions among the members of the VE collaborative team. The model helped to 
clarify the workflow process as well as the communication channels to transmit 
information among the different technical activities using an ICT tool (Fig. 4). 
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Fig. 4. Event Flow Model 
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Finally, a third model was created in order to capture the knowledge generated 
during the collaborative design process (Fig. 5). It helped in the selection of processes 
and functionalities of the PLM tool and the customization required by the models. 

 

Fig. 5. Knowledge Model 

During the second phase the operating infrastructure for the pilot project was 
determined and the business processes that had to be improved were identified. A 
number of supply chain companies were selected for the pilot project (third phase) 
and the bases of the VE agreements were established. As a result, the configuration of 
the operative infrastructure of the Design Project allowed the definition of the 
Ceramic Collaborative Cluster (Fig. 6). 
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Fig. 6. Collaborative solution and infrastructures for the Ceramic Tile VE 
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5   Conclusions 

The main contribution of this research work lies in the definition of the minimum 
descriptive models required to build up a collaboration infrastructure. These models 
determine the needs and requirements that must be demanded for the implementation 
of collaborative solutions with ICT tools – in this particular experience with a Product 
Lifecycle Management application. The development of these descriptive models is 
important to researchers because, on the one hand, the literature on this subject is 
scarce and, on the other, they provide us with a deeper understanding of the activities 
associated to product development by defining the collaboration processes 
(coordination, cooperation and knowledge management) that take place. 
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Abstract. In order to reach competitive advantage, manufacturing firms need 
not only to coordinate business and cross-border activities, but must also 
integrate and improve internal processes, coordinate access to internal and 
external knowledge, exploit and develop their employees’ capabilities. In a 
manufacturing context, there are several levels (equipments ↔ processes ↔ 
products ↔ market) which are related, and the competitive advantage and 
success in the market depends on the synergy of these levels. In all phases, we 
have people and specific information associated, and the handling of specific 
information by people, in a context, together with a usage experience, 
comprises knowledge creation. In this work, we describe a case at a Brazilian 
Oil Company. This company was losing knowledge on its first level of the 
manufacturing chain. In this paper, we will describe this problem, as well as the 
procedures to solve this problem, and the Knowledge Management environment 
created to support the process. 

1   Introduction 

In their search for competitive advantage, manufacturing firms need not only to 
coordinate business and cross-boarder activities, but must also integrate and improve 
internal process, coordinate access to internal and external knowledge, exploit and 
develop their employees’ capabilities. These internal processes are totally related to 
design operations. 

Penrose, in [1], argued that a firm is not a homogeneous unit, but rather a 
“collection of resources”, in which the heterogeneity of the services contained in its 
resources makes a fundamental difference to the strategic goal of the firm. As shown 
in Fig. 1, in a manufacturing context, there are several related levels, and the 
competitive advantage and success in the market depends on the synergy of these 
levels. In all phases, we have people and specific information associated, and the 
handling of specific information by people, in a context, together with a usage 
experience, comprises knowledge creation. 

At a first level, we have the equipment used by operators and handled by 
technicians. Equipment is an important part of the manufacturing process because it 
comprises the basis for the transformation process and product creation. Their non-
operation or sub-operation compromises the entire process.  
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At a second level, we have the processes, which can conceive, design or handle the 
placing in the market of products.   Specific activities of a process need to be executed 
by people with particular expertise or competence.  
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 Fig. 1. Related levels and their relationships in a manufacturing chain 

The result of a process is a product (third level). This product, or the services 
related to it (as support, consulting or technical support), will be launched onto the 
market and at the last level lies the market position, as the consumers’ acceptance or 
rejection of the new product and the competitive reactions. The latter level purports 
wide horizons and can be considered as strategic. There are linkages between the four 
levels, as operational decisions trigger improvement activities, and improved 
activities augment the strategic decision space.  

In all stages, we have knowledge creation (which should be managed) and a good 
performance of a stage brings forth significant contributions to the other stages. 
Looking at the first level: equipment. Knowledge about equipment allows for the 
choice of the right equipment to be used in a production process. The appointment of 
persons who can handle equipment with success guarantees fast execution. In general, 
operating standards - described in manuals, technical descriptions and operational 
instructions - communicate sets of codified rules to the shop-floor personnel and are 
used to guarantee the control of the manufacturing process.  

Processes are a set of activities executed by people with different competences. In 
a manufacturing process, a team is usually multidisciplinary, and the process model 
and the activity specifications comprise a kind of knowledge. The documentation and 
codification process is a facilitated, but participative, process which generates 
knowledge by extracting tacit knowledge from those involved [2].  Depending on the 
human resource practices, this process may be iterative, continuously constructing 
new knowledge, permitting, as an example, that well-trained and experienced 
operators may collaboratively find better ways of doing the work. These constitute 
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improvement activities (in the processes stage), which usually result in updating the 
related documentation, or solely in establishing new practices. In addition, 
improvement activities may be more formally organized as planned meetings with 
structured agendas which use data from performance measurement systems and 
personal experiences to improve operations and their associated documentation. Well 
defined and properly executed processes allow products to reach the market faster, 
as well as the creation of better and innovative products. 

Creativity and innovation of products based on knowledge is the core of 
competition in global manufacture industry at the beginning of the 21st century [3]. 
Clients’ opinions, competitive positions and product information itself in the form of 
drawings, recipes, nominal capacities, and others, is translated into process data under 
the form of a reengineering process and improvements. Consequently, this forces the 
creation of new equipment or improvement of the equipment used to lead faster and 
better processes. 

It has been shown that the knowledge management practices within the process 
development function and across the product-process interface significantly influence 
the performance of the process development process [4]. The entire chain (equipment 
↔ processes ↔ products ↔ market) has to work as a gear: in unison and 
continuously. 

To exemplify these questions, we describe in this paper a case at a Brazilian Oil 
Company. This company was losing knowledge on its first level of the manufacturing 
chain: it was “forgetting” about its equipment. This then reflected on the entire 
production. Firstly, in section 2, we will describe the problem. Next, we describe the 
procedures to solve this problem, in section 3, as well as, the Knowledge 
Management environment created to support the process (section 4). Finally, in 
section 5, we comment on the conclusions and our future works. 

2   The Problem 

The problem faced by the cited enterprise is typically a problem of “knowledge 
loss”. This company owns several pieces of equipment from finding and extracting 
petroleum to the manufacturing of byproducts. At the refinery, several pieces of 
equipment are used but, in due time, a great deal technical information about these 
was lost. Knowledge about handling the equipment, its types, applications, purposes 
and operation, was only in the minds of more experienced employees. That is, if a 
more experienced employee, holder of critical knowledge about important 
equipment, is dismissed, retired or transferred to another section, he/she takes this 
knowledge with him/her. That is, the company loses its knowledge. 

Another problem, which we deem of greater complexity, is that the company 
does not have the ability of knowing what it actually knows, in other words, the 
competences mastered by organization, thereby bringing forth greater difficulties to 
discover specialists in different kinds of equipment. The attempts of solutions are 
described in section 3 and section 4.  
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3   The Equipment Reengineering Process 

This process purports some steps, as follows: 

1. A person responsible for the sector defines a set of more important 
equipment, which will be documented. 

2. A piece of equipment from this set is chosen. 
3. An operator or technician, who knows about the equipment and its 

functions, is sought within the institution.  
4. The equipment is photographed. 
4.1. If possible, the equipment is opened to be photographed inside. 
4.2. If not, the equipment is photographed only from the outside. 

5. The operator or technician, who was chosen in step 3, is interviewed 
about the equipment. All information is documented. 

6. Information about the equipment is searched in external sources 
(books, magazines, internet, etc.) 

7. A designer analyzes the photos and all information obtained about 
the equipment and drafts some sketches, as shown in Fig 3. 

8. A number of experts in graphical computing, with the sketches and 
all information about the piece of equipment, perform the 3D 
modeling of the equipment, as shown in Fig 2. 

9. A simulation of the equipment in operation/running is made, and 
recorded in a video archive format. 

10. A number of experts validate the simulation.  
10.1. If not correct, return to step 8. 
10.2. If it is correct, all information (information obtained, photos, 
sketches and simulation) are available to any employee, in an 
organized and categorized way, in organization and the process returns 
to step 2. 

As the company does not have a specific way to document and search by 
competences, finding a person with a specific expertise is heavy work. The search is 
based on a sequence of interviews, attempting to identify a certain person to 
participate in the process. 

The idea is to use these simulations as sources of learning, permitting that a 
inexperienced workers learn as an equipment works.  

 

Fig. 2. A part of Reducer Pump (P-6401) 
modeling 

Fig. 3. Reducer Pump (P-6401) sketches and 
photos 
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4   Knowledge Management Environment 

An environment was envisioned to provide all support to the Equipment 
Reengineering Process, as well as to provide all tools to help putting in place of 
knowledge in the company. This environment is titled GCE, the acronym of “Gestão 
de Conhecimento em Equipamentos” (Equipment Knowledge Management). The 
GCE architecture, as shown in Fig.4, is detailed in the following sections. 
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Fig. 4. GCE Architecture 

4.1   Personal KM Services 

This module is responsible for providing functions for an employee to manage his/her 
personal knowledge, as well as information about him/her. This module provides 
services such as: 

- Curriculum Vitae – The curriculum vitae is one way of keeping information about 
a person. This information comprises the name, personal information such as address, e-
mail, home page and phone, academic background, professional activities, language 
skills, scientific production, advisory and prices. In addition to this information, the user 
should state in what his/her competences and his/her degrees of expertise are.  

- Personal Blog – it acts as a tool to provide personal knowledge management. and 
reflects some topics about the user's profile. In the GCE, by combining the output of 
several chosen weblogs, you obtain a tailor-made publication and contact with people 
with the same interest as yours. Moreover, the evolution of employee’s interest and 
involvement about a topic is registered, as a chronological record of his/her thoughts, 
knowledge, references and other notes that could otherwise be lost or disorganized 

- Mental Maps - In the GCE, the user can construct mental maps to define 
concepts, help in brainstorm sessions and simplify the job of discussion graphically. 
Users can display some concepts as public, so that anyone can see the concept, its 
relationship with other public concepts, and its definition. 
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4.2   Project Management Services 

This module is responsible for providing services to: i) define and execute a project 
by a workflow tool, ii) store the knowledge created during project execution, and iii) 
permit knowledge reuse. 

- Define and Execute a Project – The project manager or responsible employee 
creates the project model, with the activity sequence and the needs for the execution 
of each activity: competences necessary for execution, inputs, outputs and tools.  The 
project-model creation is defined in a workflow graphic mode, and process execution 
control is performed by a workflow engine.  

- Knowledge Storage during the Project – During activity execution, the involved 
parties can add all kinds of explicit knowledge to this activity, such as reports, 
documents, manuals, comments, suggestions, better practices, mistakes and ideas. Then 
all steps in the activity execution can be documented, and in the future we can track all 
kinds of created knowledge and the context in which it happens, an important factor for 
an inexperienced employee to learn about the process in a domain. The process model 
itself is a kind of knowledge which should be stored for further access.  

- Knowledge Reuse – Previous process-models and the knowledge described in 
their instance activities can be reused in full or in part by other users. 

4.3   Community Services 

One of the main focci in the GCE is virtual-community creation, created by groups of 
people with a common interest, who could exchange information and work together. 
This module displays a number of tools to improve the interaction between people in 
a community, as such survey, forum, news, scheduled e-meetings, public library and 
events. Also, all conversation in an e-meeting is stored and categorized in one or more 
Knowledge Areas.  

Fig. 5. Hyperbolic Tree with a Knowledge 
Areas Classification 

 

Fig. 6. Navigation in Hyperbolic Tree 
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4.4   Knowledge Visualization and Navigation Services 

It is composed by: 

- Hyperbolic Tree –In the GCE, as shown in Fig. 5 and Fig. 6, the hyperbolic tree 
is used to visualize the Equipment Ontology. The user can navigate by this ontology 
and by all information related to a knowledge area, as projects (in green), 
competences, people (in blue) and communities. 

- Conceptual Project Map – permits a tree-like visualization of a specific project. 
Thus the user can see all related information of a project, such as materials, 
contributions, participants, collaborators, managers, knowledge areas and 
competences which are pre-requisites and the workflow model. This map permits 
searching over it, and opening a matching node. 

4.5   Competence Services 

Currently, the main problem in an organization is the inability to discover what it 
knows, what are its abilities are, what its employees and experts know and in which 
knowledge areas they work.  A way of reasoning the competences of a person is by 
analyzing the documents that this person creates, edits and manipulates, and the 
frequency of these operations. These documents can be texts (as publications or notes), 
mental maps, project definitions, e-mails, blogs, and others. The services provided are: 

- SMiner – Fundamentally, the SMiner function is to mine competencies based on 
texts/publications. In our approach, we use the Stemming technique to measure the 
relevance of a term by removing suffixes in an automatic operation. Terms are related to 
a person’s competence, and these competences and the expertise degree (using the 
measure of relevance of a term) are stored in the database. Finally, after the mining, it is 
possible to check the mapped abilities in a report provided by the application. 

- Competence Searcher - Moreover, as important as identifying competences is 
searching for them and inferring the most similar competences when we do not find 
them. Thus, in our approach, the competences are searched following this order of 
priority: i)Declared competences – the competences that the person thinks she/he 
has.  These abilities are recorded by the person herself and saved; ii)Project 
competences – correspond to the competences found in the employees’ developed 
projects.  We assume that if a person has worked in a project and executed an activity 
which requires some competence to be executed, then, this person has this 
competence; iii)Extracted competences – recovered from published text mining by 
Sminer, described in the previous section; iv)Community competences – collected 
from the communities in which the user participates or contributes. It means that 
issues discussed in communities can be understood by their members.   

The result of this search is an ordered list with these criteria. 

- Weakness and Strengths - In this work, we use the mapped competences of an 
institution to measure the weakness and strengths. Knowing weak and strong points, 
that is, knowledge areas where the institution has a good representativeness and 
competences that should be developed further, respectively, the institution can be better 
positioned, developing planning and strategies to continue or to improve its current 
position, enabling continuous knowledge dissemination, and increasing internal 
interaction and collaboration.   
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- People Recommendation for a Project and Community Recommendation. 
The results of the competence search can be used as a support tool in decision-making 
when project managers are choosing employees. Also, after the employee's 
competence identification, our approach does the following: i) if there are no any 
communities about a topic, the environment searches for a number of people with 
similar interests and proposes new community creation or ii) suggests existing 
communities that match in the profile of the future member. Depending on the topic, a 
person can belong to more than one community. 

4.6   Collaborative Filtering Services 

In this service, documents, people, mental models, community and process models are 
recommended to a new user based on the stated preferences of other, similar users and 
communities. We use a Collaborative Filtering Spider which collects, from the Web, 
lists of semantically related documents and assembled in communities.  

4.7   Inference Engine 

Reasoning about profiling is made in the “Competence Services”. This module is 
responsible for extending these functionalities in order to infer cases or solutions (Case 
Based Reasoning), and reusable content. 

4.8   Analysis Services 

Some tools are used for observing knowledge evolution, the evolution of communities 
and comparative analysis by employees, departments and organizations.  

All GCE modules are implemented and in use, with the exception of the 
Collaborative Filtering Services, Inference Engine, Analyses Services modules, which 
are in the development phase. 

5   Conclusion and Future Works 

Our work is based on an actual equipment knowledge loss problem in a manufacturing 
company, a Brazilian Oil Company. Initially, we discuss about a common 
manufacturing process and the knowledge exchange in it, we describe the problem and 
the solution. This environment, called GCE, envisions to aim not only the Equipment 
Reengineering Process, but also stimulates collaboration among people, knowledge 
flow in the organization, knowledge creation and dissemination.  

One future work comprises the use of details of the employees’ courses done in the 
organization, as well as his/hers certifications, to identify competences. Currently, 
competences are inferred using declared positions, information about projects, 
publications and communities. 

Presently, the GCE is a centralized-base environment. As future work, we envision 
extending it to a distributed scenario. Moreover, we will measure how much the GCE 
is aiding people and the organization to manage their knowledge and disseminate it. 
Currently, all the results are subjective. 
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Abstract. A constraint expresses a relationship among one or more variables. 
Constraints are very useful in the development of collaborative applications, 
such as collaborative CAD and CASE systems, but satisfying constraints in the 
presence of concurrency in collaborative systems is difficult. In this article, we 
discuss the issues and techniques in maintaining constraints in collaborative 
systems. In particular, we also proposed a novel priority strategy that is able to 
maintain both constraints and system consistency in the face of concurrent op-
erations. The strategy is able to resolve constraint violations in multi-constraint 
systems and is independent of the execution orders of concurrent operations. To 
illustrate the applicability of the proposed priority strategy, the applications of 
the approach in various collaborative systems are discussed in detail. 

1   Introduction 

A constraint expresses a relationship among one or more variables. Interactive appli-
cations, such as CAD and CASE systems, may specify many constraints to confine 
the relationships or states of constrained objects. 

Maintaining constraints automatically is advantageous in collaborative systems. A 
task demanding people to work collaboratively is often complex and may contain 
many constraints. Thus, it is very practical and powerful for collaborative systems to 
maintain constraints automatically on behalf of users. For example, when people work 
collaboratively to design a project using Java Class notation, many conflicts may arise 
if a system only relies on individuals to maintain Java single inheritance constraint.  

Constraints are very useful in handling complex tasks in collaboration scenarios, 
but satisfying constraints in the presence of concurrency in collaborative systems is 
difficult. Concurrent operations may result in some constraints becoming difficult to 
satisfy even though they may be maintained easily in single user environments. For 
example, it is hard for us to satisfy the constraint defining “X=Y+Z”, when three users 
concurrently change the values of X, Y and Z. In addition, interferences among con-
straints may be very intricate and difficult to coordinate in collaborative systems. 

Much work has been done on the maintenance of constraints in single user interac-
tive applications [2], [3], [5], [13]. However, maintenance of constraints in concurrent 
environments has many new features which cannot be handled by single user strate-
gies, such as ensuring both constraint satisfaction and system consistency, handling 
the constraint violations generated by concurrent operations, etc.  
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In this paper, we discuss the issue of maintaining constraints in collaborative envi-
ronments and propose a novel strategy to achieve both constraint satisfaction and sys-
tem consistency in real-time collaborative systems. The proposed strategy is inde-
pendent of the execution orders of concurrent operations. In addition, the applications 
of the proposed strategy in various collaborative systems are discussed in detail.   

The rest of this article is organized as follows. In section 2 we discuss problems of 
constraint maintenance in real-time collaborative systems and propose a novel strat-
egy that is able to handle constraint violations and maintain system consistency in col-
laborative environments. Section 3 introduces the applications of the proposed strat-
egy. Comparison with related work is introduced in section 4 and the major 
contributions and future work of our research are summarized in the last section. 

2   A Priority Strategy of Maintaining Constraints in Collaborative 
Systems 

Collaborative systems are groupware applications to support people working together 
in groups, such as electronic conferencing/meeting, collaborative CAD and CASE 
[10]. Constraints are very useful in collaborative systems, which can confine and co-
ordinate concurrent operations.  

To meet the requirement of high responsiveness in the Internet environment, repli-
cated architecture is widely adopted in collaborative systems. Shared documents are 
replicated at the local storage of each collaborating site, so that operations can be per-
formed at local sites immediately and then propagated to remote sites [1], [10]. How-
ever, maintaining both consistency and constraints in collaborative systems adopting 
replicated architecture is difficult, which is illustrated in the following two scenarios: 

Scenario 1. A horizontal-line constraint, C1, restricts left-endpoint.y=right-endpoint.y 
of any horizontal-line. Two users concurrently move both endpoints of a horizontal-
line to different vertical positions. 

Scenario 2.  There is a constraint C2 that confines objects A and B should not overlap 
with each other. On the initial document state, A is at position Pa and B is at Pb. Two 
users concurrently move A and B to the same position Pc from different sites. 

There is a contradiction between satisfying constraints and retaining operations’ 
display effects in both scenarios. The problem is caused by concurrent operations 
competing to satisfy the same constraint in different ways. To characterize these op-
erations, we define competing operations group of a constraint. 

Definition 1. A Competing Operations Group of constraint C, denoted by COGC, is a 
set of user operations, {O1, O2, …Om}, such that:  

(1) For any Oi ∈ COGC, there is Oj ∈ COGC while Oi and Oj are concurrent, 
(2) The executions of all the operations in COGC will result in a constraint violation 

of C, which cannot be restored if all these operations retain their display effects, 
(3) For any Oi ∈ COGC, the executions of all the operations in COGC – Oi will not 

generate the condition described in (2). 

In multi-constraint systems, concurrent operations may violate unspecific con-
straints, as illustrated in the following scenario: 
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Scenario 3.  A collaborative system enforces two constraints, C1 and C2, which define 
“X.color=Y.color” and “Y.color=Z.color” (Here, notation X.color represents the color 
of object X). Two users concurrently generate operations O1 and O2 that change X and 
Z to different colors respectively.  

In scenario 3, the concurrent executions of O1 and O2 form competing operations 
group of neither C1 nor C2, because C1 can be satisfied while both O1 and O2 retaining 
their display effects, if we do not enforce C2. For the same reason, C2 can be satisfied 
by un-enforcing C1. However, if both users’ operations retain their display effects, C1 
and C2 cannot be satisfied at the same time. In this scenario, the concurrent executions 
of the two operations form a competing operations group of an unspecific constraint 
of the system. To characterize these operations, we define competing operations 
group of a system. 

Definition 2. A Competing Operations Group of system S, denoted by COGS, is a set 
of user operations, {O1, O2, …Om}, such that:  

(1) For any Oi ∈ COGS, there is Oj ∈ COGS while Oi and Oj are concurrent, 
(2) The executions of all the operations in COGS will result in that all the constraints 

enforced in system S previously cannot be satisfied at the same time if all these 
operations retain their display effects, 

(3) For any Oi ∈ COGS, the executions of all the operations in COGS – Oi will not 
generate the condition described in (2). 

According to the definitions 1 and 2, if constraint C is enforced in system S, a 
competing operations group of C, COGC, must be a competing operations group of S, 
COGS.  

If a competing operations group of system S, COGS, is generated, to maintain all 
the constraints enforced in S, one operation in COGS will lose its display effect. If dif-
ferent operations lose their display effects at different sites, divergence occurs. To 
solve this problem, a priority strategy is adopted. If there is a conflict in retaining all 
operations’ display effects in collaborative systems with constraints, the strategy 
masks operations’ effects according to their priorities. For instance, in scenario 1, if 
the operation changing left-endpoint.y of a horizontal-line has a higher priority than 
the other operation, its display effect will be retained while the display effect of the 
other operation will be masked at each site.  

In this paper, the timestamp of an operation denotes its priority, the bigger the time-
stamp the higher the priority. For any two operations Oa and Ob, the timestamp of Oa is 
bigger than the timestamp of Ob, if and only if Ob total ordering precedes Oa [10].  

If the execution of operation O generates a set of competing operations groups of 
system S, COGSS = {COG1, COG2, …COGn}, 1≤n, O must be contained in each COGi 
∈ COGSS, 1≤i≤n. If O is the operation with the lowest priority in a COGi ∈ COGSS, 
1≤i≤n, O will be masked. As a result, no other operation should be masked in any 
COGj ∈ COGSS, 1≤j≤n, j≠i, because O is also an operation in COGj and is masked. 

Masking an operation, O, may cause some masked operations that have lower pri-
orities than O restore their display effect (i.e. be unmasked).  For instance, in scenario 
2, two users concurrently execute O1 and O2 that move objects A and B to Pc respec-
tively. If O2 is masked to satisfy the overlapping constraint, when O1 is masked by 
other operations, O2 may recover its display effect. Therefore, if an operation, O, is 
masked to satisfy the constraints of a system, all the masked operations that have 



106 K. Lin et al. 

 

lower priorities than O should be checked. If their executions on the new document 
state can ensure the satisfactions of these constraints, they should be unmasked. On 
the other hand, unmasking an operation Oj may cause other operations that have lower 
priorities than Oj be masked. 

Based on the above discussion, we propose a priority strategy as follows: 

For any operation O that is ready for execution in a multi-constraint system S: 

(1) If the execution of O will not generate competing operations group of S, O can be 
executed directly at the site, 

(2) If the execution of O will generate a set of competing operations groups of S, 
COGSS = {COG1, COG2, …COGn}, 1≤n, and O is the operation with the lowest 
priority in a COGi ∈ COGSS, 1≤i≤n, O will be masked at the site, 

(3) If the execution of O will generate a set of competing operations groups of S, 
COGSS = {COG1, COG2, …COGn}, 1≤n, and O is not the operation that has the 
lowest priority in any COGi ∈ COGSS, 1≤i≤n, to satisfy all the constraints in S, O 
should be executed after the operations with the lowest priorities in each COGi ∈ 
COGSS, 1≤i≤n, are masked.  

(4) Suppose Oi is the operation that has the highest priority amongst all the masked 
operations in each COGi ∈ COGSS, 1≤i≤n. After the execution of O, all the 
masked operations that have lower priorities than Oi should be checked in de-
scending order of their priorities. If their executions on the new document state 
can ensure the satisfactions of the constraints enforced in S, they will be un-
masked. 

The above priority strategy can maintain both constraints and consistency in col-
laborative systems, which is independent of the execution orders of concurrent opera-
tions. It can be adopted in many collaborative applications, including CAD, CASE, 
spreadsheets, graphical interface toolkits, simulation systems, etc.  

3   The Applications of the Priority Strategy 

To illustrate the applicability of the proposed priority strategy, in this section we dis-
cuss the applications of the approach in various collaborative systems. 

3.1   Maintaining Constraints in Real-Time Collaborative CASE Systems  

Collaborative CASE systems support people working together on large projects. For 
this many users need to work on shared documents to get the maximum benefits in 
terms of productivity gains. Real-time collaborative CASE systems allow a group of 
users to view and edit the same documents at the same time from different sites to 
analyze requirements and create designs. They provide several benefits, such as easy 
interaction among designers, sharing document easily and collaboratively integrating 
requirements into a design, etc. 

In Object-oriented CASE systems, constraints are widely adopted to confine the re-
lations of different Classes. For example, each Java Class should satisfy single  
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inheritance constraint and Class hierarchy is always acyclic. Therefore, the proposed 
priority strategy can be applied to maintain constraints in collaborative CASE sys-
tems, as illustrated in the following scenario: 

Scenario 4. A collaborative CASE contains three Java Classes, A, B and D, on the ini-
tial document state. Three users concurrently generate operations. O1 denotes that B 
extends A. O2 requires that D inherits B and O3 represents B extends D, as shown in 
Fig. 1 (a). We use a notation O.priority to represent the priority of operation O. In this 
scenario, O1.priority>O3.priority>O2.priority. 

                       
                  (a)                                                             (b) 

Fig. 1. Three concurrent operations violate Java single inheritance constraint and form cyclic 
Class hierarchy in (a). After O3 is masked, the Class hierarchy of the three Java Classes is 
shown in (b). 

In scenario 4, the executions of the three concurrent operations violate Java single 
inheritance constraint and form cyclic Class hierarchy, because the executions of O1 
and O3 cause B extend two Classes, and O2, O3 form a circular inheritance. In this sce-
nario, the maintenances of the two constraints interfere with each other. According to 
the relative priorities of the three operations, O2 should be masked to satisfy acyclic 
Class hierarchy constraint and O3 should be masked to maintain Java single inheri-
tance constraint. However, if O3 is masked to enforce Java single inheritance con-
straint, there is not cyclic Class hierarchy anymore, so that O2 can retain its display ef-
fect, as shown in Fig. 1 (b).  

The proposed priority strategy can handle the interferences among constraints’ 
maintenances in collaborative environments, which is independent of the execution 
orders of concurrent operations. For example, in scenario 4, if O2 is masked previ-
ously to ensure acyclic Class hierarchy, when O3 is masked to maintain Java single 
inheritance constraint, O2 will be unmasked. On the other hand, if O3 is masked be-
fore the execution of O2, the executions of O1 and O2 will not generate any competing 
operations group of the system, so that both of them can retain their display effects. 
Under both conditions, the final results are identical with the one shown in Fig.1 (b). 
The proposed strategy can be adopted in collaborative CASE systems to maintain 
constraints. 

3.2   Maintaining Constraints in Collaborative CAD Systems 

Constraints have been used in a number of ways in CAD systems, such as to denote 
the special requirements of geometric design, to maintain consistency among multiple 
views on data, etc.  
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The proposed priority strategy can be adopted to maintain constraints in collabora-
tive CAD systems, which is demonstrated by the following example: 

In CAD system S, the radiuses of three circles, A, B, D, representing the wheels of a 
tricycle, must be the same. Thus, two constraints, C1 and C2, should be maintained, 
which define “A.radius=B.raduis” and “B.radius=C.raduis ” respectively. Three us-
ers concurrently generate operations O1, O2 and O3 from different collaborating sites, 
which change A.radius, B.raduis and C.raduis respectively. O1.priority> 
O2.priority>O3.priority. 

Suppose at a site, the three operations are executed in the order O1, O2, O3: 

(1) O1 will not generate COGS of the system on the initial document, so that it can be 
executed, 

(2) When O2 arrives, it will be masked, because O1 and O2 form a competing opera-
tions group of C1 and O1.priority>O2.priority, 

(3) When O3 is ready for execution, it will be masked too, because O1 and O3 gener-
ate a competing operations group of S and O1.priority>O3.priority. 

Thus, after the executions of the three operations, both O2 and O3 are masked while 
O1 has display effect. 

At another site, the three operations are executed in the order O3, O2, O1: 
(1) The execution of O3 on the initial document state will not form competing opera-

tions group of S. Thus, it can be executed, 
(2) When O2 is ready for execution at the site, O3 will be masked, because O2 and O3 

form a competing operations group of C2 and O2.priority>O3.priority,  
(3) When O1 is ready for execution, O2 will be masked, because O1 and O2 form a 

competing operations group of C1 and O1.priority>O2.priority, 
(4) After O2 is masked, O3 will be checked. Because O1 and O3 form a competing 

operations group of S and O1.priority>O3.priority, O3 cannot recover its effect. 

After the three operations are executed in different orders at different sites, each 
site achieves the same final document state. The proposed priority strategy can be 
adopted to resolve constraint violations in multi-constraint collaborative CAD  
systems. 

3.3   Maintaining Constraints in Other Collaborative Applications 

The proposed priority strategy is a generic solution to handle constraint violations in 
multi-constraint collaborative systems. It can be applied in many kinds of collabora-
tive applications. For instance, it may be used by a spreadsheet system to maintain the 
constraints confining the relationship between different cells, a simulation system rep-
resenting current and voltage relationship of a complex circuit to confine that concur-
rent operations always satisfy Ohm’s law, a graphic editing system to coordinate the 
concurrent operations that update graphic objects, such as coordinating the operations 
that concurrently change the left, right and width of a rectangle, etc. 

The proposed strategy masks operations’ display effects according to their priori-
ties in case there is a conflict in retaining all operations’ display effects in collabora-
tive systems with constraints. The approach is independent of systems and constraints. 
However, how to detect competing operations group and mask operations is con-
straint and application dependent. 



 A Constraint Maintenance Strategy and Applications 109 

 

4   Related Work 

There is a large body of research related to constraint maintenance in single user 
environments [2], [3], [5], [13]. However, maintaining constraints in concurrent en-
vironments has many new features that cannot be handled by the strategies adopted 
in single user environments. 

CAB [7] and SAMS [9] are related to constraint control in collaborative envi-
ronments. CAB presents an active rule based approach to modeling user-defined 
semantic relationships in collaborative applications and explores a demonstrational 
approach for end-user customization of collaboration tools to support the definition 
of those relationships. However, just as its author stated that many complications of 
maintaining constraints in collaborative environments, such as how to handle con-
straint violations and coordinate interferences among constraints, are not investi-
gated in CAB.  

The intention of SAMS is to achieve semantic consistency by integrating seman-
tic constraints to the operational transformation approach. SAMS is based on XML 
resources. Its application in other environments has yet to be investigated. More-
over, SAMS uses loose constraint satisfaction strategy that allows constraints be 
violated. 

By comparing with the above approaches, we proposed a priority strategy that is 
able to maintain both constraints and system consistency in the face of concurrent 
operations in collaborative environments. The strategy is independent of the execu-
tion orders of concurrent operations and can resolve constraint violations in many 
kinds of multi-constraint collaborative applications. 

5   Conclusions and Future Work  

Constraints are very useful in collaborative systems, which can confine and coordi-
nate concurrent operations. However, maintaining constraints in real-time collabo-
rative systems is a challenging task. The difficulties are caused by concurrent op-
erations that violate constraints. Being able to solve this problem is crucial in the 
development of collaborative CAD and CASE applications.  

 In this paper, we proposed a novel priority strategy to solve this problem. This 
solution ensures constraint satisfaction while maintaining consistency. Our solution 
allows concurrent operations be executed in any order. It can be adopted to handle 
constraint violations in many kinds of multi-constraint collaborative applications. 
The applicability of the proposed strategy is discussed in detail.   

We are currently investigating the scenario that user operations manipulating the 
constrained variables are concurrent with constraints’ additions and deletions. If 
constraints can be added to or deleted from a system when users are manipulating 
the constrained variables, maintaining consistency will become very difficult. How 
to solve this problem is currently being investigated and will be reported in our  
subsequent publications. 
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Abstract. GEMMA is a cooperative control system developed to manage and 
coordinate a fleet of mobile resources (boats, planes, employers, etc) dedicated 
to maintain clean coastal and beach waters in the Balearic Islands. All the proc-
ess is supervised by a control center in several workstations. In addition, a co-
operative working environment was designed and developed for a group of mo-
bile devices. In this article we present a project extension that involves the con-
trol tasks of mobile computers. Using portable computers, PDA and mobile 
phones, controllers can develop their control tasks supervising the coastal state 
and be online with all the system and resources in the Gemma project. All the 
communication processes are established by TCP-IP connections via 
GPRS/UMTS. 

1   Introduction 

The Balearic Islands have become one of the most important vacation resorts in 
Europe in the Mediterranean Sea area. The Balearic Government in collaboration with 
the University of Balearic Islands, has been designed and developed a system to con-
trol and maintain the quality of their coastal area, “The GEMMA System”. GEMMA 
is an interactive and cooperative real time IT system to collect environmental  
marine waste. 

GEMMA project offers an integral solution to implement a control and manage-
ment system for mobile resources (ships, planes, employers, etc) to reach our envi-
ronment maintenance goal. 

During the year of 2005 a new step has been made. A cooperative working envi-
ronment was designed and developed to adapt GEMMA for a group of mobile com-
puters (PDA, mobile phones and notebooks) by GPRS/UMTS communication sup-
port.  Controllers, mechanics and others employers can monitor the actual situation 
and work online in real time no matter where they are, without any equipment more 
than a mobile computer with the GPRS/UMTS support. In addition, portable devices 
can update all the information by themselves in real time in the display and show to 
the final user the real time situation. Even for the PDA users, we provide the real 
aspect orthographic photographic information on the PDA’s. This is supported by the 
Orthographic Photographs Web Map Server in our control center. 
                                                           
* This project is an extension of the GEMMA project, supported for the Government of the 

Balearic Islands. 
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2   General Cooperation and Coordination Support 

The implemented system allows cooperative work of 3 controllers, 12 coastal boats, 
27 beach boats, 1 mechanic and 1 plane. The controllers can manage the efforts of 
all the mobile resources using GPRS and phone call connections. In all time con-
trollers can verify the state and locations of all mobile resources. Simultaneously 
mobile resources are connected to each controller to inform them of the possible 
actual incidences and their response. 

2.1   The Cooperation Support Between the Control Center, the Controllers and 
Other Mobile Resources 

All the events are placed into the system in real time.  The following explains the 
coordination of the tasks of the cooperative work in the GEMMA system. 

Boats and planes situation: One MOVILCOM1 device is installed on each boat. To 
maintain the always updated information in the system and considering the average 
speed of the boats, each MOVILCOM sends its position to the SCDT Server in the 
control center every 60 seconds. The SCDT Server updates all the ship positions in 
the Data Base Server immediately when it gets any position change event. On the 
other hand, each controller’s GUI application (GEMMA GUI) makes an update every 
15 seconds of the information displayed on the monitor according to the information 
stored in the Database Server. The real time situation of the mobile resources in the 
system is delayed in the worst case only 15 seconds. Therefore, the real time state of 
the elements in the system is guaranteed (see figure 1).  

RESOURCE POSITION UPDATE PROCESS

Every  resource notify
its possition  to SCDT

each 60 seconds

SCDT

SCDT updates
the Data Base

Server

Controlers update
the information

each 15 seconds

  

Fig. 1. Resource position update process 

                                                           
1 MOVILCOM: Mobile communication device of the ships. This device can send the GPS 

position and several events to the Control Center. It can be make call phones. All the com-
munications take place by GPRS/UMTS using voice or a TCP-IP channel. 
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Control Center sends an event to some ships: When any of the GEMMA GUI ap-
plications wants to send an event to one mobile resource, it can send a message to the 
SCDT2 Server. When the SCDT receives a message from a controller, a TCP-IP 
communication is established with the MOVILCOM of the target mobile resource 
(see figure 2). Controllers can send several events to the mobiles. The most relevant 
events are:  

• Reprogram MOVILCOM sentences. 
• Text messaging. 
• Ask for a phone call conversation. 
• Establish a work route. 
• Ask for the state of the MOVILCOM. 
• Informs about some incidence (waste, emergency, weather, etc). 

CONTROL CENTER EVENT PROCESS

SCDT

Step 1: One controller sends
an event to one  resource

All the sequence proces and
new information generated
is stored in the Data Base

Server

Step 2: The SCDT Server
notify to the mobile resource

Step 3: The mobile resource
confirm the event to the

Control Center

Step 4: The SCDT Server
notify the confirmation to

the controller

Step 5: If the event is a phone call
the SCDT Server establish a mobile
call between the controller and the

mobile resource  

Fig. 2. The steps of how a controller sends an event to one mobile resource 

When some MOVILCOM receives an event message, it starts the correspondent 
task and sends a confirmation event to the Control Center (SCDT). While the SCDT 
doesn’t receive confirmation of any message during the security interval of time, it 
tries to send the message to the MOVILCOM another time, until it gets an answer 
from the target MOVILCOM. After that, the SCDT Server confirms the action to the 
controller. 

                                                           
2 SCDT: Communication Server: controls all the communication messages and phone calls that 

take place in the GEMMA System. All the communications takes places by GPRS/UMTS 
devices. 
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In the case that the controller sends phone call event to some ships, when the 
SCDT receives the confirmation of the mobile resource, it starts to manage a conver-
sation process between the two entities. The conversation stops when one of the 
members of the communication, controller or marine (or pilot), hangs up the phone 
device.  

One Ship sends an event to the Control Center: It’s the same process as before but 
in the reverse direction. 

Fly ships can send geographical referenced images to the control center: Fly 
mobile resources has been equipped by a laptop and a geographical reference camera. 
It can take pictures and associate the GPS position to them. The images in EXIF3 
format are posted by an SCP action (Secure Copy) to the Control Center Server. 
When GEMMA server receives an EXIF image, it extracts the geographical reference 
information, and creates a new incidence at this geographical point in the Database 
Server. After notifying to the SCDT this new incidence, the new incidence appears 
immediately in all the GEMMA GUI applications. The controllers can then study the 
picture of the new incidence in their display if necessary. 

3   Heavy Cooperative Action Control 

The communication manager in the SCDT controls all the processes in a cooperative 
mode. Several controllers can interact with all the entities (boats, plane and other 
controllers) in GEMMA system in real time. Without cooperative action control, 
undesired events can appear. The most important undesired events and some policies 
are explained below. 

3.1   Several Commands Given to the Same Mobile Resources 

All the events in the cooperative GEMMA system can appear any time. How to guar-
antee there is no conflicted commands given to the same mobile resource? In 
GEMMA the answer is simple and clear – there is a central control. For example, 
when two commands are send to the same mobile resource at the same time from 
different controllers, two message events arrives to the SCDT. The Communication 
Server (SCDT) puts them in a priority FIFO list. The message list in SCDT has a 
FIFO policy. However, some critical events can be put at the head of the list immedi-
ately (SOS, important event). Messages are sent to the ships, by turn, using the proc-
ess exposed in section 2.1.  

3.2   No More Than One Controller Can Modify the Same Data at the Same Time 

All the commands applied to the Server Database are made by a java function. This 
java function accesses the Data Base via servlets4 using the “synchronized” java  

                                                           
3 EXIF: Image format that can take associated to the JPEG image some GWS84 information 

(lat/Lon). 
4 Servlet: Java application located in a Java Server Pages Server. Java Server Pages is a Web 

Server extension. 
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feature. This feature guaranties the exclusive access to the Data Base. If some data-
base modification petitions arrive at the same time, they are managed in a FIFO pol-
icy. This process is entirely transparent to the application which modifies the  
database.  

3.3   The Information That all the Unit Receives is Up-To-Date 

All the information changes in a several parallel processes in real time. How to guar-
antee the information that all the unit receives is up-to-date? The requirement of  the 
system guarantees a delay within 15 seconds in the updated information process. 
That’s the maximum delay that can occur in the system as we have explained in  
section 2.1.  

4   Light Cooperation Control 

A reduced small version of the GEMMA GUI (little GEMMA GUI) has been devel-
oped to enable a pocket PC access to the information of the GEMMA System.  

SYSTEM ACKNOWLEDGE BY MOBILE DEVICE

Control Center Server

Data Base Server

Web Server

Web page information

Web page information

Little GEMMA

GEMMA without
SCDT support

 

Fig. 3. Access to the GEMMA System information by a mobile device 

4.1   The GEMMA Laptop Version 

Controllers can run the GEMMA application on a laptop or a workstation outside the 
Control Center connected to the internet by a mobile Ethernet card. In this mode all 
the GEMMA application capabilities are available except the communication with the 
SCDT features (See figure 3). 
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 4.2   Special Treatment in Programming on PDA and Mobile Phone 

To develop the reduced version of GEMMA for Pocket PC we adapt the java applica-
tion to the requirements of the JVM5 for the mobile devices. Little GEMMA requires 
a JEODE JVM installed on pocket PC. This JVM can manage a Java program com-
patible with the JDK 1.3 version, but can’t support the SWING Java API. To solve 
this problem, special treatment has been taken. We modified the GUI features of the 
application to adapt them to another GUI library (AWT). In addition, the Little 
GEMMA version can interact with all the information and can display it but it can’t 
modify any data (see figure 4). Unlimited number of such pocket PC’s can use the 
GEMMA system. 

GEMMA Little GUI

Select, move, zoom in
and zoom out controls

Balearic Islands
region selection

Lat/Lon selection
point

Information display
area

1 pelican and
2 virot ships

 
 

Fig. 4. Gemma reduced version for mobile devices 

5   Rendering all the Information in the Graphical User Interfaces 

The main Control Center application was developed entirely in Java. This feature 
makes possible the use of GEMMA in any platform with J2SDK installed. From a 
 
                                                           
5 JVM: Java Virtual Machina. 
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free Java application to render static GIS information application, the “Alov Map” 
[1], a new interactive render system GEMMA GUI, was developed. GEMMA GUI 
is able to render GIS information and refresh some contents when the system re-
quires it. In this way, the system can show the real positions of the entities, boats, 
planes and incidences. It can offer the controller extra information about them. In 
addition, the system is capable of establishing a phone call or sending a message 
selecting any item on the screen [5] [6]. 

6   Group Communication Support  

The system offers several concurrent tools to manage the communication between 
the controllers, boats and the rest of entities. It supports the communication between 
mobile resources and control center by GPRS, GSM and SMS.  

6.1   Communication Manager (SCDT) 

The communication manager manages all the communications between the Control 
Center and the rest of entities which can interact with the system – the cleaning 
boats, police, observer planes, coast guard, city councils, etc. The communication 
system is the module that was not developed using free software tools in order to 
satisfy the requirements of the communication supplier company. The communica-
tion manager in the SCDT was developed in Delphi under windows platform. It 
offers several concurrent tools to manage the communication between the control-
lers, boats and the rest of entities. By using the GPRS/GSM technology the system 
manages text message, data files, and phones calls to implement direct communica-
tion between the entities in the process. All the communication process is com-
pletely integrated in the graphical user interface, automatic and transparent to the 
final users. 

SCDT can create point to point TCP-IP connections with all the MOVILCOM – 
the communication device of the mobile resources using a private virtual network. It 
can make several actions: to establish a communication between two entities,  to pro-
gram the mobile devices tasks remotely, to send SMS messages, periodical event 
notification tasks, etc. 

7   Results 

The GEMMA System is full operability since 06/01/2004. The response and results 
of the Cooperative GEMMA Control System are satisfactory. 

To see the actual state of the GEMMA project and a real time information  
about the system functionality visit  http://80.39.95.27/gemmaweb/index.html. You 
can see complete 2004 collected marine waste statistics in the Menorca Island in  
figure 5. 
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Fig. 5. Statistics of collected marine waste in year 2004 (Menorca Island) 
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Abstract. Mobility infrastructure planning is an increasingly crucial aspect of 
environmental planning, essential to boost regional economies and social 
relations, as well as critical for environmental impacts involved. 

Structuring inherently complex issues and problems is a major challenge of 
mobility planning. Today, therefore, a major issue is the setting up of system 
architectures that take into account the impacts of the mobility system on 
environmental and social quality. 

A multi-agent approach is seen as useful to let local stakeholders interact, 
meanwhile learning from each others' attitudes and cognitions. The present 
paper deals with the building up of an IT-based multi-agent platform in public 
interaction forums, particularly envisioning alternative mobility scenarios in the 
plan of the Italian province of Foggia. 

1   Introduction 

Multiple source knowledge acquisition (MSKA) is increasingly used in current strategic 
regional planning for problem setting and for acquiring distributed knowledge concerning 
social visions and aspirations and in general commonsense baseline information for the 
preparation of strategic plans and policies [4]. In contrast with MSKA spreading fortunes, 
only modest progress seem to have occurred, in the last years, on using MSKA for specific 
problem solving which traditionally needs highly focused technical expertises [11]. 

In  regional and urban planning, analysis and design of mobility and transportation 
issues and systems are a well consolidate engineering work: they have typically developed 
according to a formal model approach which does not give much room to ill-structured 
knowledge and statements [8]. Only very recently attention for subjective behaviour has 
been paid,  optimization techniques in the field have incorporated subjective functions [1], 
and in general mobility issues have been interpreted considering non-material factors as 
relevant as the material ones in explaining the structure of observed phenomena [13].  

                                                           
* The present study was carried out by the authors as a joint research work. Nonetheless, 

chapter 1 was written by D.Borri, chapters 2, 4 were written by D.Camarda, chapter 3 were 
written by A. De Liddo. The authors are particularly grateful to G. Caratù, L. Grassini, M. 
Patano, for their important contribution to the discussion ground of the present paper. 
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Problem solving in current systems engineering remains anchored to routine 
procedures which are based in general on a rational knowledge-in-action sequence  
(even if now not necessarily linear as in the past) of the following type: 
analysis>defining alternative solutions>choicing the best or a satisfying possible 
solution>using this solution for tentative problem solving>controlling performance in 
solving the problem>modifying the route if needed>etc (see the Graph plan family, 
e.g., [18]).  

It is quite clear that all of these model steps relate to a well defined technical expertise 
and tool capacity even if the structural and organizational (Zeleny) limitations affecting 
that rationale have been definitely stated since many years (the works by Simon, 
Lindblom).  

The use of MSKA in regional strategic planning in general implies knowledge 
engineers who define possible contents and aims  of knowledge interaction, select 
participants in knowledge interaction, set and manage socio-physical arenas for 
knowledge interaction, and facilitate and record the knowledge play [5]: participants – 
stakeholders – in knowledge interaction are variously selected (in general aiming at 
representing knowledge senders and receivers extracted by the society at large involved by 
strategic planning), their discourse being of course strongly influenced – substantially and 
procedurally – by the cognitive stories and styles characterizing each of them, the 
(structural and circumstantial) characteristics of the knowledge experiments set up by the 
knowledge engineers, and last but not least ill-structured causalities. 

Depending on its typical features, MSKA addresses a type of knowledge – a social 
knowledge – which is strongly different from the technical knowledge which derives from 
systematic and in-depth work on phenomena and related problems and conform to 
knowledge  standards and conventional rationality [7][14][15][12]. Social knowledge 
from MSKA have been recently more credited than the technical one when facing 
environmental problems which are strongly influenced by social knowledge and action.   

Mobility an transportation issues and problems in regional strategic planning mostly 
deal with the search for optimal or at least satisfying movement of persons and goods 
within social communities and economic markets. Time and safety reliability of transport 
multimodal corridors – which relate to the physical characteristics of the corridors – are 
analyzed on the basis of technical standards which progressively enter the normative and 
legal domain, meanwhile social events and valuations and aspirations influence the 
technical standards as they solicit them to take account of their values and needs. 

The technical analysis of transport nets is for this reason of geometrical (physical) and 
social nature. This comes from technical observation of net form and from social needs 
expressed by local/non-local users and enters the circuit of political debates and programs.  

The present case study of the use of MSKA concerns the evaluation of social 
compliance and in general knowledge robustness of technical choices regarding mobility 
and transportation issues in regional planning for the area of Foggia, north of Puglia. After 
the present introduction, a synthetic outline of the multi-agent system architecture will be 
drawn out, discussing the mechanics of the whole interaction process during the 
environmental plan set-up. Chapter 3 deals with the evolution of the substantial contents 
of the interaction, specifically focusing on mobility issues within the basic environmental 
planning process as emerged from the contributions of expert and non-expert knowledge 
agents. Brief comments on outputs achieved and research perspectives end up the paper. 
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2   Exploring the Process Architecture 

The forum experience occurred in the province of Foggia, in Apulia region (Southern 
Italy), where the provincial administrative board set up and started a participatory 
process to draw the environmental structure plan of its territory in 2002.  

A first draft plan prepared by the planning office showed a set of six future visions 
of the province, basing on experts' studies and researches, as canvases to draw the 
final plan on. Such visions ranged from environmental to managerial issues, and were 
represented by thematic geographical and conceptual maps1. 

The Department of planning of Bari Polytechnic (DAU) was then expected to prepare a 
planning process architecture to support the sharing, enrichment and evaluation of this set 
of visions. The general aim was to let decision-makers issue the final plan with related 
policy program, with a deeper and more aware knowledge of issues and perspectives.  

The involvement process was organized into 20 interactive meetings with the 
community, through an iterated process of modification of expert visions. Face-to-
face interactions were paralleled by a web-based virtual forum, mainly aiming at 
further enriching and exploring issues. This process layout was drawn out and 
organized according to, and as an evolution of, research activities carried out by DAU 
in the last few years [4] (figure 1). 

 

Fig. 1. The process architecture 

As said, a multi-agent structure performing different activities was involved, with 
specific roles in expediting stages and fostering intermediate outputs. Expert visions 
were the result of the work of expert agents in a preparatory phase, that took place 
before the starting off of the forum process. The initial analytical work (step 1) was 

                                                           
1 They were: (i) an ecological network, (ii) the development of infrastructures, (iii) strategies of 

external linkages, (iv) the small town network, (v) history and culture, (vi) the open territory. 
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performed by data-mining experts and researchers of the planning group, who worked 
on existing data-sets, maps and other informational media to structure and make the 
initial knowledge base available for subsequent experts’ actions. Basically, these 
experts acted as substantial knowledge agents, coming from different domains, to 
draw out sectoral commentaries (step 2) as bases for final expert visions. 

After the work of domain experts -knowledge agents-, all sectoral schemes needed 
to be matched, synthesized and transformed into coherent strategic visions (step 3). 
Again, researchers and staff from the planning group acted as verification agents, 
comparing all branch contributions with the aim of matching trans-disciplinary issues, 
eliminating redundancies, suggesting amendments and integration. Also, they tried to 
group issues, topics, problems under aggregate tags, so acting as synthesizing agents 
aiming at providing the essential framework to draw out trans-sectoral visions. This 
outcome of strategic expert visions was finally achieved (step 4), providing the basic 
representation for the subsequent enrichment of visions with non-expert contributions. 
The first stage of the non-expert enrichment of visions (step 5) represents the actual 
forum-based interaction, where stakeholders involved acted as knowledge agents, 
giving their substantial cognitive contribution to the process. Languages, forms of 
knowledge representation, behavioural inputs are commonly reported as being nor 
formal, neither standard when dealing with non-expert interactions, like in this case 
[10]. There was the need of building up an evolving platform able to allow the 
exchange of the different knowledge structures lying in each stakeholder, expressed in 
textual, verbal, graphical, gestural forms, with real-time feedback. Therefore, the 
process was supported by an architecture of inter-operating media tools, hybridized 
by human control. In this delicate context, DAU knowledge engineers acted as 
verification and facilitation agents during forum sessions, being particularly careful in 
avoiding filtering and interference in coordinating the interaction process. 

After the forum phase, the subsequent stage (step 6) was carried out by DAU and 
planning office experts, acting as synthesizing agents, somehow similarly to step 3. They 
grouped new or amended issues under aggregate tags, trying to preserve concept linkages 
and languages as intrinsic guidelines and minimize external interpretations of data. This 
delicate step, although generally reported as being semantically risky [2][17], was reputed 
necessary in order to have an usable input for the next steps. An improvement of this 
approach was studied by the group in a preliminary stage, trying to involve speech and 
gestural recognition software tools to minimize human interpretation, basing on previous 
field studies2 [4][19]. Due to the limited time available, the attempt could not result in an 
actual architectural improvement, but represents an intriguing research follow-up. 
Meanwhile, a record of original oral and graphical representations of concepts expressed 
by stakeholders has been kept for any possible future references.  

Outputs of the previous step acted as framework for the drawing out of new strategic 
visions, purposely amended with the non-expert knowledge (step 7). As a cognitive by-
product of the interaction, these knowledge addictions become part of the whole 
knowledge base, enriching and expanding its contents. Subsequently, after passing the 

                                                           
2 See the experiences carried out at Carnegie Mellon under the Camera Assisted Meeting Event 

Observer (CAMEO) project, funded by the US Defence Agency (www.cs.cmu.edu/~cameo). 
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if-then node for possible re-verifications by domain experts (step 8), visions were ready 
to be used as strategies of the provincial plan, and the process mainstream ends up. 

With reference to available literature, real processes of collective participation in 
environmental planning often report mixed successes, particularly in terms of actually 
raising the level of knowledge and information gathered, as compared to the standard 
knowledge coming from experts and formal databases. In real contexts, stakeholders’ 
participation can be fickle, variable, scarce, due to a number of reasons ranging from 
unwillingness of wasting time to inadequate promotion and information [3][10]. Such 
problems add up to the increasingly known problems of handling informal, non-
standardized forms of knowledge in non-expert stakeholders [17]. Up to date, several 
efforts have been devoted to cope with the latter, and even DAU research activities is 
largely oriented to that aim [5][10]. However, the former issue has been substantially 
ignored as an exploration frontier, rather considering it as a given constraint. 

Despite this current trend, this real planning process proved to be fairly articulated 
and useful to explore some terms of variations of stakeholder participation. Therefore, 
as an advancement of previous works, it was tried to draw out possible qualitative 
relations that can describe the multi-dimensional “shrinking” or “enlarging” of this 
imaginary cognitive sphere. This attempt was carried out, in order to explore if and to 
what extent can local administrators be supported in their decision and policy actions 
by -numerically and qualitatively- variable multi-agencies in governance processes. 

3   Mobility Issues and the Environmental Planning Process 

Foggia province areas have different environmental, cultural and development 
characteristics: the mountain zone in named Sub-Appennino, the costal zone is named 
Gargano and the flat zone is named Tavoliere (figure 2). 

Such geo-morphologic variety is the mirror of many differences in the transport 
system and particularly in the road network. A relatively efficient network between 
the towns of the Tavoliere contrasts with a scarce connection in the Sub-Appennino 
and Gargano areas, both in terms of amount and quality of transport (low level of 
service and insufficient state of maintenance of roads). Objective of the observation of 
data experiences, collected during the computers-based forum, is to check if a 
symmetry exists between quality of expert knowledge (collected in the mobility study 
of experts) and common knowledge emerged during the interaction meeting, trying to 
show and explain possible symmetries or asymmetries.  

The visions are built and represented by cognitive maps, that is a cognitive 
negotiation approach already used from our research group in previous cognitive 
experiments [5]. Cognitive maps can be bottom-up, or as real-time synthesis carried 
out by synthesizing agents (knowledge engineers) [6][9][16]. 

In the present case, the second mode was chosen, in order to represent a large 
amount of expert knowledge in clear and simple concepts to submit to a large 
community of non-experts. Therefore, a knowledge engineer mediation allowed a 
real-time advancement of the six visions submitted, with results immediately 
transferable into the ongoing planning process. 
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Fig. 2. Foggia province boundaries and partitions 

3.1   Expert and Forum-Based Visions 

Map in fig.3 shows the expert vision of main problems/solutions for mobility system. 

AZIONI

AZIONI

AZIONI

AZIONI

AZIONI

AZIONI
AZIONI

LINEE 
STRATEGICHE

LINEE 
STRATEGICHE

MIGLIORARE IL 
SISTEMA DELLA 

MOBILITA'

Organizzare una rete di 
trasporto collettivo fondata su 

rendez-vous con la rete 
ferroviaria e con quella 

automobilistica di primo livello Trasformare in tranvia il tratto 
Rodi-Peschici della ferrovia del 

Gargano in modo da migliorare la 
permeabilità trasversale sulla 
costa tra Rodi e San Menaio

Valutare la possibile 
prosecuzione della ferrovia 
sino a Peschici e in seconda 

istanza sino a Vieste 

Ripristinare il binario 
di servizio al porto di 

Manfredonia 

Mettere a sistema 
infrastrutture e servizi di 

trasporto per il Parco, il polo 
di San Giovanni e l'area 

costiera

Per il rasporto 
ferroviario

Elettrificazione della linea 
ferroviaria Manfredonia - Foggia, 
con convogli con caratteristiche di 
metropolitana leggera in modo da 

consentire il servizio in ambiti 
urbani  

Potenziamento del 
trasporto publico

Per il trasporto 
automobilistico

Per il trasporto 
marittimo

Per il trasporto 
aereo

Creare un servizio ferroviario 
provinciale con 

caratteristiche di treno-tram 
che che colleghi i cinque 

centri principali.

linee forti sulle 
direttrici a domanda 
elevata non servite 

dalla ferrovia

adduzione al servizio ferroviario 
mediante una serie di sottoreti 

centrate sulle stazioni principali 
(funzionanti secondo la tecnica 

del rendez-vous)

servizi diffusi sul territorio 
legati al soddisfacimento 
della domanda per servizi 
essenziali scuola lavoro.

servizi non 
convenzionali del tipo a 

chiamata per aree a 
domanda debole

Servizi di 
collegamento 

Tremiti - 
Manfredonia

Servizi di 
navigazione 
sui laghi di 
Lesina e 
Varano

Studio di fattibilità tecnico-
economica per la creazione di 

servizi di collegamento dal
Gino Lisa verso i due hub di Roma 

e Milano

Accordo con l'Aeronautica 
Militare per la concessione di una 

quota di traffico sull'aeroporto 
militare di Amendola per voli 

charter turistici

Ricerca di partner per 
la promozione di 

pacchetti turistici sul 
mercato europeo

collegamento con le Isole 
Tremiti durante la stagione 

turistica e, soprattutto, 
durante quella invernale

creazione di una rete di 
servizi di elisoccorso a 

servizio delle aree meno 
raggiungibili

Mettere in sicurezza la 
viabilità principale e le 
intersezioni con quella 

secondaria 

Organizzare un sistema di viabilità 
a pettine per l'accessibilità alle aree 

montane utilizzando tratti della 
viabilità pedeappenninica esistente 

opportunamente adeguata

Mettere in sicurezza 
la viabilità di 

montagna

Creare una rete di itinerari stradali 
turistici per la promozione del 

patrimonio ambientale (piazzole e 
aree attrezzate, segnaletica 

d'indicazione, punti di informazione

Migliorare i 
collegamenti con le 
province limitrofe

Interventi di 
adeguamento e 

potenziamento del 

Corridoio 
plurimodale Peschici 
- Mandrione - Vieste

Declassamento del tratto 
Rodi - San Menaio - 

Peschici della s.s.89 a 
strada di interesse locale 

per il 
gargano

Adeguamento 
ex s.s.272 per 
San Giovanni 

Rotondo

per il 
tavoliere

Potenziamento della 
s.s.16 Adriatica tra 

Foggia e Cerignola alla 
sezione tipo C1

Adeguamento della 
tangenziale di Foggia tra 
gli svincoli per il casello 

autostradale e per Candela

per il Sub-
appennino

Realizzazione dell'itinerario 
pedeappenninico Candela - 

Bovino - Troia - 
Torremaggiore

 

Fig. 3. Cognitive map of the mobility issues in the expert vision 

The vision is organized into two strategic lines (rectangular boxes) aimed at 
improving the mobility system, i.e., new and upgraded roads, and development of 
public transport.  



 Mobility in Environmental Planning: An Integrated Multi-agent Approach 125 

The first one strategic line is specified in actions for territorial areas, following the 
geographic partition previously described (Gargano, Subappennino, Tavoliere) 
(rhomboid boxes). The second strategic line concerns the development of public 
transport and it is described for each transport mode (air, sea, railway and road 
transport) (rhomboid boxes). Strategies and specific actions are summarized in the 
following table (figure 4). 

Sub-Appennino Gargano

new 
infrastructure
s of 
adjustment 
and 
development 
of the road 
network

1)Actions to enhance safety 
on the mountain road system
2)improvement of 
connections between the 
towns of the province              
3)tourist itinerary for the 
promotion of environmental 
and storic patrimony

1)corridor connecting the railway line to 
the coastal road network                                
2)adjustment of the connection road to the 
religious Sanctuary of San Giovanni 
Rotondo

Air transport Sea transport Railway transport Road transport

development 
of public 
transport

1)improvement and activation 
of existing airports                   
2)network services of 
helicopter-aid for the less 
reachable areas

1)improvement 
of Manfredonia 
harbour 
2)navigation 
service for main 
lagos of the 
province  

1)railway line 
extension along 
the coast line
2)tram service that 
connects the five 
main towns of the 
province
3)light

1)interconnections between the railway 
network and the road network of first level 
(following the rendez-vous technique)          
2)transport services for the Natural Park in 
the Gargano area                                            
3)call-services for the areas with a low 
transport demand 

Second 
Strategy

Actions

ActionsFirst Strategy
Tavoliere

1)improvement                                  
2)adjustment                                     
and 3)Actions to enhance safety in 
the intersections between main and 
secondary roads

 

Fig. 4. Synthesis of the mobility issues in the expert vision 

As said before, during interactive meetings the six strategic visions have been 
represented in cognitive maps and for validation and enrichment, with a process 
supported by cooperative computer-based visualization. Starting from the 
observations and proposals collected during the meetings we have extrapolated an ex-
post cognitive map that describes the community vision of the mobility system, 
similar to the one shown in figure 3, as base for our considerations.  

The procedure of construction of the map, performed by synthesizing agents, is 
articulated as follows. First, isolation of the observations and proposals about the 
improvement of mobility system, then synthesis of the observation contents in 
concepts (nodes) and classification of the concepts by strategies (strategic lines) and 
specific project indications and proposal (sets of action). Subsequently, actions are 
subdivided for each geographic area and transportation system. Finally, concepts are 
organized in one general map, following the criteria used for expert visions, i.e., 
following progressive levels of deepening (objective – strategic lines - actions). 

The procedure results show that communities have characterized three strategies of 
improvement of the mobility system: the development of public transport, the 
refitting, adjustment and development of road network infrastructures and 
improvement and rationalization of the existing networks of transport. 

The first strategy was detailed very little, whereas the second one indicates 
infrastructure actions for geographic area. It can be observed that the first two 
strategies coincide with expert ones, while the third strategy is not only introduced as 
a new proposal but it is also in contrast with the second one in terms of perspective. 
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The spirit at the base of this strategy is that development is not necessarily linked to 
new infrastructure equipment, but indeed some experiences seem to show that 
infrastructures can constitute barriers to the expansion (fig. 5). 

Sub-Appennino Gargano

development of 
public transport

1)terminal bus service     
2)improvement of the
connections between 
towns of of the province 

1)improvement of the
connections between towns of of 
the province expecially in the 
winter
season

Sub-Appennino Gargano

new infrastructures 
of adjustment and 
development of the 
road network

1)development of an 
intermodal system road-
railway-sea

1)construction of Garganica 
highway 2)development of 
harbour infrastructures: detailed 
lists of actions for various coastal 
towns and villages                         
3)improvement of the politics of 
mobility towards the overseas 
lands

Air transport Sea transport Railway transport Road transport

improvement and 
rationalization of the 
existing transport 
networks rather than 
new infrastructures

1)improvement of 
existing airports rather 
than construction
of a new airport

1)improvemnt of 
existing harbour 
infrastructures rather 
than
building of new ports 
for private use

1)No to the proposal 
of extension of the 
coastal railway
2)No to the 
realization of one 
metropolitan light 

1) widening of existing road 
rather than building of new roads   
2)implementation of safety actions 
and maintenance of the road 
network
3)valorization of "tratturi"(old 
country road) and light 
infrastructures

Third Strategy
Actions

First Strategy
Actions

Tavoliere

Actions

1)connections between road network of first 
and second level                                            
2)improvement of the intermodal poles of 
exchange between
the main centers of the province

TavoliereSecond Strategy

 

Fig. 5. Synthesis of the mobility issues in the Forum-based vision 

3.3   Comparative Insights  

The expert and forum-based visions have been compared with two different levels of 
observation: an upper-order one concerning strategic lines and an inferior-order one 
concerning project proposal and action lines. At level of strategic lines, proposals and 
suggestions are related to political choices, particularly in mobility, but they also 
reflect, unavoidably, more width perspectives of social and economic development of 
the province. That is to say that different strategic lines reflect different ways to wish 
and imagine the future of the territory. 

At this level the two visions turn out to be asymmetric, being symmetry a quite 
good overlapping of knowledge content in terms of quality and quantity between 
expert and common visions. The two visions are asymmetric at level of strategic lines 
because the forum-based vision comprises the strategic lines of the expert vision but 
enriches them with an alternative (and in part opposing) strategy. The new added 
strategy is founded on the community needs more than on the total effectiveness of 
the system. It aims at improving and rationalizing the existing network more than at 
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creating new ones, coherently with the protection of the naturalness of the places. 
Point of strength of the not-experts knowledge was the ability to reflect on new and 
original strategic lines that reveal vocations and objectives of the installed 
communities. This information and proposals could act as suggestions in order to 
address the technical studies to the search of alternative solutions that take into 
account the vocations of the territory. 

At level of actions the asymmetry is even more obvious. The expert vision defines 
more organic and specific actions, and they result also more coherent regarding the 
delineated total picture of the overall vision. It is obvious in this case that the vision 
has been written up from a homogenous team of specialists with the same objectives 
and the same cognitive baggage. Only in one case the forum-based vision proposes 
specific and detailed actions, i.e., the case of sea transport topic and harbour 
infrastructures, suggesting that this topic was neglected during the specialists’ 
analysis. This case may show that the community itself have a good argumentative 
and deepening aptitude also on specific project topics.  

Going back to the involvement of the installed communities in the environmental 
planning process (analysed here in relation to the transports topic) and to the prime 
objectives of appraisal and enrichment of the expert visions, the process has produced 
positive results. The non-expert knowledge negotiation has produced concepts, 
reflections and proposals that have enriched the expert vision not only in possible 
strategic lines but also in specific actions (e.g., the development of sea transport). 
Apart from the enrichment ability of this phase of consultation, it has also shown a 
sure validation ability, that is the ability to enhance some issues not sufficiently dealt 
with in expert visions -issues of primary interest for people who live the territory. 

4   Comments and Final Remarks 

The present paper has dealt with the setting up and implementation of a participatory 
MSKA system architecture to support environmental planning. Although increasingly 
diffused in general planning, modest advancements and case studies are reported for 
specific problem solving in environmental planning -a domain intrinsically complex 
and difficult to be managed. Following an experimentation thread started years ago in 
the Polytechnic of Bari [5], this time the background was selected in a real and 
complete forum-based process, with a particular emphasis on mobility infrastructure 
planning and management, as increasingly crucial aspects of environmental planning. 
Through the building up of an ad-hoc multi-agent architecture in public interaction 
forums, mobility scenarios in large participatory sessions were envisioned, compared 
and fine-tuned, in the real context of the Italian province of Foggia. 

The carrying out of the interactive sessions aimed at enriching a layout of expert 
visions with the contribution of non-expert, commonsense knowledge. The 
involvement of a multi-agent architecture was justified by the quest for 
grasping/exchanging the multifaceted knowledge involved and the different 
operational abilities required to perform those tasks. Under this view, the level of 
knowledge exchanged, as well as a deeper comprehension of the mechanics of related 
cognitive processes were main objectives of the research, aiming at more effectively  
 



128 D. Borri, D. Camarda, and A. De Liddo 

supporting public decision-making. From a substantial standpoint, the forum-based 
interaction attained some important vision results, showing both strengths and 
weaknesses. A strength of the not-experts knowledge contribution was the suggestion 
of new and original strategic lines, more coherent with local needs. A character of 
weakness was the lack of contextual coherence, articulation and deepening of issues, 
due to the presence of heterogeneous competences and languages, as opposed to the 
intrinsic linearity and richness of the starting expert visions. For this reason, external 
synthesizing agents need to formally adapt contribution to fit the planning purpose 
and effectively support subsequent policy actions. 

In terms of efficacy of system architecture organization to support aware 
decision-making, the experimentation can be considered as fairly successful. The 
multi-agent approach allowed an easier and more complex knowledge exchange, 
consistent with the complex nature of environmental issues and stakeholders’ 
behaviours. Conceptual mapping was an helpful tool in this sense, both in the 
generation/transmission of complex ideas and in supporting the work of the various 
process agents involved. Unfortunately, it was not possible to perform a bottom-up 
use of concept mapping through an unfiltered web-based interaction among 
participants, that could have allowed a direct comparison with previous works [5]. 
However, this can represent an intriguing action to be carried out in future researches. 
As a general remark, being mobility issues more particularly sensible to technical and 
expert visions than other environmental and socio-economic aspects of planning, it 
should be interesting to check if the above considerations are replicable in other issues 
as well. This may be a theme of reflection to be further analyzed in the future, also 
basing on the outcomes of the overall interaction process in the same planning  
case study. 
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Abstract. This paper presents our recent research work on mobile-agent based 
information content sharing in peer to peer system. Our work focuses on how to 
share the text content and recommend information based on mobile agent. The 
prototype uses terminology derived from the ant colony metaphor, including 
nest - a peer entity, and ant – an autonomous agent. Two mobile agents are pro-
posed to implement the content-based text retrieval and information recommen-
dation effectively. These agents are then evaluated through implementations 
and analysis. The simulated results demonstrate the advantages of our approach 
in the P2P system, and its potential applications in complex electric commerce 
and distributed information sharing. 

1   Introduction 

A peer to peer (P2P) system is an aggregation of autonomous computers, which 
communicate and coordinate their actions through message transmissions over the 
computer network [1]. The motivation for a P2P system is resource sharing. It con-
nects hundreds of thousands of users into a vast organization in which users share 
various resources, such as files, processing cycles, and storage space. There are many 
existing P2P applications, e.g. Napster [2], kaZaA [3], and eMule [4] that coordinate 
huge internet-scale files for sharing. With their unprecedented resource sharing 
power, P2P systems are gaining more and more attention and becoming increasingly 
popular throughout the world. 

Research on P2P systems concentrates on how to locate resources in a distributed 
way and improve their efficiency. Existing applications, such as file-sharing, only 
provide basic and simple services which cannot satisfy the demand. The reason is that 
users need a variety of application services for different objectives. For example, we 
use a P2P file-sharing application to download a file by using the file name hash. 
Usually, we only know the file’s name, not its content. Therefore, we may be de-
ceived by fake files that have incorrect names. If we dispatch a program which ana-
lyzes the file at the remote peer before downloading it, we can reduce the network 
load and obtain the right file.  

Agent-based P2P systems incorporate mobile agents to develop customized ser-
vices which share remote resources according to users’ requirements. Users can ex-
tend the functions of a remote peer by dispatching a mobile agent to it. Once the mo-
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bile agent arrives, it will provide a specific customized service on the remote peer for 
its creator. Mobile agents are active objects which have autonomous behavior, execut-
ing states, and network locations. The mobile agent technology is a simple and flexi-
ble way for users to develop customized services on remote peers.  

In this paper, we propose the prototype of information retrieval and recommenda-
tion based on the mobile agent in P2P system. The remainder of this paper is organ-
ized as follows. Section 2 presents the application scenario of our prototype and the 
components in this prototype, including the nest and ant. Section 3 and 4 describe the 
algorithms used in two ants. Section 5 is the simulated result of information content 
retrieval based on the lexical-chain. Finally, Section 6 gives the conclusion and  
future work. 

2   The Prototype’s Model 

The prototype uses terminology derived from the ant colony metaphor. It is composed 
of interconnected nests. Each nest is a peer entity sharing its storing information con-
tent. Nests handle requests originated from local users, by generating one or more 
ants – autonomous agents, which travel across the nest network to try to satisfy the 
request. Ants can observe their environment, perform simple local computations, and 
act based on these observations. The actions of an ant may modify the environment, 
as well as the ant’s location within the environment. In the prototype, emergent be-
havior manifests itself as swarm intelligence whereby the collection of simple ants of 
limited individual capabilities achieves “intelligent” collective behavior [5]. Accord-
ing to the user’s requests, there are two types of nets in our prototype. One is called 
SearchAnt, which searches the information to meet the user’s requests. The other one 
is called RecomAnt, which recommends the user’s information to other user who 
need it.  

Before describing the nest and ant, we first give the description about application of 
our prototype. 

2.1   Application Scenario of Our Prototype 

Information sharing among people exists everywhere. In our daily life, we need to 
exchange information with other people who have similar interests. For example, 
Michael is a graduate student of computer science. He plans to choose natural lan-
guage processing as his thesis topic. Therefore, he needs to collect up-to-date infor-
mation in this area. On the other hand, John is a professor whose research interest is 
also natural language processing. Now, he has published several papers and wishes 
people who have the same interest can read them as quickly as possible. 

To meet the requirements of two people, we can use a P2P file-sharing application 
to download a file by using the DHT (file name hash). However, if we only know the 
file’s name, not its content, we may find that the content of this downloaded file is not 
interested. This will generate a significant amount of unnecessary traffic due to little 
utilization of the retrieval data. 

As a new paradigm, mobile agent technology is expected to reduce network traffic 
and enhance the efficiency of information retrieval by moving code to remote peer, 
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filtering them locally in parallel, and returning with a comparatively small result. For 
example, Michael can creates one or more mobile agents (SearchAnts) to find the 
peers that have the information about natural language processing and want to share 
them to other people. In the same way, John also creates one or more other mobile 
agents (RecomAnts) to find peers that are interested in his research. If they find the 
objects, the connection will be built directly between the creator and the object. Then 
the sharing information will be downloaded from the provider. 

2.2   The Nest 

In Figure 1, we illustrate the architecture of a nest which is composed of three logical 
modules: communication, ant scheduler and information sharing service.  

The communication layer is responsible for the discovery of new nests, for man-
agement of network topology and movement of ant between nests. In the network, 
each node has a unique identifier. In order to communicate with a remote node, its 
identifier must be known. The set of nests known to a node are called its neighbors.  

The ant scheduler module multiplexes the nest computation resource among visit-
ing ants. It is also responsible for enforcing nest security by providing a “sandbox” for 
ants, which can limit the resources available to ants and prohibit ants from performing 
potentially dangerous actions. 

The information sharing service is responsible for the interaction between the user 
and other nest, which includes building the connection with object nest, downloading 
the sharing information and creating the ant according to the user’s request.  

 
 
 
 
 
 
 
 
 

Fig. 1. The architecture of nest 

2.3   Ants 

Ants are generated by nests in response to user requests; each ant tries to satisfy the 
request. An ant will move from nest to nest until it fulfills its task. And then (if the 
task requires this) it may return back to the originated nest. Ants that cannot satisfy 
their task within a time-to-live (TTL) value are terminated. During the moving, the ant 
carries its state, which may contain the request, results or other ant specific data. The 
ant algorithm may be transmitted together with the ant state, if the destination nest 
does not know it; appropriate code transfer mechanisms are used to avoid download-
ing the same algorithm more than once, and update it when a new version of the same 
algorithm is available. 

Information Sharing Service Layer 

Ant Scheduler Layer 

Communication Layer 

Nest 
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Ants do not communicate directly with each other; instead, they communicate indi-
rectly by leaving information related to the service. This form of indirect communica-
tion, also used by real ants, is known as stigmergy [5]. 

In our prototype system, the behavior of an ant is determined by its objective. If the 
objective of ant is to search the information that it’s nest needs, it will calculate the 
similarity between the texts that is shared in the nest and user. In Section 3, we de-
scribe the process in detail. If the objective of ant is to recommend the information, 
another algorithm will be used, which is described in section 4.  

3   The Algorithm of SearchAnt Based on Lexical Chain 

A lexical chain [6] is a series of words constituted by some adjacent words under the 
same topic. These words appear simultaneously in the same lexical environment, as 
they are expressing the same thing. Lexical chain is now used in information extrac-
tion, information retrieval, checking unsuitable words in a text, analyzing and com-
puting texts’ similarity, constructing automatic links for super texts, segmenting texts, 
words disambiguating, etc [7, 8]. To find the information content that user needs, 
SearchAnt is dispatched out. It analyzes the texts and calculates the similarity with 
user’s interests using the algorithm based on lexical chain. The following is the detail 
of this algorithm.  

3.1   The Way to Form Lexical Chain 

Before building lexical chain to express a text, we should firstly consider how to 
choose the words, in other words, which words are suitable to be candidate words. 
After analyzing the text, we delete all empty words: pronouns, modal verb, preposi-
tions or adverbs with a subordinate clause and articles. For those words that appear 
frequently, such as good, do, taking, etc., we also put them into the table that includes 
the unused words. The remained words are all candidates. 

The next problem is the word’s relationship. According to it, we build lexical chain 
in dictionary. We use WordNet (G. A. Miller and R. Beckwith etc., Cognitive Science 
Laboratory, Princeton University, USA) as the source knowledge. WordNet is a ma-
chine dictionary based on psycholinguistic principles. It uses our familiar spellings to 
express morphology and the synonym set Synsets (a list of synonyms which can be 
substituted by each other according to certain context ) to express the meaning of a 
word. So far, WordNet embodies about 95600 lemmas, including 51500 words and  
44100 compound words. They are organized roughly 70100 acceptations or synonym 
sets, describing relationships such as hyponymy, synonymous, antonymous, meronym 
/holonym, etc. 

Here we consider 3 relationships: extra-strong, strong, and medium-strong. 

a) Extra-strong:  
It means the repetition of two words, neglecting their distance. 

b) Strong:  
It can be considered in 3 situations (set a window between two words, usually 7 
sentences):  
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b1)  Both two appear in the same synonym set, e.g. human and person ap-
pear in the same set {person, individual, someone, man, mortal, human, soul} 

b2)  There is some kind of semantic relationship between some certain sets 
in each synonym set of the two words, e.g. one synonym set of precursor {prede-
cessor, precursor, antecedent} has a antonymous relationship with successor’s 
synonym set{successor}. We call this relationship horizontal connecting. 

b3) If one is a phrase or compound word, and some words in this phrase or 
compound word appear in other synonym sets, then we don’t consider what kind 
of relationship this containment is, e.g., private_school. The synonym set {pri-
vate_school} is included by the synonym set {school}. Although there is a rela-
tion of hyponymy, we consider school and private_school as strong. 

c) Medium-strong:  

There is a path connecting two words (define the distance between two words as a 
window, usually 3 sentences) and we limit the path length between 2 and 5. Figure 2 
shows the medium-strong path between apple and carrot. 

 

Fig. 2. The medium-strong path between apple and carrot 

According to relationship between key words, the formula for computing a weight 
value is as follows. 

                 

 

produce 
green_goods

Vegetable 
veggie fruit 

apple carrot 

IS-A 

IS-A INCLUDES

carrot apple 

INCLUDES 
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In the formula (1), C，β are constants，pathij is the semantic distance between two 
words ，#turn means how many times the directions change in the path. 

The basic idea is as follows: For each word Wi in the text, if Wi is a candidate word 
and there is some relationship between Wi and the lexical-chain (the interval between 
them cannot be too big), then we calculate the power value between Wi and the lexi-
cal-chain and append Wi into the lexical-chain. 

3.2   Expressing Text  

Traditional information filtering technique primarily filters out relevant texts by key 
words searching and statistics. It just respectively computes the frequency of each 
key word in a text, which neglects the relationship between key words and the 
topic. This kind of technique has many defects. In the following, we analyze three 
main factors that caused these defects and give the corresponding solutions. 

3.2.1   Influence of the Useless Words  
That means the characteristics that appear in the all categories can not represent a 
category. Some of these words belong to the set which is composed of the unused 
word, and the others carry little information. So we will delete them. 

3.2.2   Influence of the Relationship Between Words  
It can be divided into two instances: one is due to synonyms (e.g. Chinese word 
“ 算算计 电电” and “ ”), while the other is due to certain semantic relationship between 
words. In the medical category, for example, certain relationship exists in “doctors”, 
“nurse”, “hospital”, “sickbed”, “operating room ”, “diagnosis”, “infection”, “state of 
an illness”, “antibody”, etc. The existence of one characteristic can replace others in 
some sense. The frequency that each characteristic appears respectively may be little 
or overlaid by some irrelevant words of high frequency. When the above distance 
formula does not take account of such influence, it will also lead to inaccuracy in 
distance computing. For this reason, we should take the semantic relation between 
words account. If they express the same topic, their semantic distance in a dictionary 
is short, and they can be put together automatically during the process of text analyz-
ing and considered comprehensively while computing the similar degree. 

E.g.: Information of some words from a text as follows: {{information: 3, tech-
nique: 1, Bayesian-technique: 1, datum: 2, model: 1, area: 1} {computer: 4}}, the 
figure after each word means the times this word appeared in the text. 

If we only consider the frequency of each word, computer’s frequency is highest. 
Yet we find other words are related strongly in semantics and can complement each 
other, so each one’s importance is elevated in this way. 

3.2.3   Influence of Inequal Status Between Words  
Although the importance of each key word to the topic can be shown by the times of 
appearance, it is not enough. Usually, we needn’t read the whole passage, but we can 
find out the topic accurately from the title or the first paragraph. This means there are 
some characteristic words supporting certain topic strongly (decision characteristics). 
Their existences decide the topic to a great extent. However, in a vector space model, 
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this kind of decision may be submerged by the influence of numerous non-decision 
characteristics. In that case, we bring forward the concept of characteristic district. 

Text characteristic district is a district that can show a text’s topic, including head-
lines, abstracts, key words and references. Since not all texts contain the abstract, key 
words or references, we let these structure units alternative. Based on the sample 
statistics, some Chinese researchers found that the coherent degree of natural science 
thesis’ headlines and contents is 98% in local Chinese periodicals, and the degree in 
news texts is 91%. Almost every article contains a headline. For this reason, a head-
line is one main text characteristic. 

Clue words are those summarizing or generalizing words, such as “anyway”, “in a 
word”, “to sum up”, etc. We will enhance the importance of the words included in 
characteristic districts, and intensify the power of the words after clue words to en-
hance their importance. 

According to the above discussion, we will use lexical chain to express user tem-
plates and unknown texts. Firstly, we analyze texts handed over by user and build 
lexical chain to express them. Then we build user template which automatically learns 
during filtering to express users’ interest and meet their interest better. For those un-
known texts, we adopt the same method to build lexical chain to express their  
meaning. 

3.3   Analyzing Text  

However, not all words in a text can be used to build lexical chain. Only key words 
that can express the meaning of a text most clearly will be selected. The methods for 
expressing texts are as follows:  

Preprocessing Text: Withdraw etyma and recognize phrases;  

Part-of-Speech Tagging: Part-of-Speech Tagging for words in the text;  

Extracting Key Words: Get rid of the following words in texts: articles (e.g. a, an, 
the), preposition or adverb with a subordinate clause (e.g. to, of, in), modal verb (e.g. 
would, must ), and conjunction (e.g. and) etc.. Let’s make a definition of W(s,w,c), in 
which w means a word, s means the word’s sequence in a text, and c means the part of 
speech. For example, (12, think, verb) means the 12th word in W is ‘think’ and its 
part of speech is verb. We also can evaluate different powers for different parts of 
speech to show their importance, of which nouns are usually most important. For 
those words appeared in headlines, the first or last paragraph, or the beginning or end 
of a paragraph, we can also enhance their power. In addition, we can set a threshold 
value to get rid of those words with the frequency below it. 

Expressing texts with lexical chain: Now, we get series of words. After lexical chain 
built automatically, we will get the text’s lexical-chain expression. 

3.4   Filtering Text  

So far, texts and users’ interest are expressed with the lexical chain. The relevant 
degree between texts and users’ interest can be estimated by the cosine value of the 
formula : 
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Here, V={V1,V2,…,Vn} is a vector expression of a text’s lexical chain, T={T1,T2,…,Tn} 
is a vector expression of lexical chain of users’ interest. The less α is, the closer these 
texts are related to users’ interest.  

Among all texts, we can make an order of relevant degree to feed back users ac-
cording to this value, or we can set a valve value k. If the relevant degree between 
texts and users’ interest is above k, it means that these texts can meet users’ interest. 
We’ll return the ordered texts to users, and get rid of the remaining texts which under 
the value. We can also take users’ feedback into account. If almost every text we 
filtered out is considered interesting to users, we reduce k. Otherwise, we increase it. 

4   The Algorithm of RecomAnt 

When the peer wants to recommend some information to others, RecomAnt will be 
created and dispatched out. It uses the information recommendation algorithm to find 
the destination peer. There are many different techniques to implement the recom-
mender systems [9]. So far, collaborative filtering is the most successful recom-
mender system technology. The main idea of collaborative filtering is to recommend 
new documents to the users based on the similarity of their tastes and others’.  

In general, collaborative filtering is a three stage process of finding similar users 
(neighbors), computing predicated ratings, and applying the predictions as recom-
mendations to the user [10].  

To generate predictions for a user, the system first identifies his “neighbors”, 
whose interests are highly correlated to the user’s. There are several possible options 
for the correlation coefficient, and the most common one is the constrained Pearson 
correlation: 
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where ui and uj are two users’ ratings vectors, and z is the neutral rating which is sub-
tracted from the vector. For simplicity, we assume that z is subtracted off in the origi-
nal ratings matrix, although in practice z must be taken into account when presenting 
a recommendation to the user. Now, equation (3) becomes (4) as follows: 
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which is also known as the cosine similarity measure in information retrieval. 
In the second stage, the system generates predictions for the user by computing a 

weighted average of each neighbor’s rating scaled by their correlation value, 
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Using this formula, we can do prediction for users’ rating. With more rating infor-
mation, we may make a better recommendation for users in the future.  

The third stage is the application of the prediction, which involves adding z back to 
the prediction and presents the prediction to the user as a recommendation if it is high 
enough. If the user follows some of the recommendations and provides feedback to 
correct the predictions, the system learns the user's tastes and his relationship to the 
community over time. 

5   Experimental Results and Analysis of the Content-Based 
Filtering Model 

Two main criterions for evaluating the information retrieval systems are precision and 
recall rate. The efficiency of a text retrieval system is generally described by average 
precision. And the visual explanation is the area of the precision/recall curve line. 

This paper uses the medical corpus OHSUMED on TREC-9,which is a subset of 
MEDLINE in the famous National Library of Medicine and constituted by the medi-
cal literatures from 1988 to 1991, including 348，566 texts from 270 medical periodi-
cals, with a content of 400MB. In addition, literatures in 1987 are used as training 
corpus, while literatures between 1988 and 1991 as testing corpus [11]. The results of 
our comparative experiments are shown in Table 1.  

In traditional vector space models, each key word is considered respectively. So we 
can only use the times that a key word appeared, but not make full use of the informa-
tion how words are correlated in a text. When the lexical chain is used, the precision 
will be improved. 

Table 1. The experimental results 

 
The traditional key-
word based system 

The lexical chain 
based system 

Difference 

Average 
precision 

38.53% 47.46% 8.93% 

6   Conclusion and Future Work 

This paper presents the result of our recent research work on mobile-agent based 
information content sharing in P2P system. Our work focuses on how to share the text 
content and recommend information based on mobile agent. The prototype uses ter-
minology derived from the ant colony metaphor, including nest – a peer entity, and 
ant – an autonomous agent. Two mobile agents are proposed to implement the con-
tent-based text retrieval and information recommendation effectively. The simulated 
results show some advantages of the proposed approach based on lexical chain and 
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collaborative filtering algorithm in P2P system, and its potential applications in com-
plex electric commerce and distributed information sharing. In the future, we will 
implement this prototype system with JXTA and use it in some applications. 
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Abstract. In cooperative design and engineering, work context has dramatic 
implications when it comes to building understanding and teams, and getting 
the work done. From an information security perspective, the context of opera-
tion for software or hardware can drive the expectations for security, and may 
indeed determine the levels of security policy that would be required for col-
laborative operation. There is a place in this domain for proactive, context-
based security implementation. This paper describes a context-centric security 
enforcement system intended for cooperative design and engineering environ-
ments that we call: Environment-Aware Security Enforcement (EASE). We de-
scribe the application of this approach to an existing client-server, e-
manufacturing application. 

1   Introduction 

In computer supported cooperative work environments work context can have a dra-
matic bearing upon the effectiveness of a collaborating team. Yet building effective 
cross-organizational collaborative environments is a big challenge, especially from 
the security perspective [1]. Context may be used to tailor information delivery and 
sharing based upon location, available resources, perceived activity needs, and exper-
tise requirements. To support this idea, there have been a number of recent develop-
ments in assessing and using context in collaborative work environments.  

When considering it from a security standpoint, context may be used to determine 
where, when, how and for how long individuals and organizations may share informa-
tion with each other. The greatest benefit of establishing context-aware security 
mechanisms is to enable enforcement of security for mission-critical distributed ap-
plications in conformance with the security expectations of all collaborators in all 
contexts of their work.  Ideally the collaborative environment would take into account 
the networks, computer operating environment, the tasks at hand, and other factors for 
all collaborators when determining if and how they may be allowed to work together.  

In this work we present a model, design and prototype implementation for a sys-
tem that uses a variety of contextual information to enforce whether or not collabora-
tive environments may be usable. This builds upon research we have presented else-
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where [2]. The type of contextual information we use is typical of the information 
used when building security policies for organizations. The design provides a means 
for setting and enforcing security policy for the operating contexts of collaborators. 
The system assures that security requirements for all clients are properly maintained 
for secure collaborative operations. Within the system, policies may be set for differ-
ent aspects of a user's context, including: computer or software platform, network 
connections, locations (physical context), social and work behaviors (cultural and 
social contexts), and the nature of the information being shared or built (information 
context). As extensions to this work, historical contexts relating the nature of activi-
ties over a period of time may also be used as a trigger for precautions or allowances 
in collaborative environments. In the current implementation, a variety of software-
based sensors are used to determine the context of the user. Security agents running 
on client computers are responsible for controlling and monitoring these sensors. The 
security agents also communicate with a policy agent during collaborative interac-
tions to enforce the security policies. Depending on the policies and the client operat-
ing contexts, the security agent may prevent or proactively enable computer activities 
locally, or deploy services in support of secure collaborative operation. An additional 
challenge associated with this work is that we want to secure operations in a pre-
existing collaborative software (an e-manufacturing application). Our approach is to 
provide security enforcement while minimizing the impact upon the existing legacy e-
manufacturing application. 

This paper is organized in the following way. Section 2 describes the problem 
we are addressing with this work. With a description of the target domain in place, 
we describe our approach in general, detailing the architecture, and implementation 
in Section 3. In Section 4 we describe relevant previous research related to this area. 
Our Discussion and Conclusions section follows in Section 5  

2   Problem Statement 

There have been a great many technologies developed to help groups of people collabo-
rate more effectively. Networked computers form the basic substrate upon which differ-
ent collaborative technologies have been built. Computer Supported Collaborative Work 
(CSCW) research involves investigation and development of approaches that make 
collaboration between users using this substrate more effective. Advances of CSCW 
have been applied to cooperative design and engineering.  

Indeed, computer networks have become prevalent in all organizations. While 
organizations have been able to gain advantages in efficiencies and their work 
through their use, inter-networked computer systems also present a risk to the op-
eration of organizations. In terms of cooperative design and engineering, a key 
concern is the assurance that proprietary information about the intellectual property 
owned by the organization or information about the company operations is available 
only to authorized individuals. Within an intranet environment, access privileges 
may be adequately controlled. Interconnecting intranets over the Internet to allow 
different organizations in different locations to collaborate, as would be the case for 
cross-organization collaboration, and/or design/production outsourcing, creates a 
liability in terms of the potential for unauthorized access to information, computers 
or devices on the company intranet. 
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Internet-based manufacturing involves sharing intellectual property in the form of 
detailed engineering and manufacturing information as well as competitive informa-
tion in the form of order and costing details. The bottom-line here is that for general 
acceptance of an Internet-based cooperative design and engineering approach, the 
secrecy of the proprietary or competitive information must be maintained. 

In addition to maintaining secrecy, Internet-based manufacturing must accommo-
date confidentiality of the organizations involved in the manufacturing process. Gath-
ering and processing information about the activities of individuals or groups while 
managing or operating processes or machinery via computer networks can provide 
considerable detail concerning the ways in which the individuals interact as well as 
process-related information. In a highly competitive manufacturing environment, 
information about internal organizational operations must only be shared on a “need–
to-know” basis. This work addresses the following questions: 

• While the organizations involved in the collaborative work may have written 
policies describing how all participants are expected to behave, how will those 
policies be enforced? 

• In a client-server context, can security policies apply security constraints on 
an end user’s operating environment and based on the context of the end 
user’s operations? 

• Is it possible to add security enforcement to existing or legacy applications 
easily? 

The next section describes our approach for answering the above questions. 

3   Our Approach 

Our approach is to apply policy-based security enforcement for a client-server appli-
cation. Policies are created and managed centrally at the server. There are sensors at 
the client that measure whether or not each central security policy is maintained in 
compliance on the client platform. Enforcement and feedback to the user through the 
client application is done via the server. We detail first the design for EASE as ap-
plied to a client-server application, followed by a description of the implementation.  

3.1   Design 

In order to understand the design approach we have taken for EASE, we first describe 
the overall concept, then provide an example in the form of a specific implementation 
targeting an e-manufacturing application. 

Figure 1 illustrates a system before and after being deployed with EASE. Illus-
trated in Figure 1(a) is the system to be protected. It may be a client-server or distrib-
uted application. The application may be designed for any particular purpose and may 
or may not have security functions built into its design. Indeed, while the system may 
include, for instance, methods to authenticate users, traditionally there are few  
methods available to enforce security compliance at the client end.  
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Figure 1(b) illustrates the application in operation with EASE in place. A policy 
agent, located at the server site, interacts with a security agent located on each plat-
form where the application may be operated remotely. The policy server interprets an 
electronic version of the security policy for the applications that may run on the com-
puter platform. The security agent and policy agent communicate with each other via 
a dedicated, secure communication channel. The policy agent communicates to the 
application in order to share information through messages and to enable or disable 
access to the application for any user. In order for the application to operate from any 
computer platform, the security agent must be present and must be in communication 
with the policy agent. Each security agent has a set of security (software) “sensors” 
that monitor different aspects of operation context for the application on its computer 
platform. Examples of the security policies that sensors and controlling software may 
monitor and enforce include the following: 

• Ensure the operation environment is appropriate for the application. For instance 
for a Java application, it is important to ensure that the Java runtime version in-
stalled is adequate for the application to run correctly. In addition, to prevent se-
curity flaws and exploits, the system must ensure that the version of Java in-
stalled has not been tampered with. 

• In order to protect distribution of copyrighted material or trade secrets, the sys-
tem must ensure that when the application is running there are no other applica-
tions operating that may be used to garner inappropriate access to intellectual 
property or the application itself. These applications may include disassemblers, 
reverse compilers, screen snapshot software, file or system activity monitoring 
software, etc. 

• Ensure that the computer platform running the application remotely is safe from 
viruses and Trojans. As with the above, this would amount to an enforcement of 
the security policy before the application is allowed to run. 

• Ensure that only certain computers run the application. There may be other meas-
ures that can restrict access to the application. The environment’s security policy 
may restrict computers based upon IP address, MAC address, or computer hard-
ware signatures. 

• Ensure that the computer upon which the application runs remotely always has a 
security device installed. (The device may be a smart card, USB security device, 
other security dongle (wired or wireless). Security enforcement runs in a separate 
execution thread from the application, regularly.  

• The policy agent may add further functions for improving authentication and au-
thorization for the application. For instance, it may enforce password changes, or 
role-based authentication and authorization. The advantage of adding this func-
tion would centralize security administration for the application. 

• Another item that may be monitored and reacted upon is an analysis of the situ-
ational behavior of all participants. If a user is considered to be behaving in an 
anomalous way, the application may disconnect the user. In other words, users 
will remain connected as long as they behave in the fashion expected by the ad-
ministrators of the collaborative software system. 
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Fig. 1. This diagram illustrates how EASE may be applied to an existing application 

3.2   Implementation 

To demonstrate EASE, we have created a software prototype. This section describes 
the implementation of the prototype. 

This work builds upon the research and prototype development described in [3]. 
The web-based shop-floor monitoring and control program is called Wise-ShopFloor 
and is further described in [4]. A much simplified block diagram for the Wise-
ShopFloor  is  shown  in  Figure  2.  Web  clients  may  access  a  variety of shop floor  
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equipment (e.g. robots, milling machines) via a web interface. Users are provided 
with three dimensional visualizations of the operations of machinery for control or 
operation purposes. The system uses a client-server architecture. The clients use a 
web browser. Java 3D provides the 3 dimensional visualizations of all machine opera-
tions. Java servlets form an application server used to access the various different 
machine tools. Before EASE was applied to the prototype, the primary security fea-
ture of the Wise-ShopFloor application was based on simple password authentication 
access control. The objective of our work was to add monitoring of the contexts of 
application execution and using the monitoring results to control context-aware access 
to the application.  

 

Fig. 3. This diagram illustrates the components comprising the system we build to provide 
Environment-Aware Security Enforcement (EASE) 

Figure 3 illustrates our approach for adding EASE to the Wise-ShopFloor applica-
tion. The Session Manager is the key place connecting EASE with the application. 
The interface consists of a simple application programmer interface (API). Figure 4 
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PA sends a message to the CSA to perform a policy compliance check, or it is sent to 
the CSA if a policy is to be scheduled regularly. In the latter case, the CSA schedules 
the appropriate sensor to perform the test periodically, signaling the PA when the test 
fails. When a sensor test fails, the PA sends a message to the session manager to deal 
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with the consequence of the failure and ultimately provide feedback to the user. A 
policy statement in its simplest form contains the name of the sensor test, the fre-
quency of the test, the consequence of its failure and the message that is sent to the 
Web Client for display as a pop-up window indicating a security failure. The failure 
may result in a warning to the user, or a message indicating that the application has 
disconnected.  

The PA also houses a policy editor for creating and changing policies. Each rule is 
named and applied to operate with a single machine connected to the Wise-ShopFloor 
Application. Rules may also be applied to users. The rule is applied to one of the two 
tasks associated with most machines: Monitor or Control. The action associated with 
the rule may be either to permit or deny the selected task on the machine. As many 
sensors as required may be added to the rule. For each sensor, the administrator se-
lects the sensor test to be applied, the expected response for the test, and the message 
to be sent to the application user if the test fails.  

4   Previous Work 

Two general research areas attributable to EASE are policy-based management 
(EASE uses policy rules to manage its operation) and pervasive/ubiquitous computing 
security (EASE enforces security based upon user and computer platform contexts).   

McDaniel and Prakash have described an architecture for security policy enforce-
ment [5]. Named “Antigone”, the architecture offers a modular approach for adding 
security event detection modules. The system uses a transport layer mechanism and 
security-related events for handling by the detection modules. The authors describe 
optimization methods to reduce overheads in the architecture. Antigone is intended to 
be built around applications. With Antigone, the intended target for the security en-
forcement is appropriate behavior of the application as opposed to EASE where the 
target for enforcement is beyond the application extending to the context of work 
station operation and user behavior. 

An example of an attempt to provide security enforcement for a computer platform 
at least at the level of the file system is given by Wolthusen [6]. The system described 
in this paper provides mandatory access control, encryption and auditing of file activ-
ity on an individual file basis for a distributed system. The system that the author has 
developed provides a holistic approach for handling file activity for the Windows NT 
file system. Ostensibly, the technology could be applied as a file context sensor for 
EASE, taking advantage of our effective management interface. While this approach 
would provide little or no advantage for the Wise-ShopFloor application, it would be 
advantages when EASE is adapted for distributed applications that have local file 
management requirements. 

Schneider describes a practical way to enforce security policies by monitoring sys-
tem and application processes by automata for safety-critical systems [7]. Each 
automaton is intended to deal with a security policy.  The author describes and defines 
security policies as being “specified by giving a predicate on sets of executions. A 
target S satisfies security policy P if and only if P(∑S ) equals true.” This definition 
applies well in EASE as well, since the decomposition of what might be complex  
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policies into the conjunction of separate mechanisms used to enforce each of the com-
ponent parts holds for our work. In addition, EASE targets enforcing security policies 
for distributed applications, whether they are safety critical or not. Moreover, EASE is 
not concerned with the policies for the application, per se, but rather those security 
policies applied to the execution environments for applications. The context sensors 
in EASE are automata-like in operation. 

Covington et al. describe a context-aware security architecture (CASA) for emerg-
ing applications [8].  Similar to our work, CASA employs different sensors that moni-
tor resources, systems and physical sensors to measure different contexts for partici-
pants in the application. CASA also uses context and object management layers as 
well as services for object and environment roles activation that influence an authori-
zation service. The overall objective of this work is to provide more adaptive security 
services. With EAVE, we present and demonstrate a straight-forward approach for 
adding and managing security for a distributed, shared workspace using context and 
an agent-based methodology.  

5   Discussion and Conclusions 

There has been considerable research and development of policy management sys-
tems for network management and security management. However, there has been 
little work in the area of enforcement of security policies. The work that has been 
done in this area often involves incorporating security enforcement into the systems 
early on; at the beginning of the design process.  In this work we take a new ap-
proach we call: Environment-Aware Security Enforcement (EASE): a fusion of 
work in policy-based management and enforcement and the context-based security 
research in pervasive computing. EASE offers a means of providing security policy 
enforcement for legacy applications. As was shown with our target Wise-ShopFloor 
application, the interface with the existing application was a simple API added to 
the legacy system to provide control over a user’s authorization to use the applica-
tion and messaging through the application for user feedback. The result nicely 
integrates the security enforcement functionality of EASE with the original applica-
tion functionality.  

EASE extends the security functionality of the target application to which it is ap-
plied by providing context-based security enforcement features. A variety of logical 
sensors may be applied to different aspects of a user’s operating environment. Tests 
and enforcement measures may be taken to assure that the user is maintaining certain 
security requirements for operating an application even if the location of the user is 
outside the organizational physical and virtual boundaries.  

The current proof-of-concept prototype demonstrates a limited number of sensors 
in operation. These sensors currently include: Java virtual machine integrity, operat-
ing system version, MAC and IP addresses. Future work will involve developing a 
more comprehensive set of sensors, including ones to determine whether or not an 
individual user is doing inappropriate or unexpected activities based upon system call 
information and social network analysis [9].  
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Abstract. Grid workflow systems provide mechanisms to execute complex 
tasks which consist of related sub tasks. Due to the intensive computing and 
data transferring in Grid workflows, the locations of tasks and data have great 
impact to the execution performance of Grid workflows. In this paper, we pre-
sent a novel approach to search for optimal Grid workflow scheduling effec-
tively. We model workflow execution with fetching input data and running 
tasks, and present a optimized scheduling searching algorithm based on simu-
lated annealing, which can find neighborhood scheduling fast. The experimental 
results show that our approach is effective and scalable. 

1   Introduction 

With the development of Grid computing technologies, it is possible to share re-
sources and solve complex problems among dynamic, multi-institutional virtual or-
ganizations coordinately [1]. Grid workflow systems are Grid services responsible for 
constructing, verifying, execution and monitoring distributed workflows in Grid. Due 
to the large quantity of Grid resources with different speed, memory and network 
bandwidth, it is very difficult to schedule workflow tasks on Grid. Two factors must 
be considered in Grid workflow scheduling: 

Task Location: workflow tasks can be run on different resources. Generally re-
sources with higher performance run tasks faster. However, there may be more tasks 
assigned on fast resources, so later assigned tasks need to wait until previous tasks 
complete. A “fast and idle” resource may be more suitable for the task. 

Data location: workflow tasks usually need some input data. If a task need to use 
data in other Grid resources, the data must be transferred to where task will be exe-
cuted in. Consequently, if the location of data is “closer” to the task, the task can be 
started and completed earlier. In data-intensive workflows, data location has great 
effect on workflow’s execution performance. 
                                                           
*  Project Supported by the National Natural Science Foundation of China（Grant No.: 

60473124 ） , 863 Hi-Tech Research and Development Program of China (NO: 
2004AA1Z2390) and SEC E-Institute: Shanghai High Institutions Grid. 
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In this paper, we present a novel approach to address these two factors in Grid 
workflow scheduling problem. We model a Grid task with two phases: fetching input 
data and executing the task. Then WETC algorithm is presented to compute a work-
flow’s execution time under a given scheduling. To reach the short execution time, 
SASS and EWETC algorithms are presented to search for optimal scheduling in Grid 
with simulated annealing approach. Finally, we experimentally evaluate the model 
and the algorithms presented.  

The rest of this paper is organized as follows. In Section 2, related work is dis-
cussed. The workflow scheduling model is presented in Section 3, and scheduling 
search process is described in Section 4. Experiment evaluations are presented in 
Section 5. Finally Section 6 contains our conclusions and directions for future work. 

2   Related Work 

Scheduling mechanisms are quite different in various Grid workflow systems. 
ICENI[4] predicts each task’s running time on a specific resource, computes total cost 
of workflow, and searches for scheduling with lowest cost. However, it does not con-
sider the data location and frequent data transfer within tasks. GridFlow[2] model 
workflow scheduling in two levels, and simulates workflow execution like a “just-in-
time” way, so it can not provide the global optimal execution performance. Pega-
sus[3] map workflow tasks to resources before execution, but performance issue is not 
considered. In some other systems, tasks are scheduled to “best idle” resources just-
in-time, which tries to reach the single task’s best performance. This scheduling 
mechanism is simple and fast, but in most cases it is not optimal for the global  
workflow. 

3   Grid Workflow Scheduling Model 

In this section, we first present the model of Grid and workflow. Based on the model 
the WETC algorithm is presented to compute workflow’s execution time under a 
specific scheduling.  

3.1   Grid Workflow Model 

We use DAG as our process model, which is used in most Grid workflow systems. 
First we define files used in workflows. We use F to denote all files in a workflow. 
Let F= {f1,f2,…..fm} and let |fi| denote the size of file fi. Next we define the Grid task. 

Definition 1. A Grid task Ti is a tuple (Ii,Ci,Oi) where Ii is the set of input files, Oi is 
the set of output files, and Ci is the computing task Ti need to perform. We use T 
denotes all tasks in Grid. Not losing generality, we assume tasks in T are ordered.  

Definition 2. A Grid workflow is a directed acyclic graph W = (V, E). V is the set of 
vertexes and E is the set of edges. 

Each vertex in V is a Grid task Ti, so V is also the set of tasks in workflow W. The 
directed edge (Ti , Tk) ∈ E means the start time of Tk  must be equal to or later than 
the end time of Ti. We say Ti is a previous task of Tk and Tk is a subsequence task of 
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Ti. Let prev(Ti) = { previous tasks of Ti in W}  and subs(Ti) = { subsequence tasks of 
Ti in W}. Obviously, only when all tasks in prev(Ti) finished, Ti can start, which we 
say Ti is runnable. 

Definition 3. A Grid resource Ri is a binary tuple (Pi, Bi), where Pi is the computing 
power of Ri, and Bi is the set of Grid tasks that can be run in Ri. 

A task running on a Grid resource has two phases: first, getting all required input 
files from the nearest resources where contain these files; second, performing the 
computing and write output files to disks in current Grid resource.  

Definition 4. A Grid is a directed connected graph GR = (R, BW). R is the set of 
vertexes and BW is the set of edges in GR. Let R = {R1,R2,…Ru}. BW is the set of 
edges. 

Each vertex in R is a Grid resource, so R is also the set of Grid resources in Grid 
GR. To each directed edge  (Ri , Rj) ∈ BW, we use bw(Ri , Rj) to represent the data 
transferring speed from Ri to Rj. Not losing generality, we set bw(Ri , Ri) = ∞. Now 
the model of Grid workflow has been defined. Moreover, we need to formally define 
Grid workflow scheduling. 

Definition 5. Let p is a mapping from T to R denoted as p: T->R. We say p is a 
scheduling S of Grid workflow W, if for each t∈T and p(t) = (Pi,Bi), t∈Bi. 

The Grid workflow model defined above explicitly regards locations of files and 
tasks as factors in Grid workflow execution and scheduling. Based on the model, the 
execution of a task in workflow is not only related to its previous tasks, but also re-
lated to tasks and resources providing files it used. 

3.2   Workflow Execution Time Computing 

Given a specific scheduling S of workflow W, we need to compute the execution time 
of W under S. First, we compute the execution time of a single task. It is the sum of 
transferring time of input files and the task’s computing time, which can be described 
by follow formula: 
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In order to describe the execution process of task Ti, we use three parameters at(Ti), 
st(Ti), et(Ti) which denote the time when Ti is runnable, the time when Ti  starts to 
execute, and the time when Ti is completed. The runnable time at(Ti) is also the time 
when Grid workflow system assigns Ti to a Grid resource.The following definition 
formally describes the assigned order of all tasks in the workflow. 

Definition 6. A binary relation RT on workflow task set V is defined as follows: for 
each t1， t2∈V，if at(t1) < at(t2), or at(t1)=at(t2) and order(t1)<order(t2),  then (t1， t2) 
∈RT，and it is donated as t1< t2，otherwise (t1， t2) ∉ RT. 

To describe tasks’ enabling time in Grid resources, we use parameter ct(Ri) to de-
note the time when resource Ri has executed some tasks and wait for execute next 
task. The computing procedure is outlined in Algorithm 1. 
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The basic idea to compute workflow execution time is to compute every task by 
the order in RT. In WETC, WaitingList stores the tasks waiting to be computed  
currently. WETC selects the minimum task in WaitingList to compute, and add its 
subsequence runnable tasks into WaitingList. The computing is repeated until Wait-
ingList is empty. Tasks’ maximum endtime is the workflow’s execution time. 

Algorithm  1.  WETC(W,S) 
Input: Workflow W, Scheduling S 
Output: the workflow execution time 
for each Ri， let ct(Ri) = 0; 
WaitingList =φ,  
put all runnable tasks into WaitingList;  
while ( WaitingList not empty) do 

select task t∈WaitingList, for all t1 ∈ WaitingList – {t}, t < t1; 
remove t from WaitingList; 
st(t) = max( at(t), ct(p(t)); 
et(t) = st(t) + runtime(t , p(t)); 
ct(p(t)) = et(t); 
for each t1 ∈ subs(t)  do 

at(t1) = max(at(t1), et(t))；  
if  t1 is runnable then add t1 to WaitingList；  

end while; 
return max{et(t)}. 

The following theorem shows the time complexity of WETC algorithm. 

Theorem 1. Suppose each task uses no more than K files, the time complexity of 
WETC is O(nlogn +nuK + m). 

4   Scheduling Search 

The Grid workflow scheduling problem is a combinational optimization problem. Due 
to the large problem space, it is very difficult to find an optimal scheduling quickly. 
To reduce the searching time, we need to reduce the number of tested schedulings, 
and moreover, to reduce the time spent on workflow execution time computing under 
each scheduling. 

4.1   Scheduling Search Based on Simulated Annealing 

Simulated Annealing[5] is a generalization of the Monte Carlo method used for opti-
mization of multi-variable problems. It is a heuristic neighborhood searching ap-
proach to find optimal solutions by the similarity of physics annealing process and 
solving process of combinational optimization problem. Here we apply simulated 
annealing to workflow scheduling search problem. 

4.1.1   SASS  Algorithm 
In order to apply simulated annealing to Grid workflow scheduling search, we need to 
formally define neighborhood structure in scheduling space. 
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Definition 7. For Scheduling S1 and S2, S2 is a k- neighborhood scheduling of S2 and 
vice versa if there are only k tasks whose assigned resources are different in S1 and S2. 

Algorithm 2. SASS(W) 
Input: Grid workflow W 
Output: Optimal scheduling S 
generate random initial scheduling S；  
CurrentExecutionTime = WETC(W,S), k = 0;   
repeat 

for i = 0 to trialSteps do   /* a MAPKOB chain */ 
   generate 1-neighborhood scheduling NS；  

          newExecutionTime = WETC(W , NS); 
     if Metropolis_test() then   

S = NS;   /*  NS is accepted  */ 
CurrentExecutionTime = newRuntime; 

k = k +1; 
compute TPk；  

until no new scheduling accepted; 
return the best scheduling found. 

Algorithm 3. Metropolis Test Algorithm 
Input: newExecutionTime ,CurrentExecutionTime, temperature TPk 

Output: whether NS can be accepted 
if (newExecutionTime < CurrentExecutionTime) then  return true; 

else 
deltaTime = newExecutionTime–CurrentExecutionTime; 
if exp( –deltaTime / TPk ) > random[0,1)  then  return true; 

else  return false. 

The scheduling search is described as follows. First, we randomly generate a 
scheduling S. Then, scheduling NS, which is a 1-neighborhood scheduling of S, is 
generated.  If the execution time under NS is less than that under S, then NS is ac-
cepted. Otherwise, NS is accepted by probability e–dT/TP. Here dT is the difference of 
workflow execution time between S and NS, and TP is the control parameter of simu-
lated annealing, which is called annealing temperature. dT and TP decide the prob-
ability by which a worse scheduling is accepted, as shown in Algorithm 3. The gen-
eration is repeated, and when a MAPKOB chain of generations are processed, TP is 
decreased, and therefore, a worse scheduling is accepted by lower probability. Finally, 
when no new scheduling is accepted in a full MAPKOB chain, which implies finding 
new better solution is nearly impossible, the searching procedure ends and the best 
scheduling the algorithm has ever generated is returned as the optimal solution. SASS 
algorithm is outlined as follows. 

4.1.2   Annealing Parameter 
Two parameters – annealing temperature TPk and length of MAPKOB chain trial-
Steps impact the performance of SASS. Research on simulated annealing[5] shows 
that the value of TP0 should be large enough to make initial acceptance ratio  



154 Y. Wu et al. 

χ0 =e–dT/TP≈1. We set dT = workflow_runtime(W,S0) / 5, and χ0 = 0.9  here. Then we 
have TP0 ≈2 * workflow_runtime(W,S0) 

Moreover, the attenuation of TPk should be small. We set the attenuation function 
to be TPk = 0.9 * TPk-1 and trialSteps = n. 

4.1.3   Time Complexity Analysis 
Section 3 shows that the time complexity of algorithm WETC is O(nlogn+m). Algo-
rithm SASS computes WETC for W*n times, which W is the number of MAPKOB 
chain computed. So the time complexity of SASS is O(W(n2logn+mn)). 

4.2   Neighborhood Execution Time Computing Optimization 

Simulated annealing can reduce the workflow execution time computing greatly. In 
order to do further optimization, we need to reduce time computing under each gener-
ated scheduling. We find that the computing process under two neighborhood sched-
ulings S1 and S2 have much relativity. Using the relativity, we can optimize the com-
puting on S2 based on the computing process of S1. 

Theorem 2. Suppose scheduling S2 is a 1-neighborhood scheduling of S1, and the 
resource task t assigned in S1 and S2 are different, then in SASS, the executions under 
S1 and S2 before t in ScheduledList are identical. 

Definition 8. A snapshot of scheduling S on task t denoted as SNAPSHOT(S,t) is the 
set {WaitingList, {at}, {st}, {et},{ct}} before the execution of task t is computed. 

Algorithm 4. EWETC(W , LS, S) 
Input: workflow W, last computed scheduling LS, current scheduling S 
Output: the workflow execution time 
suppose the resources that task t  is assigned to are different in LS and S; 
restore  SNAPSHOT(S,t’),  t’ is the nearest snap point before t;  
while ( WaitingList not empty) do 

find minimum task t and computes t in the same way as WETC; 
if  the position of t is multiple of n/K  then   

save SNAPSHOT(S, t);   //  the position is a snap point 
return max{et(t)} 

Algorithm EWETC adds snapshot operation compared with WETC. EWETC 
makes a snapshot every n/K tasks, so K snapshots are saved in the computing of 
scheduling S. When beginning computing the 1-neighborhood scheduling NS, if S 
and NS assign task t to different resources, EWETC restores the nearest snapshot 
SNAPSHOT(S,t’) before t and computes execution time of other tasks. By theorem 2 
we have SNAPSHOT (S’,t’) = SNAPSHOT (S,t’), so the computing of S’ can start 
from t’. 

5   Experiment Evaluation 

We do scheduling simulation on workflows whose number of tasks ranges from 20 to 
1000 and compare the quality and execution time of the generated schedulings. The 
number of simulated Grid resources is from 6 to 50 and the bandwidth of network 
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connection between resources is from 10Mbit/s to 200Mbit/s. The simulation program 
is written in Java and run on a PC with P4 1.5G, 256MB memory and Linux. Results 
are shown in Table 1 and Figure 1. 

Table 1. Scheduling Searching Time (ms) 

Task 20 50 100 500 1000 

Resource 6 8 10 30 50 

SASS 81 681 4,120 231,020 1,593,572 

SASS +EWETC 

75 582 3,419 150,609 1,069,219 

Random-K 

109 832 4,087 198,732 1,328,703 

From Table 1, we can draw the following conclusions. With respect to algorithm 
running time, basic SASS algorithm is close to Random-k. Due to the use of snapshot, 
the execution time of the SASS + EWETC exceeds that of basic SASS when number 
of tasks is small. But with the number of tasks increasing, the efficiency benefit of 
snapshot begins to take effect. Finally, the execution time of SASS+EWETC is about 
2/3 of that of basic SASS.  
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Fig. 1. Execution Time(s) 

Considering the results of the algorithms shown in Figure 1, comparing SASS with 
Random-k, the result of the former is far better than the latter. Especially when the 
number of tasks increases, the advantage is more significant: the execution time of the 
scheduling generated by SASS is less than half of that of Random-k. This shows that 
SASS is quite effective. 

We also implement SASS and EWETC in GFlow[6,7], a Grid workflow manage-
ment system prototype. Some applications like distributed sorting running on GFlow 
work well under SASS and EWETC algorithm. 
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6   Conclusions and Future Work 

The scheduling of Grid workflow system is essential to the workflow execution per-
formance, and locations of data and tasks have much impact on workflow execution 
performance. This paper presents a workflow scheduling approach which looks data 
and tasks location information as important factors in workflow scheduling, and pre-
sent optimized scheduling algorithm based on simulated annealing to reduce schedul-
ing searching time. Simulation experiments show that the approach produces both 
good execution performance and scheduling results. In our future work, we are going 
to add more complex organizational form of Grid resources and Grid expense model 
into Grid workflow scheduling to further improve Grid workflow scheduling  
performance. 
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Abstract. This paper presents a new construction management cooperated with 
clients using a parametric information design method for road construction. 
This method aims for re-designing and for managing to achieve the confor-
mance of the completed form of roads to planned design with survey equip-
ment. By using this method, we design a road with an information model that 
has alignments, profile and cross sections. The model can be changed according 
to the site condition in collaboration with the planning designer of the client. 
This method is able to manage the conformance of completed form accurately 
because the information model is precise. Furthermore, the file size is so small 
that the survey equipment can store the data, and it is easy to re-design the plan. 
Therefore, we can use the survey equipment easily for the conformance man-
agement of completed form accurately and to re-design a plan by using CAD 
quickly. The management by this method has been found to be efficient and  
accurate. 

1   Introduction 

Conditions at construction sites change frequently. Thus, the client makes changes of 
the previous design, negotiating with the contractors cooperatively. Then, the client 
confirms if the contractor has achieved the good conformance of the completed form 
with the design by checking many reports containing documents, photos and results of 
survey. Also the contractor has to aim for the completion by some negotiation and co-
operation with the client. Otherwise the client cannot pay to the contractor. 

However, the current re-design method is not efficient. Most contractors in Japan 
use the drawings that are modified manually in a traditional 2-D way because most 
clients in Japan have obliged the contractors to design with 2-D drawings. Then, the 
contractors have to check if the completed formation on the site conforms to the re-
quirement of the client agreement by measurement manually [1]. 
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The parametric information design method of road design can re-design a previous 
design easily according to the site condition by using CAD. This information model 
embedded in the survey equipment can check conformance of the completed form of 
road construction efficiently and precisely so that we can re-design quickly and con-
trol conformances rationally [2]. 

We propose the new management method using the information model and show 
that it is efficient and accurate in this paper. 

2   How to Manage Construction Cooperatively with Clients 

2.1   What Is the Construction Management Cooperated with a Designer of the 
Client? 

In the road construction, the first design is changed frequently according to the site 
condition because it is quite difficult to plan a terrain formation in advance precisely. 
Also, the planning to design detail terrain in advance precisely is an expensive task. 

The contractor has to abide by the agreement with the client. If a contract between 
client and the contractor has some inconsistency with existing site conditions, the con-
tractor has to report the fact that some inconsistency exists in the contract. 

The client only orders the agreement to the contractor. If the client obtains such a 
fact report, he or she can change the agreement when he confirms the report is true.  

In the current method, we have to make sure the report is true by measuring exist-
ing formation, make some drawings, and write many reports. It takes a long time to 
write the reports. According to the new terrain information, the designer of the client 
has to keep consistent with the existing site condition by re-designing the previous 
plans. The plans have many drawings including ground plans, profile sections, and 
cross sections. Sometimes, the contractor does the job that the designer of the client 
should do. This process is the construction management cooperated with a designer of 
the client traditionally. 

Using the parametric information design method, this cooperation with the client is 
much easier. The construction management cooperated with a designer improves 
process of agreement between the client and the contractor. 

2.2   Why Do We Have to Manage Conformance of Completion at the 
Construction Site? 

One of the most important things for road construction management is conformance 
testing. The conformance testing aims to confirm if the completed objects of construc-
tion have achieved their purposes of the planned design. If the purpose was achieved, 
the client will pay to the contractor for completion work. The conformance test with 
the client is important in Japan. 

The first example of conformance of completion is as-built management which 
confirms formation while a contractor is constructing a road. And the second example 
is that the client checks conformation of completed formation that the contractor 
made. The conformance management of formation is to confirm if the formation of 
road construction has matched with planned design. The contractor aims to get an  
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acceptance of contract completion with the client by constructing roads completely. If 
the formation of road construction is not matched with the planned design, the client 
would not pay to the contractor.  

The client usually has a standard for judgment to confirm completion. In Japan, an 
as-built management standard has been created by the client. The client can make sure 
if the formation differences of road construction to planned design is matched within 
the standard. The standard supports the judgment for reasonably close conformance of 
the completion. Therefore, the contractor could manage formation of road construc-
tion reasonably in the acceptable conformance by the client. 

2.3   How to Use the Parametric Information Design Method. 

The parametric design model can contain elements of 3-D composition. The elements 
are the alignment, the profile, and the cross sections. This model can compare the 
shape difference with planned design formation anywhere. 

Once we get any formation of the road construction, we can compare any differ-
ence of the shape with planned parametric design (Fig.1.). 
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Fig. 1. Primitive Road Structure 

2.4   The System Composition 

The system composition we developed is shown in Fig. 2 and 3. The system uses in-
formation that has instruction, form work, expanded LandXML, and other files. The 
common module holds functions that are for file input/output, operation, graphical 
user interface. The common module can communicate with CAD system on the mar-
ket by plug-in software or by API of the CAD system. 

The designer of the client is able to use the system for parametric design. Once the 
designer creates information of parametric design, the worker in the construction 
phase can apply the information of parametric design to construction management. 
For example, the worker can make an instruction for stake out anywhere by using the 
parametric information. If the site condition changed, the client can re-design the pre-
vious drawings quickly. And the manager of the contractor can make sure information 
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of working formation. The client can check the quality of the contractor's manage-
ment with the agreement specifications by using information of parametric design. At 
the end of the construction, the contractor can make completion drawings (Fig.3). 
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Fig. 2. Composition of experimental application 
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Fig. 3. Outline of experimental application 
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3   The Details of a Parametric Information Design Method 

3.1   What Is Parametric Information Design? 

Parametric design is a generic name for design by the variable operation. When this 
variable is manipulated, we can create the form of the purpose. 

A parametric information design of this paper is a method to design information 
used in civil engineering. We proposed a primitive road information model for civil 
engineering. The primitive road information model is flexible and light. Nevertheless, 
the model has completely 3 dimensional forms of a road. We can re-design a road 
with this model as a parametric design method. We call this model “skeleton”. 

3.2   How to Design a Road with the Parametric Information Design Model 

We made primitive road information with an expanded LandXML schema. LandXML 
schema is an international information model proposed by LandXML.org [3] and is  
a de facto standard as a terrain model. LandXML has many elements, e.g., units, co-
ordinate system, Alignments, surfaces, etc. These elements are used to define terrain, 
road formations for civil engineering. We expanded this LandXML schema by adding 
four elements. They are “specifications”, “CrossSections”, “construct information”, 
and “inspections”. The “specifications” element is a set of specifications for construc-
tion  requirements.  The  “CrossSections”  element  is   basic   information  of  design.  

The system of the skeleton schema

<Units> Units（Length, Area, Angle, Vectorial angle） Info.

<CoordinateSystem> Coordinate System Information.

<Specifications>
Specifications for Construction Requirements.

<Alignments>

<CrossSections>

Alignment, Profile Information.

Cross Section Info.

<Surfaces> 3-D Terrain Info.

<ConstructionInfos> Directions for work, Formation Management, Quality 
Control Information.

<Inspections>
Conformance Test Information with the Client.

：Existing LandXML

：Expanded schema

<Skeleton>
Expanded 
LandXML Basic information of Design

Visualize information for 3-D

 

Fig. 4. The system of a skeleton schema 
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The “construction info” element is information to make at the construction stage. The 
“inspections” element is information inspected by contractor or client. These elements 
are shown in Fig.4. 

Particularly, the “CrossSections” element is unique. The original LandXML has a 
cross section element, which is in “alignment” element. The element of original 
LandXML is for drawing cross sections with each station number, which usually has 
span of 20 meters. We call this way definition of section (where we call this type 
“pattern A” for shorten). The expanded “CrossSections” element is similar to 
“GradeModel” element of original LandXML. The “GradeModel” has elements com-
posed of the order of the row and the each element of shapes. We call this way defini-
tion of element (where we call this type “pattern B” for shorten). These elements de-
fine parameters that are width, height, and inclination that change with each length 
(Fig.5). The current CAD system like Civil3D (AutoCAD) cannot show 3D models 
with this “GradeModel”. We made an application system that can show 3D models 
with the “CrossSections” referring to “GradeModel”. 

A) Section definition pattern

B) Element definition pattern

Whenever the crossing shape changes, the section is defined

Section shape change position

Section component

Each element that composes the section,the order of the row and the shape of the 
element are defined Width and inclination change in element

CMIXML

LandXML/CrossSect element

HICAD,UCwinRoad exchange data

LandXML /GradeModel element

 

Fig. 5. The pattern of the “CrossSections” element of a skeleton schema 

3.3   The Definition of the Parametric Model with the Expanded LandXML 
Schema 

A sample of “CrossSections” element is shown in Fig.6. This “CrossSecctions” ele-
ment is a type of pattern B. This “CrossSections” element has some elements, i.e., 
“CrossSection”, “CrossSlope”, “SlopeChange”. The “CrossSection” element refers to 
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an alignment of which name is “B ramp”. The “CrossSlope” element has some attrib-
utes, which are names of “LeftLane”, slope type, default slope value of this slope. The 
“SlopeChange” element has some attributes. The "staStart" attribute is a start length 
of the point in which a slope starts. The "staEnd" attribute is a end length of the point 
in which the slope ends. The “startSlope” and “endSlope” elements are attributes of 
the slope. 

 

 

Fig. 6. A sample instance of definition “CrossSections” 

4   Application of the Prototype System 

4.1   Preparation of Information for Agreement with Using the Parametric 
Information Model 

We developed an experimental system for creating drawings, using the parametric in-
formation model. We used Civil3D 2005 of Autodesk. We added some modules to 
Civil3D 2005 as plug-in. Then, we can show drawings of the parametric information 
model (Fig.7). 

 

Fig. 7. A sample drawing rendered with parametric information model 

<CrossSections>
<CrossSection alignmentRef="BRamp">
<CrossSlope name="LeftLane" slopeType="%" slope="-2.0">

<SlopeChange staStart="64.111" staEnd="120.445" startSlope="-2.0" endSlope="
8.0"/>

<SlopeChange staStart="120.445" staEnd="150.416" startSlope="-8.0" 
endSlope="-8.0"/>

<SlopeChange staStart="150.416" staEnd="206.749" startSlope="-8.0" 
endSlope="-2.0"/>
</CrossSlope>
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4.2   How to Use the Prototype System 

The site workers can check anywhere whether or not the formation is in good con-
formance with, using the parametric information. The process is as the following. (1) 
We install survey equipment that has parametric information at the site. (2) We calcu-
late the point of the equipment. (3) At any cross section, we can set a target for the 
point that is compared with the planned form. (4) We see a target point at the site. (5).  

Given point A
(X,Y,H)

Ｎｏ．６

（１）The installation
（２）Computation point C
（３）Select a target
（４）See the target
（５）Measure the coordinate 
（６）Record the result

Repeat from 
(3) to (6)

Select a cross
section Record datasetSelect a target

Difference between 
a designed data 
and measured data

Given point B
(X,Y,H)

Instrument point C
(X,Y,H)  

Fig. 8. Process of checking form at the site 

If the measured data is out of conformance 
rage, it seems to be a red point.

Difference of 
measured data in a 
horizontal direction

Conformance range in a 
horizontal direction

Conformance check 

 

Fig. 9. A sample checking form on the experiment system 
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We measure a coordinate of the form. (6) We record the result of measurement 
(Fig.8). We repeat the process from (3) to (6) until all check points are measured. This 
prototype system was developed by expanding FC-1000 of TOPCON Corp. 

By using the data given by the surveyor, the site manager can check the confor-
mance of the site formation with the planned design (Fig.8). If the data is in good con-
formance, the check passes. If the data is not in good conformance, the check does not 
pass. We can define the range of conformance for reasonably close conformance. This 
prototype system was developed by expanding KOISHI-3D of KOISHI Corp. 

5   Conclusions 

In this paper, we showed that the cooperative construction management with design-
ers using the parametric design model was useful, efficient and precise. 

The parametric design model is able to contain the primitive road elements of 3-D 
composition. The elements are the alignment, the profile, and the cross sections. 

We made the system that uses this information model containing instruction, form 
work, expanded LandXML, and other files. The designer of the client is able to use 
the system for parametric design. 

Once the designer creates information of parametric design, the worker in the con-
struction phase can apply the information of parametric design to construction man-
agement, e.g., ‘finishing stake’ instruction, form management, change of previous de-
sign, inspection, etc. 

Then, the site workers can check anywhere whether or not the formation is in good 
conformance with, using the parametric information. Finally, the site manager can 
check the conformance of the site formation with the planned design. 
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Abstract. The theoretical foundations that were developed and validated in a 
research work in order to the conceptual design systematizing of complex sys-
tems or processes, are presented in this paper. From the earliest design stages, 
two approaches of concurrent engineering, the Initial  Specification and Con-
ceptual Design, were integrated, the design for functionality (DFF) and design 
for environment (DFE).  The obtained results are significant and novelty, be-
cause  they determined  the formal and heuristic required knowledge to the con-
ceptual design systematizing. On the other hand, this work defined the nature 
and architecture of the required prototype software. The proposed foundations 
were validated on the conceptual design cases of the bulk solids handling and 
primary processing continuous system due to the obtained solutions with pre-
scribed methodology were satisfactory, it was verified that the development 
foundations are rights. 

1   Introduction 

In this paper are presented the research work results, whose goals were to develop the 
knowledge engineering and define the characteristics of a software to assist the stage 
of the conceptual design of complex systems, integrating two concurrent approaches, 
DFF (design for functionality) and DFE (design for environment) from the earliest 
design stages,  in other words, the initial specification and conceptual design. 

In order to make possible  a knowledge based system or knowledge based hybrid 
system was necessary to support on process design models such as: French [1], Pahl 
& Beitz [2], VDI-2221 [3]. However, these models must be adapted to apply them 
integrating different concurrent approaches in the conceptual design stage, because, 
they were developed before the concurrent engineering emerging. 

Some of the first works with the referenced purpose were the  Chacrabartti work 
[4] and Cabarrocas work, Chacrabartti developed methods and a software prototype to 
assist the conceptual design of systems to changing forces and movements, starting 
from a functional analysis of  system to design. In this same direction, Cabarrocas 
([5], [6], [7] y [8]) contributed to the theoretical foundations to conceptual design of 
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drive systems with multiple operation modes. In our revision, there are other works in 
the conceptual design area with a DFF perspective, noting their references [9] y [10]. 

To reach this general purpose was necessary to employ the methodological stages 
that will be commented. In the first place, an overview of the state of art and the 
analysis of many real design cases were realized to know the different models of 
design process that were previously developed, and also it was important to determine 
their limitations when were applied them on real design cases with a concurrent  
approach. 

In this way, the opportunities to reach the concurrence, as well as the design con-
cepts and their relations were identified in the stage of the bibliographical exploration 
and the analysis of real cases. After of this, in the second stage was called stage of 
theoretical foundation formulation, with aim to solve the limitations of previous mod-
els, it was proposed one modified model for conceptual design, the methods for each 
one its stages, the total required knowledge including the previous concepts, the new 
design concepts as its heuristic components and their interrelations. Then, to verify 
the validity of proposed foundations, it was compared the goodness of the obtained 
solutions using these new theoretical foundations with the solutions obtained with 
traditional methods. And finally, the architecture and the required characteristics of a 
prototype computing system were proposed too. 

For making easier the understanding of the developed contributions in this work, 
this paper has been divided in the following sections: the first section is about Com-
position, Interrelations and Nature of Required Knowledge. The second section is 
described an Integral Model for Conceptual Design “IMCD”, in third section are 
exposed the methods for each one stages of this model, and the last section, the ob-
tained results in validation stage are shown. 

2   General Composition and Nature of Requiered Knowledge for 
Conceptual Design 

The obtained results in this paper demonstrate that the required knowledge basis in a 
system of assistance to designer in systematic execution of the conceptual design 
stage must have a formal component and an heuristic component. The Table 1 pre-
sents the detailed composition of required knowledge basis. 

The formal component must be composed by a new model or modified model of 
conceptual design process that allows the integrating of different concurrent engineer-
ing approaches, as well as the required methods to develop each design stage and a set 
of concepts related to the following areas: Engineering Design, Concurrent Ap-
proaches to integrate and particular concepts of application area. 

On the other hand, the heuristic component must be integrated by rules, strategies 
and criterions that the designers obtain from their experiences aim to reduce the size 
of searching space and make easier the generation of solutions to the problem. Also, 
the component heuristic should allow to estimate the values of specifications to define 
in the initial specification stage. Additionally has been defined some elements as 
chain types and the types of flow branches that allow to simplify the design problem 
by its division. 
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Table 1. Nature and Composition Required Knowledge to Conceptual Design 

Of General Application in Engineering De-
sign 

Of Specific Application in 
Handling Continuous Systems 

Stage of 
Application 

Formal: Models, meth-
ods and concepts 

Heuristic: 
Strategies, 

criteria and 
rules 

Formal Heuristic 

A
ll 

D
es

ig
n 

P
ro

ce
ss

  

Design Process, Integral 
Model, Engineering Design 
Knowledge Basic Compo-
nents: Formal (Models, 
Methods, Concepts,…) and 
Heuristic (Strategies, Criteria 
and Rules).  

Rules to Se-
lection the 
Methods by each 
design stage 
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ci
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tio
n 

St
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MEPEIS Method, Suffi-
cient Initial Specification, 
Insufficient and Hiper-
specification, Basics Compo-
nents of Design Problem, 
DFX Requirement Catego-
ries, Redundant Require-
ments, Knowledge Compo-
nents Relations, Flow Nodes 

Strategies: 
Categorizing, 
Checking List 
Use and Depura-
tion 

Requirements List 
by Category, 

Flow Type: Con-
tinuous, Intermittent 
and in Storage 

 

D
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d 
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d 
F
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MEDGESF Method, 
Global Function, Basic 
Function, Derived Specifica-
tion, Flow Chain, Flow 
Branch, Initial Basic Function 
Groups, Initials, Intermediate, 
Finals, Joint and Divergence 
Basic Function Groups, Flow 
Chain Types, Flow Branch 
Types, System Functional 
Structure’s Matrix 

Rules to do-
ing Deducted 
Specification 
and Insert the 
Basic Function 
Groups 

Typical Global 
Function List  (12),  

Basic Function List 
(21): Initial Functions, 
Intermediate Func-
tions, Final, Joint and 
Divergence Functions, 
Derivate Specification 
Matrix (System, 
Chains and Branches) 

Matrix of In-
sertion Rules to:  

Initial Func-
tions, Intermedi-
ate, Finals, Joint 
and Divergence 
Basic Function 
Groups 

Sy
nt

he
si

s 
of

 S
o-
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tio
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MESISOLC Method, 
Global Solution, Elemental 
Solution, Global Conceptual 
Specification, Elemental 
Conceptual Specification, 
Heuristic Reduction, Heuristic 
Based Models to Conceptual 
Specification 

Reduction 
Heuristic Criteria 
(DFX), Reduc-
tion Rules, 
Elemental 
Conceptual 
Specification  
Rules 

Global Conceptual 
Specification Matrix 
and Elemental Con-
ceptual Specification 
Matrix 

Matrices de 
Criterios y de 
Reglas de Acota-
ción, Matrices de 
Reglas para 
Especificación 
Conceptual 

So
lu

tio
n'

s 
E

va
lu
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MEPEIA Method, 
Phase’s Model, Emissions, 
Environment Impact Potential 
Forms, Heuristic Based 
Model to Estimate Emission 
Levels, absolute and relative 
potential impact indirect index 

Estimation 
Emission Levels 
Rules 

Environment 
Emission Evaluation 
Matrix, Emission 
Forms Basis: Consume 
Resources, Emissions 
and wastes 

Emission 
Forms Levels 
Estimation Rule 
Matrix 

And finally, it were defined also, the heuristic knowledge to realize the derivate 
specification, the functional construction, the synthesis of solutions and their envi-
ronmental evaluation in the conceptual stage, which is very useful if it consider that 
the level of information available in this stage is very low. 



 Theoretical Foundations for Knowledge-Based Conceptual Design 169 

Not only in this paper were defined the required knowledge components of this ba-
sis, but the necessary relations between its components. It is to say, it was define that 
kind of system structure should be similar to a Knowledge Based Hybrid System, 
which is an important contribution, because this does possible the actualization capa-
bilities of Knowledge Basis, as well as the learning and explication capabilities, this 
last opinion is shared by Dixon and Finger ([11], ([12], [13] y [14]), who think that to 
reach these capabilities it is important has a clearly definition of the system architec-
ture, as well as of the relations and structure required in the knowledge basis. 

3   Integral Model for Conceptual Design “Imcd” and the Methods 
for Its Stages 

In this search work with the purpose of integrate two concurrent approaches, it was 
modified the design process model developed by Pahl and Beitz [2], because the same 
one was proposed before the formal emerging of concurrent engineering. The pro-
posed model was developed by identifying the limitations of the Pahl & Beitz’s 
Model to integrate a concurrent engineering vision when were applied to the concep-
tual design cases of complex facilities for handling and continuous processing of bulk 
solids materials, considering in simultaneous the Design for Functionality and Design 
for Environment (Figure 1). 

To overcome the exposed difficulties, the design researchers had developed many 
works to improve or modify the traditional design methodologies, we think that to 
implement with successful the concurrent engineering in the conceptual design a 
design meta-model should be obtained, as an result of the synthesis from multiple 
research works on specific areas. 

In general, the Pahl and Beitz model consist of five stages, look it in the figure 1, 
these stages are: Task Clarification, Conceptual Design, Preliminary Sketch Devel-
opment, Definitive Sketch Development and Detail Design. 

Particularly, the Pahl and Beitz’s Model describes better the product planning 
process and how you find a product idea, but it does not present how must be done the 
task clarification, because it presents the questions that the task clarification must 
answer, but it does not say how should you find the correct answers to these ques-
tions. Because Pahl and Beitz only describes the characteristics of a good specifica-
tion, it is necessary to complement this work, with the development of new methods 
or stages that allow to reach it. 

While Pahl and Beitz defined six steps for the conceptual design of products, in 
this work it is consider that in order to the conceptual design of complex systems or 
facilities is necessary to introduce justly behind a new stage called the Derivate Speci-
fication. The derivate specification allow to identify and characterize the independent 
flow groups inside the system with their inter-relations by means of a comparative 
analysis of the characteristics between the inlet and outlet flows, such information it 
must be integrated in clarification or Initial Specification. 

Finally, this last analysis will allow to deduce new specifications called derivate 
specifications about the flow groups or independent flow chains that it are required to 
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 the system fulfils with its objectives . This characterization of the independent flow 
groups it will help in the decision about which functions must be inserted in the func-
tional structure. 

In order to complement the Pahl and Beitz’s model, specially in the task clarifica-
tion and conceptual design stages, it has proposed introduce the Derivate Specifica-
tion Stage, to make easier the functional construction by means of a clearly definition 
of the flow relation between the inlets and outlets to the system. The previous goal is 
possible identifying the independent flow groups, that it has been called Flow Chains 
in this research work. 
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Fig. 1. Design Process Model of Pahl and Beitz 

This flow chains would are consist of flow branches, as much the Flow Chains as 
the Flow Branches will must be characterized by means of new specifications de-
ducted from the founded differences between the characteristics the inlet and outlet 
flows. 

This a new stage has been be added to the design process model, with a new 
method that it has been developed for it, the obtained results with this allow to  
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identify which rules of construction functional must be applied. In other words, the 
deducted specifications are the conditions that allow using the construction functional 
rules. 

They had been defined and they must be integrated to the heuristic component of 
knowledge Basis. Thus, The Derivate Specification Stage is very useful, because it 
allow to simplify the design problem by its division in flow chains. 

 

Fig. 2. Integral Model for Conceptual Design (IMCD) 

Although the introduction of the Derivate Specification Stage to modify the model 
of Pahl and Beitz was validated on the conceptual design of the bulk solid materials 
handling systems and primary continuous processing systems, we consider that they 
could be applied it in any engineering area to obtain conventional or novelty solu-
tions. The proposed modified model (IMCD MODEL) is shown at figure 2. 
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It is very import note that also, in the catalog conceptual design case a computing 
tool could be applied; for this purpose a the IMCD model and with the defined 
knowledge basis must be developed. It is believed that software this nature almost 
that should automatically generate the solutions; while in the generation of novelty 
solutions, the software behavior should be as an advisor through all the design  
process. 

Additionally, in this research were proposed and were validated four methods in 
order to realize each one of the IMCD stages. These methods are: 

o Sufficient Initial Specification Method (MEPEIS) 
o Method to Generate the derivate specification and the functional struc-

tures (MEDGESF) 
o Solution Conceptual Synthesis Method (MESISOLC) 
o Method to evaluate the potential agents that affect the environment 

(MEPIEA) 

Now in the following subsections, each method to stages of the IMCD model will 
be presented with detailing. 

3.1   Sufficient Initial Specification Method (Mepeis)  

This method as the developed knowledge basis to Initial Specification Stage allow to 
transform the problem design from a vague information state related to the user’s 
need to an sufficient information state about the task clarification. This is possible, by 
means of the combination of three strategies: The Categorizing, The Check List Using 
and the Depuration of Requirements. 

These strategies allow the obtaining a state of sufficient clarification about Design 
Initial Specifications; and also to verify the independence of the functional require-
ments that it has been fixed. In this way, the minimum information axiom and the 
independence axiom proposed by Suh N. [15] are satisfied. Now, it will expose the 
purpose of each one of the strategies. The graphical meaning of MEPEIS Method is 
shown in Figure 3. 

The categorizing strategy allows to identify the components of design problem. It 
is to say, the same system, the environment and the inlet and outlet flows; as also it 
allows to define the requirement categories related to each concurrent approaches that 
it would wish to integrate in the process. After that, it has been defined these catego-
ries, the designer must analysis many design cases and extract to typical requirements 
for each category, these set of requirements must be attached to a non-purified check 
list: The non-purified check list employed should be used in future design cases to get 
the completeness of initial specification. 

However up to this point, the independence of requirements there has not been 
verified and for this reason, a depuration strategy must be used. In the first place, this 
strategy would be useful to list the influential variables for each requirement and to 
identify sets of requirements that depend on the same group of variables. These sets 
have been called sets of requirements potentially redundant. These potentially redun-
dant sets must be evaluated by designer, and finally, he must decide if they should be 
eliminated or not. Therefore, this last strategy aims the depuration of requirement sets 
that will be used in the initial specification. 
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Fig. 3. Diagram of Sufficient Initial Specification Method (MEPEIS) 

3.2   Method for Generating of Derivate Specification and Functional Structure 
(Medgesf) 

In the same way with Method for Derivate Specifications and Generating of Func-
tional Structures  and with the developed knowledge for this stage, it is able to 
transform the information state about the design problem from information related 
with task clarification to information about of the required functional structure for 
the system that it must be designed. 

This Method allows us to obtain the Derivate Specification and to realize the 
construction of functional Structure, which are activities includes into the IMCD 
model. In the first place, The MEDGESF method allows us to divide the systems 
into independent flow groups, which had been called Flow Chains. 

After, these chains also are divided in flow branches and characterized by means 
of the derivate features deducted from initial clarification using rules include in 
knowledge basis. The derivate features are the starting point to employ another set 
of rules, which are within the knowledge basis, and that it has been defined as set 
rules for the insertion of functions. 

The rules to integration of functions allow us to identify which functions must be 
introduced or applied. A novel concept that was denominated “Basic Function 
Groups” was developed in this work, to avoid the problems in the definition of the 
precedence relations between the functions that it must introduced (see this method 
in figure 4). 

A group of functions is a set of basic actions, which are located in a habitual 
place and they have a typical aim within a flow branch. In this work were defined 
the different types of function groups that must integrate any kind of flow branches. 
These flow chains, flow branches and functional groups are an initial step in the 
definition of the required architecture of the system to design it 
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Fig. 4. Method to derived specifications and functional structure generation (MEDGESF) 

3.3   Method for Conceptual Synthesis of Solution Alternatives (Mesisolc) 

By other hand, The MESISOLC method allows to synthesize the alternatives of solu-
tion starting from functional structure, since it overcomes the problem of excessive 
size of the solution field by applying of a strategy of heuristic narrowing. This strat-
egy should be employed including different approaches (DFX), and it was demon-
strated in this research, that it has effectiveness higher than 99,99 percent for narrow-
ing of the theoretical field of solutions. The strategy is one of the most important 
contributions of this research. The MESISOLC method joined to the developed 
knowledge basis allow to the transformation the state of design problem from a func-
tional structure to a set of alternative solutions with reasonable size. (Figure 5). 

In spite of the low level of available information in the conceptual design phase, 
the MESISOLC employs too a strategy of heuristic of modeling to estimate the speci-
fication values or hoped levels of performance for each one of the alternatives. For 
this objective are used different rules about distinct approaches (DFX) to include. The 
estimation of performance levels is supported on heuristic modeling, which become 
an important tool when it is desired to evaluate each one of the solutions with respect 
to a performance pattern predefined by the initial specification, such as it occurs in the 
conceptual design stage. 
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Fig. 5. Method to Conceptual Synthesis of Solution Alternatives MESISOLC 

3.4   Method to Evaluate the Potential Environmental Impact (Mepeia) 

Finally, it is possible by the using of the MEPEIA method and the developed knowl-
edge basis to estimate the resources and the emissions of material and energy in all 
the lifecycle of the each alternative. In the same way, through of a collection of rela-
tives parameters and criterions are ordered the alternatives in function of its environ-
mental goodness, which is determined by the resources and emissions associated to 
the lifecycle phases of the each one of these alternatives, with independence of the 
specific answer of the environment on the same ones. 

However, this method allows to consider the relative importance of these aggres-
sion forms in according to the particular circumstances of an environment or sur-
rounding [16] y [17]. 

In the MEPEIA method are combined two strategies. The first one, it is the use of 
an model of phases and the second, is the employment of the weighed criterions, 
which allows the environmental evaluation in the lifecycle, integrating simultaneously 
different ways of environmental aggressions, with distinct relative weights in accord-
ing to the type of surroundings where is want to install the system in process of de-
sign, Figure 6. 

The model of phase allows us to analyze the interaction between the system and its 
surroundings throughout its lifecycle. While the weighed criterions leads to the  
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obtaining a global relative comparison, which is very important in the decision taking 
with a high level of objectivity, in spite of the poor level of the available information 
in the conceptual design stage. 
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Analysis and Weighed 

of the Environmental Impact Ways

at the life cycle

Determination and Compilation 

of parameters to measure 

The Environmental Impact 

Determination of the individual values 

Determination of the Relative Global Value

Comparison of Solutions

Solution Choice 

END

START

Application of the Metabolic Model 

To Identify all the Environmental Impact Ways

at the life cycle

Analysis and Weighed 

of the Environmental Impact Ways

at the life cycle

Determination and Compilation 

of parameters to measure 

The Environmental Impact 

Determination of the individual values 

Determination of the Relative Global Value

Comparison of Solutions

Solution Choice 

END
 

Fig. 6. Method to Evaluate the Potential Environmental Goodness MEPEIA 

4   Validation of Model (Imcd) and the Knowledge Bases 

To apply the model and developed methods on specific problems in the field of the 
continuous systems to handling and the primary processing of bulk solid materials, it 
is necessary to introduce a particular knowledge related to this field, as well as, it is 
required a knowledge of general level that must be included in the knowledge basis. 

In this research, the two kinds knowledge were developed. It is think that the de-
veloped model (IMCD) and its methods are of general applicability, while, to they can 
de used in specific fields must be developed the required particular knowledge. Two 
cases of the employed in validation are described in the attachments of this  
paper. 
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4.1   Case 1 

It will starting with the most simple of studied cases, an Mining Industry requires to 
built a harbor dispatch system that it is able to handle coal to a rate of 800 m3/h from 
rear dumps of 20 m3 to ships of 15000 m3 of capacity. For reasons of low depth of 
waters, the ships should be anchorage to 100 meters of the coast (see Figure 7). Apply 
the developed methodology to obtain the solution alternatives. 
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Muelle1 Ne

1Ns

It

40 m 40m

Ship

Deck

Rear dump
Trucks

Embarcación
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100 m
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Deck

Rear dump
Trucks

 

Fig. 7. Case 1, General View 

After the stages of initial specification, derived specification and functional con-
struction had been developed, it was required to obtain the functional structure of 
system, which is shown in Figure 8. 

In this case, the obtained functional structure has eight functions: Reception, Con-
duction, feeding, Conduction, Transport, Ship loading and Conduction. If it is desired 
to obtain the theoretical field of solution alternatives from them, like a systematic 
combination of individual solution concepts for each function, then the size of theo-
retical field of solutions will be explosive, like is shown in the two equations, after of 
figure 8. 

 

Fig. 8.  Functional Structure of Harbor Dispatch System 

TCS Ccrp Rpes TCS Ccrp Rpes pfbi
p

pmáx
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(1) 

The expression (1) shows the theoretical size of  the solution field that it was ob-
tained by means of systematic combination. While the  expression (2) allow to calcu-
late the size of solution field after to apply the narrowing heuristic strategy. 
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(2) 
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Table 2. Solution Alternatives to a Coal Harbor Dispatch System1 

Position Num
ber 1 2 3 4 5 6 7 8 

ALT. ID.  

1 R(TPP/L) C(RE) ED(C) C(INT) T(CS) C(INT) CM(MBR) C(T) Alt(Ai-1) 

2 R(TPP/L) C(RE) ED(C) C(INT) T(L) C(INT) CM(MBR) C(T) Alt(Ai-2) 

3 R(TPP/L) C(RE) ED(C) C(INT) T(CS) C(INT) CM(MBRRe) C(T) Alt(Ai-3) 

4 R(TPP/L) C(RE) ED(C) C(INT) T(L) C(INT) CM(MBRRe) C(T) Alt(Ai-4) 

5 R(TPP/L) C(RE) ED(VCB) C(INT) T(CS) C(INT) CM(MBR) C(T) Alt(Ai-5) 

6 R(TPP/L) C(RE) ED(VCB) C(INT) T(L) C(INT) CM(MBR) C(T) Alt(Ai-6) 

7 R(TPP/L) C(RE) ED(VCB) C(INT) T(CS) C(INT) CM(MBRRe) C(T) Alt(Ai-7) 

8 R(TPP/L) C(RE) ED(VCB) C(INT) T(L) C(INT) CM(MBRRe) C(T) Alt(Ai-8) 

9 R(TPP/L) C(RE) ED(P) C(INT) T(CS) C(INT) CM(MBR) C(T) Alt(Ai-9) 

10 R(TPP/L) C(RE) ED(P) C(INT) T(L) C(INT) CM(MBR) C(T) Alt(Ai-10) 

11 R(TPP/L) C(RE) ED(P) C(INT) T(CS) C(INT) CM(MBRRe) C(T) Alt(Ai-11) 

12 R(TPP/L) C(RE) ED(P) C(INT) T(L) C(INT) CM(MBRRe) C(T) Alt(Ai-12) 

Alter
na-
tives 

Recep-
tion 

Con-
duction 

Extrac-
tion 

Con-
duction 

Trans
port 

Con-
duction 

Ship loading
Con-
duc-
tion 

 

Basic Functions 

This situation could be solved using a the heuristic strategy of narrowing, it was 
developed in this research. Through this strategy was obtained effectiveness higher 
than 99,99 % in the reduction of the size of theoretical solution field, using criterions 
and narrowing rules, only of functional and environmental nature, that were defined 
for each one of the solution sets for the basic functions. 

When are contrasted the sizes of the theoretical field with narrowed field, it is pos-
sible to affirm that this strategy reduces significantly the size of the narrowed solution 
field.  

The size of theoretical field defines a great variety of possibilities, but at the same 
time this fact is a weakness, because is practically impossible their total evaluation. 
For this reason, it was demonstrated that a heuristic narrowing strategy like the devel-
oped, it is powerful means to transform the theoretical field, of excessive size, to a 
narrowed field with reasonable size. 

To generate systematically this narrowed field of solutions, it was reasonable to 
employ a similar process to the morphological charts. In Table 2 each row correspond 
a general solution alternative. For example, the first row correspond to the Alternative 
No. 1, which in this case, will be integrated of a receiver or pyramidal hopper 
(R(TPP/L)) to receive and contain the flow comes from the rear dump trucks, leaving 
it ready to be conduct by skirt board (C(RE)) and extracted from there by a belt feeder 
or extractor (ED(C)), after this would be conduced by an intermediate chute C(INT) 
up to a standard conveyor belt T(CS), that would transport it to a mobile mechanical 
ship-loader CM(MBR), which finally, would give it to the ship-vessels through a final 
conduct or telescopic chute C(T). 

In spite of the poor level of detail that exists in the conceptual phase, the concep-
tual specification and the environmental evaluation of the twelve alternatives formu-
lated must be obtained, for this aim the MEPEIA Method was used, the results can be 
                                                           
1 In order to the meanings of abbreviations see No.1 appendix.   
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observed in the Table 3. In the weighed environmental evaluation that was obtained, it 
was included all the stages of the lifecycle of system and their ways of potential  
aggression. 

Table 3. Global Evaluation of Relative Environmental Goodness in the Life Cycle for the 
narrowed solution field 

FIA(l) 
Material 

Resources 
Energetic 
Resources 

Material 
Wastes 

Wastes of 
Energy 

Solid 
Emissions 

Noise 
Emissions 

ID. 
Alt Irel(Ai-j) W(l) Irel(Ai-j) W(l) Irel(Ai-j) W(l) Irel(Ai-j) W(l) Irel(Ai-j) W(l) Irel(Ai-j) W(l) 

Total 

Sum(Irel*W(l)) 

(Ai-1) 0.38 0.14 0.26 0.2 0.27 0.12 0.27 0.17 0.33 0.2 0.33 0.17 0.27431 

(Ai-2) 0.57 0.14 0.32 0.2 0.31 0.12 0.32 0.17 0.33 0.2 0.33 0.17 0.35801 

… …  …  …  … … … 

(Ai-12) 0.5 0.14 0.41 0.2 0.42 0.12 0.41 0.17 0.33 0.2 0.33 0.17 0.36768 

Irel*W(l) 0.14 0.2 0.12 0.17 0.2 0.17 1.0 

 
According to the results shown in the last column of Table 3, it is easy to visualize 

that the best alternative with respect to the environment goodness is the number No. 1 
(Ai-1), considering the weigh established for the distinct criterions, because it had the 
lowest value to the relative aggression factor. 

4.2   Case 2 

Now, it will expose some results obtained in other practical case, which is more com-
plex than the past. In this case, it is desired to obtain the conceptual alternatives for a 
crushing system preparing of concrete aggregates, in which the material without 
treatment is transported from the quarry by rear dump trucks. The system must pro-
duce aggregates with specified sizes for the concrete production. The required sizes 
ands their flows can be view in the Figure 9. 

System

Flow Stage: (It)

Node: 1 Ne

Flow: 100m3/h

Max. Size: 0,4m

(1Ns), 12m3/h, (0.05 to 0.025)m,.., Cn

(2Ns), 30m3/h, (0.03 to 0.12)m,.., Cn

(3Ns), 18m3/h, (0.025 to 0.012)m,.., Cn

(4Ns), 9m3/h, (<0.003)m,......., It

Flow state: (It)

 

Fig. 9.  Black box of a Crushing and Classification 

Also, after the specification stage and derived specification were concluded, it was 
obtained for this system the functional structure (see figure 10). This is very more 
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complex than the last, because it had four material outlets. From this block structure 
was obtained a theoretical field of 6,04*104 alternatives through a systematic combi-
nation of concepts for each one of functions. Evidently, it was impossible to evaluate 
it totally with traditional tools this theoretical field by its excessive size. 

 

Fig. 10. Functional Structure of an Aggregates Production Plant 

Table 4. Comparative Matrix of Weighed Potential Impact of different alternatives in the 
lifecycle 

 Forms of Environmental Aggression during the Lifecycle FIA(l)  

 
Material 

Resources 
Power 

Resources 
Material Wastes 
pre-operation 

Power Wastes 

Particulate 
Material 

Emissions in 
Operation 

Noise 
Emissions in 

operation 
 

Id. Alt. Itrel W(l) Itrel1 W(l) Itrel1 W(l) Itrel1 W(l) Itrel1 W(l) Itrel1 W(l) Igrel(Ai-j) 
(Ai-1) 0.469 0.53 0.48 0.578 0.53 0.497 0.53661 
….. ….. …. …. … … … … 
(Ai-192) 0.51 

0.14 

0.47 
0.2 

0.52 
0.12 

0.422 
0.17 

0.477 
0.2 

0.503 

0.1
7 

0.46339 
TOTAL 0.14 0.2 0.12 0.17 0.2 0.17 1.0  

The application of a narrowing heuristic strategy with functional and environ-
mental criterions reduced the largely size of the solution field from 6,04*104 to 3888 
alternatives, which allowed to demonstrate that the effectiveness of the landmark 
strategy is superior to 99,999 %. Also it is obvious that if this strategy was applied 
including other criterions (DFX), easily the size of the solution field obtained it could 
be bellow to 200. 

In this case, it was applied additional narrowing criterions, such as reliability and 
initial cost; the narrowed solution field was reduced from 3888 to 192. The executed 
environmental evaluation for the field of feasible solutions can be appreciated on 
Table 4. It was omitted for reasons of available space, in this document, the evalua-
tion results of all the feasible alternatives. 
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In general, if it is considered the goodness of the obtained results for all studied 
cases and special for the two presented cases, it had demonstrated that the application 
of model IMCD to real design problems is effective and convenient, because it allows 
to the integration concurrent engineering approaches without misfortunes, approaches 
such as Design for Functionality (DFF) and Design for Environment (DFE) were 
integrated. 

5   Conclusions 

In order to facilitate the understanding of the conclusions, it will be presented them 
from two points of view.  In the first place, it is consider the novelty of the obtained 
results and it is considering the future research works that could be developed. 

Importance and Novelty of the Contributions 

Such as it appears in three related sections, although this research is in the same line 
of the works of Chacrabarti and Cabarrocas ([18], [19], [20], [8]) functional (DFF) is 
newness, but the obtained results demonstrate its effectiveness and complementari-
ness with relation to these previous works, because it does possible to develop the 
conceptual design of complex systems or macro-systems integrating the approaches 
of DFF and Design for environment (DFE). Therefore, it allows to the generation of 
solutions integrated by systems in themselves (machines), instead of simple concepts; 
in agreement with the bibliographical revisions realized, this it would be the first 
work of this nature. 

The contributions of this research are not only the development of a model modi-
fied for conceptual design MIDC, but the methods and the formal and heuristic 
knowledge for the systematic execution of the conceptual design integrating the ap-
proaches of design DFF and DFE. In other words, also in the research was developed 
totally the required knowledge engineering starting from the particular study of design 
of the continuous systems to handling and primary processing of bulk solid materials 

Perhaps in this research according to Riba C. [21] the most important concept 
within the developed concepts is of the Derived Specification. Because with the tradi-
tional models was not possible the systematization of the functional construction from 
the initial specification, by the lack of a stage where were identified and characterized 
the independent groups of relations between inlet and outlet flows of the system to 
design. The value of this concept is that by a side, it simplifies the design problem by 
its division in flow chains and flow branches. And by the other hand, it directs us 
towards the functional construction by means of the characterization of the chains and 
the branches, which allows us to identify the rules for insertion of the basic groups of 
functions (GFB) and where should be them introduced. 

The novelty and importance of the developed methods can be synthesized like  
follow: 

o Method for Sufficient Initial Specification. Unlike Kusiak [22], [23], [24], y 
Suh [15] whom described the characteristics of a suitable specification, in this 
research was developed the MEPEIS method, which combines three strategies 
for get it. They are Categorization, Check Lists Using and Depuration  
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Strategy. The useful of this method had been demonstrated by two reasons: 
First, because it allows us to transform the design problem from the state of 
vague clarification about the need to a state of adequate clarification, through 
of a sufficient number of requirements. And second place, by the integration in 
the conceptual design of the DFF and DFE approaches from this early stage. 

o Method for Generating of Derived Specification and the Functional Structure 
MEDGESF. It is possible conclude that with the MEDGESF method, in which 
are combined a heuristic and systematic approaches to execute a preparatory 
step to the functional structuring called Derived Specification, it is easier to the 
transformation of the design problem from initial level of requirements to the 
level of functions with their relations. It is possible to reach it with a coherent 
combination of “algorithms” and rules, which simplify it or to divide the prob-
lem in chains and branches, and they allow their characterization too. With it, 
it is possible to identify so much the global functions as the insertion rules of 
the groups of basic functions, that progressively they will be employed to ob-
tain the functional construction of the system. 

o Method for the generation of Conceptual Solutions MESISOLC. Also, it was 
demonstrated that with this method of systematic and heuristic nature 
(MESISOLC), it is possible to transform the design problem from functions 
level to a field of solutions with reasonable number of feasible alternatives, 
which is one of the main objectives of the conceptual design phase. 

Definitely, the success of this method was verified by the high level of effec-
tiveness of the strategy of heuristic landmark that it was introduced (> 99.999 
%), which has allowed surpassing the disadvantage of an explosive size of the 
theoretical field of solutions that it is obtained when are employed of the tradi-
tional systematic methods of synthesis. In addition, the bibliographical explo-
ration had ratified that this contribution is novel in relation with the previous 
works, since they had not approached explicitly this problematic. 

o Method for Environmental Impact Evaluation, MEPEIA. It was developed a 
method whose newness consists of the employment of a metabolic model and 
weighed criterions. This combination allow us to realize an evaluation consid-
ering multiple forms of aggression with dissimilar relative weigh throughout 
the lifecycle of each one of the generated alternatives. 

The first strategy allows the analysis of the interaction between the system 
and its surroundings during the phases of its lifecycle, with the purpose of identify-
ing the aggression ways. The second one, it allows us to reach a relative global 
comparison. In the early phases of design, this last one strategy allows to a multi-
criteria evaluation instead of an ordinal mono-criteria evaluation derived from ab-
solute values employed by Graedell [25]. 

Future Works 

The following complementary research works can be visualized from the obtained 
contributions and considering the premise that a general design methodology will be 
progressively obtained by means of multiple works of application on specific areas: 
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o It is necessary, to develop completely an improved computer tool to assist 
this process with the purpose to increase the performance level and to in-
clude the explication and learning mechanisms, which are required in this 
kind of systems. 

o It is necessary too, the development of the foundations for integration in a 
SIADC system of 3-D schematization (Layouts) of the solutions, consid-
ering an adequate management of space and physical constraints. The si-
multaneous considering of spatial restrains and the functional design, it 
will lead us to the insertion of basic functions to evade the physical obsta-
cles. Because functional changes will reflect on the solution composition, 
it is opportune the considering simultaneous of the spatial limitations and 
the functional design, especially in the early phases of design. With this, it 
will be possible to reduce significantly the costs and the development 
time. However, it is an ambitious goal regarding that the geometrical and 
dimensional characteristics of the commercial equipments are very  
different. 
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Appendix 

NO.1. LIST OF ABBREVIATIONS 

R(TPP/L): Receptor type pyramidal hopper for lateral / rear 
dump 

M(B): Ball Mill 

R (TPV): Receptor type pyramidal hopper for bottom dump M(Tub): Tubular mill 

ED(P) Plate Feeder  M(Co): Combined mill 

ED(VCB): Vibratory feeder of low depth M(Ce): Ceramic carcass mill 

ED(A): Reciprocating feeder M(A): Autogenous mill  

ED(C): Belt feeder M(V): Vertical mill 

ED(T): Screw feeder M(A): Ring mill 

ED(V): Rotary feeder R(EC+TC): Belt conveyor – Reclaim 

T(C): Belt Conveyor R(ECa+TCa): Chain Conveyor – Reclaim 

T(CF) Flexowell conveyor R(ET+TT): Screw conveyor – Reclaim 

T(L): Plate Conveyor R(EV+TT): Rotary Valve – Screw conveyor Reclaim 

T(B o E): Bucket conveyor R(EC+TC): Rotary Valve – Belt conveyor Reclaim 

T(CA): Drag chain conveyor R(EV+AD): Rotary Valve – Air-slide Reclaim 

T(T): Screw conveyor R(Rasc 
Lat+TC): 

Scraper – Belt conveyor Reclaim 

T(V): Vibrating conveyor CF(MBR): Pivot mechanical ship-loader 

T(A): Reciprocating conveyor CF(NBR): Pivot pneumatic ship-loader 

T(PN): Pneumatic Conveyor CF(MBRe): Fixed pivot mechanical retractile ship-
loader  
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T(AD) Air-slide conveyor CF(NBRe): Fixed pivot pneumatic retractile ship - 
loader 

A(SMNP): Silos for non-sticky materials CM(MBR) Mobile pivot mechanical ship-loader 

A(SMP) Silos for sticky materials CM(NBR) Mobile pivot pneumatic ship - loader 

A(SMF): Silos for aerated materials  CM(MBRRe): Mobile pivot mechanical retractile ship-loader 

A(AC): Cone stockpile CM(NBRRe): Mobile pivot pneumatic retractile ship-
loader 

A(AL): Linear stockpile DF(MBR): Pivot mechanical ship-unloader 

A(AR) Radial stockpile DF(NBR): Pivot pneumatic ship-unloader 

C(MMG): Heavy screen  DF(MBRe): Fixed pivot mechanical retractile ship-unloader  

C(MF): Medium screen DF(NBRe): Fixed pivot pneumatic retractile ship -unloader 

C(F) Light screen DM(MBR): Mobile pivot mechanical ship-unloader 

TP(M) Primary Jaw crusher DM(NBR): Mobile pivot pneumatic ship - unloader 

TP(CG) Primary gyratory cone crusher DM(MBRRe): Mobile pivot mechanical retractile ship-
unloader 

TP(R): Primary roll crusher DM(NBRRe): Mobile pivot pneumatic retractile ship-unloader 

TP(I): Primary impact crusher PC(V): Vibratory pre-screener 

TS(M): Secondary Jaw crusher PC(D): Dish pre-screener 

TS(CG) Secondary gyratory cone crusher PC(RE): Elliptical roll pre-screener 

TS(R): Secondary roll crusher D(TD): Divergent tank 

TS(I): Secondary impact crusher C(TC): Convergent tank 

M(B): Rod Mill C(RE): Skirt board  (feeding channel) 

C(T): Ending conduct (discharge chute) C(INT): Intermediate conduct (chute) 

S(AC): Air separator S(ACVAC): Controlled speed air separator 

S(TS): Turbo-separator L(TG): Twin screw washers 

L(CE): Spiral drum washer L(N): Wheel washer 

L(TC): Classification tank washer CaET(DSE): Silo truck-loader 

CaET(RC): Radial Conveyor Truck-loader Mez(T): Screw mixer 

Mez(Ta): Drum mixer Mez(Pa): Paddle mixer 

Mez(SN) pneumatic  homogenizer and mixer silo   
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Abstract. It is becoming increasingly important to European democratic 
governments to increase public participation. One of the areas that gives rise to 
significant public dissatisfaction and feelings of dis-empowerment is that of 
environmental planning.  Environmental planning is a diverse, complex and 
difficult process requiring consideration of wide ranging issues that include: 
urban function and form; cost and benefit; appearance and experience; and 
allocation and provision. The process is costly and so at any late stage difficult 
to deflect. This is not assisted by complex and even conflicting interpretations 
of the legislation.  With broadening web access government bodies at various 
levels (national, regional, and city) are now turning their attention to web based 
approaches to easing access and empowering public involvement and debate on 
the issues. It is argued that replication on the web of existing plan and 
cartographic-based approaches to planning will tend to perpetuate the 
requirement for trained interpretation, thereby excluding the general public. 
More effective tools are required for collaborative citizen based examination 
and development of alternative proposals. This paper describes the basis for the 
coming three years of research in the Virtual Environmental Planning System 
(VEPS) project. VEPS proposes a new open standard web approach to enable 
citizens to view, analyse, interact with and respond to proposed changes, to 
collaborate and comment together and pose and test their own alternative 
solutions. This approach it is argued needs to be based on an interactive three-
dimensional virtual reality visualisation that allows the viewer to experience the 
highly complex information without need for training, ‘because they can see 
and experience what the visual impacts of the planned development will be and 
can see the environmental impact in the associated model’.  

1   Introduction 

Environmental planning is a diverse, complex and sensitive process that requires 
technical, economic, aesthetic and social considerations. These issues are in turn 
wide-ranging: ‘technical’ includes urban function and form; ‘economic’ addresses 
cost and benefit; ‘aesthetic’ relates to both appearance and experience; and ‘social’ 
involves allocation and provision. The planning process can be defined as: seeking 
advice; appraising the site; consulting the public and experts; briefing; developing 
technically acceptable proposals; negotiating; applying for and gaining legal consent 
and public acceptance. They all contribute to both “efficient process and an improved 
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product”[1] A focus on planning procedures at different stages helps to recognise 
many of the difficulties inherent in planning; the problems of site and context, the 
need to compromise, the difficulties of communicating planning proposals and the 
effects of changes as well as the importance of people’s involvement in the process. 
While the mechanisms differ from state to state in Europe, the problems as perceived 
by the public are often the same, including lack of meaningful consultation resulting 
in lack of influence over developments and changes, particularly those affecting the 
home and its immediate environment. These concerns have yet to be addressed by EC 
harmonisation. 

2   VEPS 

VEPS, the ‘Virtual Environmental Planning System’, is a newly commenced Interreg 
IIIB funded European project focused on the North West Europe region.[2] The 
project brings together partners from the UK, Germany and France, with skills in 
geographic visualisation and spatial planning. VEPS has received additional support 
from the UK government as a potential contribution to its e-Planning programme. 
VEPS aims to develop a common and transferable web based visualisation system 
that enables citizens to view, analyse, interact with and respond to proposed changes, 
to collaborate and comment together and pose and test their own alternative solutions. 
To increase participation it is considered essential that it be free at the point of use, so 
it will make use of the web and open source tools. It is intended to test this system in 
different demonstration case studies. The project is thus expected to improve future 
public participation procedures on planning strategies and development proposals by 
making planning information more accessible and easier to understand for the general 
public, while at the same time facilitating the decision-making structures of planning 
authorities. The proposed approach is to use an interactive three-dimensional (3D) 
virtual reality (VR) visualisation to enable the viewer to grasp highly complex 
information without the need for training, because users can see and experience both 
the visual impacts of the planned development and judge the environmental impact in 
associated (GIS based) simulations. A process of iterative testing by user groups and 
iterative refinement is being used to ensure that the final outcome meets user needs, 
based on the Experience and Application Research (EAR) Methodology advocated by 
ISTAG. [3] 

2.1   Information Visualisation and the Planning Process 

Communication and visualisation are already at the heart of the planning system. The 
rationale for visualisation in environmental planning and design, according to 
Langendorf, is based on three premises: To understand nearly any subject of 
consequence it is necessary to consider it from multiple viewpoints, using a variety of 
information; Understanding complex information about urban planning and design 
may be greatly extended if the information is visualised; Visualisation aids in 
communicating with others. [4] Traditionally, there is a strong relationship between 
plans and cartographic representations, and the planning discipline. Maps, plans, 
sketches, images or other cartographic representations are (besides language) 



188 S. Dühr, N. Bates-Brkljac, and J. Counsell 

communication media for planning. According to some researchers only these media 
are able to clearly demonstrate visually the complexity of different demands on 
space.[5] However, there has been little consideration given to the aspects of 
'mapping' in the planning literature to date. Likewise, cartographic science has failed 
to connect theory and research to the real-world tasks of spatial planning, and the 
question of how communication through 'planning maps’ could be improved has been 
given little attention. 

Over the last thirty years, many perception and cognition studies have been 
undertaken in cartographical science, and the effects of visual variables have been 
investigated systematically.[6] [7] [8] However, there is growing recognition amongst 
cartographers worldwide that there will never be an all-embracing theory of map 
reading, or of cartographic communication in general. This is due to the fact that there 
are certain variables which are difficult to control or even to identify in the process, 
such as the map user’s skills and capacities, and the purpose the map is used for in 
different circumstances. Rase for example states that ‘we are not sure what really 
attracts the attention of the reader, how the essence of the map is extracted, how the 
content is stored in memory, or what makes a specific map type superior to another 
one under certain conditions’.[9]  

As a result, empirical research and the theories proposed appear disjointed and 
unconnected. In the light of a missing comprehensive theoretical framework, many 
cartographers thus create maps and cartographic illustrations following their 
knowledge and experience rather than any ‘universal’ and comprehensible rules and 
guidelines. Cartography is thus often still applied as a craft discipline rather than a 
science, and knowledge of map acceptance and map perception is mostly based on 
intuition, assumptions and personal experience, and to a lesser extent on scientific 
evidence.  

There is little previous work that explicitly addresses the relationship between 
planning and cartography, and the role and function of cartographic representations in 
the planning process.[10] The majority is published in the “home-country language” 
focused on regional, urban or local planning processes, and thus intended to inform 
'domestic' policy-making, rather than provide a basis for comparative research. 
Neuman for Spain, Lussault for France, and Gabellini for Italy, for example, have 
investigated the communicative potential of visualisations in urban planning.[11] [12] 
[13] While Söderström’s work has concentrated on understanding how visualisations 
structure the activity of planners in a Swiss town.[14] There is also some work on the 
communicative potential and significance of architectural drawings for architects 
themselves.[15] Hence it remains difficult to see how the localised interpretation of 
planning meaning using cartographic symbols can be made adequately transparent to 
the untrained user. 

2.2   Computer Generated Visualisation Models 

According to other research recent moves towards computer generated visualisation 
models reflect the acknowledgement that conventional techniques fail to 
communicate environmental information either effectively or clearly.[16] In regard to 
computer-generated visualisation, architecture has been greatly influenced by 
computer technologies such as computer-aided design (CAD) software packages. In 
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parallel Geographic Information Systems (GIS) have been extensively developed with 
urban planning as a major area of application. The sheer diversity of computer 
technologies and the versatility of their application has encouraged an interest in their 
use for visualisation in planning. A UCLA (USA) group of researchers (Ligget, 
Jepson and Friedman) has pioneered exemplary information rich 3D modelling 
environments, while other researchers such as Day at Bath University have tested 
CAD generated computer visualisation of urban environments.[17] Findings by a 
research group at the Queensland University of Technology, Australia,  led by 
Buccolo, tested computer visualisation on the design for the new town centre of 
Capalaba and the Brisbane Airport.[18] That group identified certain advantages in 
the use of computer visualisation when compared to the traditional static tool, but 
they suggested more systematic research be carried out to prove the reliability and 
validity of new technologies and tools. Similarly Mahmoud confirmed this conclusion 
and extended it by proposing more experimental research.[19] The importance of 
visualisation is being recognised as crucial for almost all environmental and planning 
professionals who need to represent, communicate and evaluate design ideas and 
planning proposals.[20] According to Sawczuk “the design and planning process 
revolves around client’s needs and therefore the client should be part of the 
team…”[21] The findings revealed that while skilled participants appreciate 
traditional media, such as drawings, unskilled participants prefer photo realistic 
presentations. Similarly, it was reported that when lay-people were exposed to 
architects’ drawings “plans had little meaning as the people could not understand 
what was represented”.[22]  

2.3   Collaborative Web Based 3D Visualisation and What If Exploration 

The VEPS project is researching the extent to which users, who make decisions 
together about proposals for change of mutual concern in a digital environment, 
endorse those decisions when they are confronted by the final built outcome. The 
EAR methodology is being used to work with groups of users, in order to lead to user 
engagement in the research process and to user driven optimisation of the final 
system.  Initial workshops held in the UK, France and Germany, focused on Planners, 
Architects, Citizens and Politicians, and invited open discussion about needs and 
issues. The workshops have identified among others the following requirements for 
collaborative use of such a system: 

• Filter for non-public data needed to protect planners and other professionals; 
• 'Citizens PC' in Council House, to ensure that access is available for all; 
• Comments /objections visually represented; 
• Search functions/queries; 
• Email alerts sent to users when a new development is proposed in their area 

of interest;  
• Users can set their own visualisation preferences; 
• Enabling of accessibility features, such as force feedback on input devices; 
• A guided tour around the features of the user interface, and featuring 

'context-aware' help, such as speech bubbles popping up to help identify user 
interface features and similar; 



190 S. Dühr, N. Bates-Brkljac, and J. Counsell 

• Public participation with complete argumentation chain or just results; 
• Interaction with other users AND with Decision Makers; 
• Leave comments; Rate / rank comments; Peer group moderation; Reply to 

comments; 
• Run / choose and explore different options; 
• While possibly facilitated by Decision Makers, must be seen as independent / 

unbiased. 

Based on analysis of the outcomes of these workshops rich pictures and 
storyboards are being developed to illustrate a series of scenarios. These will be 
examined in a further series of workshops, but also presented to a wider user group 
using the Web with an associated questionnaire. Tools are being developed to enable 
an initial asynchronous collaborative discussion by that wider group, together with 
facilities to add comments and mark-up to images (storyboard and rich pictures). The 
rich pictures and storyboard illustration stage will be followed by digital mockups. 
Where possible these will be based upon existing digital city or countryside modelling 
in VRML or X3D, and tools are being developed to enable comments and markup to 
be appended as if overlaid on the viewport. (This is similar to the work undertaken by 
M.C. Stellingwerff in his research with Dutch Architects.[23]) HCI and interface 
issues, together with tools not easily enabled in VRML or X3D will be tested and user 
reaction and comments obtained from selected parts of current CAD and GIS systems 
deployed via thin client. These initial tools and scenarios will be used to guide the 
development of both the geo-portal and the eventual VEPS system. Other work is 
investigating how citizens can upload their own modelling into this context for 
exploration of 'what-if' alternatives without requiring CAD skills. A promising 
direction is being trialled by staff at Liverpool Hope University using a simple 
descriptive tool to assemble libraries of building elements (initially based on medieval 
church architecture), that is then compiled from XML into VRML for viewing and 
interaction. Initial tests with school children have found that they can produce quite 
sophisticated models within half an hour of introduction to the process.[24] 

In tandem project partners are examining the modelling data and distribution 
standards for 3D City and environmental modelling. It is currently intended to build a 
geoportal using the Web 3D Service. The first instance of this is anticipated based on 
the Stuttgart City Model in September 2005. Two alternate emerging standards are 
being investigated. The first is a Geo extension to Industry Foundation Classes (IFC) 
called IFG, since it is acknowledged that some modelling will emanate from 
Architects or other professionals and this is the emerging interchange standard in 
Building Product Modelling (recently submitted to the ISO TC184/SC4 for 
accreditation). The second is an implementation schema within the Geographic 
Markup Language (GML3 based on ISO 19107) called CityGML that is the work of a 
German based working group, and that adds semantic classes such as Building or 
Wall to the geometric and topological classification in GML.[25] Within City GML a 
series of 5 levels of detail and accuracy of 'City Model' have been expressed. The 
simplest level 0 consists of a digital terrain model (DTM) classified by land use. 
Level 2 is a city model with buildings, roof shapes, and textures. Levels 3 and 4 are 



 Public Digital Collaboration in Planning 191 

considered likely to have been obtained from CAD import and this is where a critical 
relationship needs to be established with IFCs.  

The goal of the project is that groups of citizens can engage with each other, and 
possibly with 'experts', and discuss proposed changes in a VR context virtually on the 
web, sharing common interfaces and able to add comments and mark up. Beyond this 
project partners are developing tools to allow these groups to collaboratively develop 
and discuss the alternatives, and to upload their own models into the same context for 
exploration. While the full project results are not expected until 2008 initial results of 
the first iteration of tools and tests with collaborative discussion and comment on line 
by user groups are expected by the end of this year. These results will then be used to 
guide the refinement and further development of the system. 

It is recognised that visualisation optimised for the web tends to offer lower levels 
of detail than CAD generated 3D models, however initial investigation questions the 
extent to which endorsable decisions are enhanced by photo-realism and to which ‘too 
much’ detail acts as a distraction to focused decision making at early proposal stages 
when it is more important to assess a range of potential interpretations. Little research 
has yet been found that addresses these issues or that establishes how citizens can 
make reliable informed decisions at an early stage in the planning process to guide 
rather than react to detailed proposals. It is suggested that neither photo-realism nor 
over-much detail are likely to assist in this process, so web based visualisation may 
not demand the bandwidth required by highly photo-realistic interactive large area 
models. 

3   Conclusion 

It is argued that replication on the web of existing plan and cartographic-based 
approaches to planning will tend to perpetuate the requirement for trained 
interpretation, thereby excluding the general public. Effective tools are held to be 
required for collaborative citizen based examination and development of alternative 
proposals. This paper has described the basis on which the recently commenced 
VEPS project will seek to establish a new open standard web approach to enable 
citizens to view, analyse, interact with and respond to proposed changes, to 
collaborate and comment together and pose and test their own alternative solutions. 
This approach it is argued needs to be based on an interactive three-dimensional 
virtual reality visualisation that allows the viewer to experience the highly complex 
information without need for training.  The visualisation also needs to support easy to 
use upload of citizens own models, and to provide extensive support for shared 
comment and debate. 

Acknowledgment. The project work presented in this paper is co-financed through 
the INTERREG IIIB North West Europe programme.  
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Abstract. Digital Koguryo is a virtual reality reconstruction of the Koguryo 
mural tumulus called Anak No. 3. It was designed to help young children learn 
the cultural background and life style of the ancient Koguryo. This virtual envi-
ronment brings the life aspects of the Koguryo culture to the users through a 
rich, interactive learning environment. In this paper, we present the collabora-
tive design process among geographically distributed and multidisciplinary re-
searchers, who worked to construct the Digital Koguryo project. We will also 
discuss design issues and lessons learned from this collaborative work.  

1   Introduction 

The Koguryo murals can be considered as the historical books or Koguryo-style tele-
visions that vividly reflect the life and historical events of the Koguryo civilization 
and details of the custom special in Korea. Koguryo (37 BC – 668 AD) is one of the 
three kingdoms of ancient Korea. The cultural background of Koguryo is revealed to 
have been of considerable complexity with various layers of artistic, religious and cul-
tural influences upon its neighbor countries including Paekje and Shilla and also upon 
the cultural development of Japan. Koguryo mural paintings are rich in color and 
tone, and they still retained their distinct colors for about fifteen hundred years. 
Women dancing, warriors practicing, birds singing in the sky, dragons, fish in rivers, 
beasts in forest, wind and clouds of the murals appear so real and fresh that they look 
like they would jump out of the wall at any time. 

Digital Koguryo reconstructed a Koguryo’s mural painting tomb, Anak No. 3, in 
virtual reality. The Anak No. 3 Tumulus is a large stone-built structure with multiple 
chambers and the mural paintings are drawn on the walls and ceilings. It is particu-
larly famous for a 10-meter wide wall painting that depicts a long procession. Digital 
Koguryo propels visitors on a journey of discovery to the life of old country as they 
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were in the age of Koguryo. The goal of the Digital Koguryo project was to create a 
learning environment that can enrich young children understanding of the past and the 
history, life and values of the Koguryo cultural heritage. Research in virtual reality 
and cultural heritage has shown considerable growth in recent years [2, 4]. Virtual 
heritage applications use the immersive and interactive virtual reality technology to 
give visitors access to computer reconstructions of historical sites that would normally 
be inaccessible due to location or fragile condition. 

This paper presents a collaborative design effort among geographically distributed, 
multidisciplinary researchers, such as archeologists, artists, historians, and computer 
scientists as they worked on the construction of the Digital Koguryo project. The de-
signers, while they were distributed in several research institutes, had worked closely 
together over six months from initial planning discussion to final deployment. During 
this collaborative design, we had encountered a number of design issues and often we 
had to compromise each other over the desire of building accurate digital reconstruc-
tions and creating real-time and interactive VR experiences. This paper first gives a 
brief overview of the Koguryo mural painting tombs with a special attention to the 
Anak No. 3 Tumulus. Then, it describes the collaborative design process of building a 
VR reconstruction of the tomb. It will also discuss some of the important design is-
sues raised throughout the development process. 

2   Digital Koguryo 

There are thousands of Koguryo tombs spread in North Korea and China, and about a 
hundred so far discovered have wall paintings. The wall paintings found on the tombs 
offer unique insights into the Koguryo custom and life style. About 60 Koguryo mural 
tombs, located in the area of suburban Pyongyang and South Hwanghae province in 
North Korea, were listed as the UNESCO World Cultural Heritage in July 2004. 
Among the tumuli, the Anak No. 3 Tumulus is the oldest and the biggest. The tomb, 
dated 357 AD, is a tomb covered with an earthen mound and has four chambers and a 
corridor. The limited access is undertaken on this tomb for the conservation and pro-
tection. 

In Digital Koguryo, the viewers can enter at the front entrance of the digital recon-
struction of the Anak No. 3 tumulus. They can walk around the stone chambers and a 
corridor that have mural paintings on the walls and the ceilings. The mural paintings 
depict several historical items and events, such as the portraits of a king and a queen 
in the left side chamber, everyday life and culture of Koguryo people (e.g., a woman 
cooking in the kitchen, the three-legged crow on top of a roof, women pounding 
something in a tread mill, a women drawing water from a well, horses and carriages 
standing on a stable, etc) in the right side chamber, a musical performance in the inner 
middle chamber, and a long procession featuring as many as two hundreds warriors in 
the corridor. As the viewers approach to the paintings, the two dimensional painted 
figures become life-sized three dimensional characters and give narrations about his-
torical items or ask the viewer questions to find information about the paints. 

Fig. 1 shows the photographs of Digital Koguryo demonstrated at various exhibi-
tions. A large number of people can participate in the VR experience at the same time 
by wearing special lightweight stereo glasses. A participant can walk through and  
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interact in the space using a joystick. Audio is enabled through the use of loudspeak-
ers to give narrations. Digital Koguryo is primarily designed to run on a passive 
stereoscopic virtual reality system, called GeoWall [3]. GeoWall provides passive po-
larized stereoscopic three-dimensional graphics using two low-cost projectors and a 
Linux or Windows PC. Circular polarizer is used to project both the left and right eye 
images simultaneously on the polarization-preserving screen. The observers wear 
low-cost polarizing three-dimensional movie glasses to see the immersive contents. If 
desired, an additional tracking system and pointing device can be incorporated to sup-
port intuitive three-dimensional interaction.  

3   Design Process of Constructing the Digital Koguryo 

Digital Koguryo was created in collaboration among geographically distributed, mul-
tidisciplinary researchers including an archeologist at Art and Technology Expression 
Center (ATEC) at Seoul Institute of Arts, media artist teams at Jeonju University, VR 
programmer and system engineers at Information and Communications University 
and Sangmyung University. Our primitive goal of this project was to create an educa-
tional content of the Koguryo cultural heritage. The Koguryo mural tombs are histori-
cal relics, which had large influence on the development of Eastern culture in the me-
dieval ages for their outstanding architecture and astonishing painting techniques. In 
the absence of contemporary historical texts from the Koguryo kingdom, we can gain 
an insight into the social and cultural aspects of Koguryo through the mural paintings 
of the tumuli.  

In this section, we will briefly discuss how the designers worked together to ac-
complish their tasks in the construction of Digital Koguryo. Fig. 2 illustrates the col-
laborative design process for developing this project. First, all designers were gath-
ered in one place to discuss initiating this project. In this project-planning meeting, 
the archeologist explained the value of digital restoration of this tomb and also intro-
duced the internal sketches of the tomb as well as several slides of the mural paint-
ings. Then, the archeologist and the graphic designers worked together to collect de-
tail information of the tomb, paintings, and historical documents. Next was to design 
the virtual environment in collaboration with the archeologist, graphic designers, and 

 

Fig. 1. Visitors interact with Digital Koguryo on a passive stereoscopic virtual reality system 
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VR programmers, which included 2D paint restoration, 3D modeling, interaction and 
system design. In this stage, the designers have met several times via Microsoft’s 
NetMeetingTM or on-site meeting to tune the contents of virtual environment, data 
formats, and other technical details. Throughout the meetings and testing, we found 
that 3D models had to be simplified so that they can be rendered in an interactive and 
real-time virtual environment. The digital restoration of the mural painting texture 
images was also reduced to smaller size to meet the real-time rendering needs. More 
design issues were brought up as programmers added user interactions in the virtual 
environment. Lastly, sounds and narrations created by the artists and the archeologist 
were added in the virtual environment.  

3.1   Information Gathering and Archiving 

While the Anak No. 3 tumulus exists in North Korea, little is known about the detail 
structure of the tomb and its mural paintings. Hence, it is a quite challenging task to 
reproduce the tomb in virtual reality. We use a variety of resources to find this infor-
mation. First, we studied and collected the old documents, films, and slides. Fortu-
nately, our archeology society had some slide cuts of the wall paintings and the tomb 
itself since the first excavation happened before South and North Korea got separated 
in 1953. We gathered some pictures and photographs of the wall paintings provided 
by the Koguryo expert historians, webs, about 50 papers, a few Koguryo books, and a 
TV documentary and a multimedia CD-ROM showing of the tomb. While we 
couldn’t get the most up-to-date pictures or information about the tomb, we were still 
able to have enough information to build a virtual environment. We also selected 
some significant historical relics inside the mural paintings that might be of interest to 
the students in order to provide detail information about these items in the virtual en-
vironment. The archeologist visited the media artist teams at Jeonju University once 
to explain the tomb and its mural paintings and to discuss the restoration process. The 
collected information was stored in Webhard™ shared repository [7]. 

 

Fig. 2. Collaborative design process of developing the Digital Koguryo project 
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3.2   2D Image Restoration  

Next was the two dimensional digital restoration of mural painting figures and back-
grounds through color correction and filling. As shown in Fig 3, the original mural 
paintings appear to be in fairly good condition considering the fact that they have 
been exposed in a damp environment for about 1500 years. However, the existing sur-
faces of the paintings are damaged and corroded in various places, and hence, do not 
provide enough details. In particular, the mural painting of musical performance in 
the inner middle room has only 30 percent of the original shape left. In this case, the 
rest 70 percent obscure figures and erased parts were reconstructed by analogy with 
Koguryo related documents and historic relics.  

The digital restoration for two-dimensional images of the mural paintings was done 
through the following process: scanning photographs taken from the murals and 
books, followed by creating illustrations for each wall painting to make the base im-
age, and then correcting color, hue, and intensity of the digital images and filling the 
abrasion parts. In this stage, we had difficulty in inferring the color tone of mural 
paintings and reproducing the cuts and abrasions on mural paintings. For the color 
tone problem, we received help from the best person in the area of Koguryo mural 
painting research. The restored colors were inferred from analyzing the polygenetic 
natural dyes of the Koguryo period and how the colors would be changed with mois-
ture. For the cuts and abrasions problem, we had to analogize the entire painting out 
of the remains by interring them from the texture of the painted walls. In this stage, 
the archeologist and media artists worked collaboratively using instant messaging sys-
tems, a shared repository, and phone conferencing for acquiring documents and  
images. 

3.3   3D Modeling 

We tried to digitally restore the Anak No. 3 tomb as if it exists today, to enrich learn-
ers to understand historical and artistic value of the wall paintings. The three-
dimensional modeling of the tomb structure and cultural relics were completed based 
on historical documents that we collected from historians and archeologists. The 3D 
modeling for reconstructing the existing cultural heritage required tight collaboration 

 

Fig. 3. The left image shows an original photograph taken from the mural painting of a queen 
in Anak No. 3 tomb; the middle is the illustration; the right shows after the restoration. 
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among artists, archeologists and computer scientists due to many challenging design 
issues. First, we had to depend on the old documents and photographs because we 
could not visit to North Korea to measure the actual size of the tomb and artifacts. We 
also needed to compromise between the accurate restorations to the original form and 
the real-time rendering issues for virtual reality. 

The artists created the 3D models of the tomb and relic objects with the inspection 
from archeologists. The first step was to measure the size of the tomb from a map on 
a scale of one to twenty to make it as a real tomb. Then, precisely measured walls, pil-
lars, and other historical objects were placed in the virtual tomb. In the three-
dimensional modeling, we had to consider making object models lighter for real-time 
rendering, i.e., the models should have as fewer polygons as possible to make the 
graphics rendering faster in a virtual environment. It was challenging to produce the 
virtual objects look similar to the real objects while reducing the number of polygons. 

The modelers worked hard to manually optimize the number of polygons of objects 
because the automatic optimization tool offered by the 3D modeling tool often 
changed the shape of the objects while reduction. In the modeling of a pillar, for ex-
ample, the number of polygons was originally 6302. The automatic optimization 
shrunk the number of polygons down to 2313, but it made the object looked com-
pletely different from the original shape. Thus, the modelers had to create the object 
manually from the scratch with the consideration of lighter but not sacrificing the 
original shape, and by doing so the number of polygons shrunk down to 1928.  

The texture maps were used for mapping the restored mural painting images on the 
virtual tomb walls. The artists and archeologists, at first, attempted to create the tex-
ture map images of the wall paintings as closely as possible to the original. For an ex-
ample, the artists created the texture map of the ‘long procession’ mural painting that 
had about 3000 by 3000 pixels size. They wanted to present the images as clear as 
possible to the viewers in a virtual environment because this painting was the high-
lighting among the other paintings. While high quality of the texture map images en-
hanced the VR experience, this is a source of degrading the real-time rendering per-
formance, especially the PC-based VR system. Hence, after testing and long 
discussion amongst the artists and VR software engineers over instant messaging sys-
tems, the size of the texture map images got shrunk down to 512 by 512 pixels or less 
to make the textures more manageable and light. 

We also added about ten items of three-dimensional models for historical relics in 
the virtual tomb to make the virtual environment look more interesting and encourage 
viewers to come to know these objects. The items included a king’s crown called 
‘Baeklakwan’, a queen clothing, a cooking pot, a carriage, a horn, a Geomoongo (Ko-
rean lute), and so on. In the creation of 3D models for ten items, there was concilia-
tion among the designers, which also affected the quality of digital restoration. Digital 
Koguryo asks students to find out the virtual objects matched to the items shown on 
the wall paintings. Fig. 4 shows the wall paintings and the virtual objects placed in 
front of the wall, which could be interacted by the user. The archeologists wanted the 
artists to make the objects exactly the same as the excavated objects shown in the 
right image of Fig. 4. However, these models had to be simplified for real-time ren-
dering and user interactions in virtual reality.  
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Fig. 4. The left image shows the three-dimensional models of cooking pots recon-
structed from the mural painting as experienced in Digital Koguryo. The right shows 
the pot excavated from the tomb. 

3.4   VR Interaction Programming 

Digital Koguryo has been written using a high-level VR toolkit called Ygdrasil (YG) 
[5]. Ygdrasil is a set of C++ classes built around SGI’s Performer graphics library [6], 
CAVElib VR library [1], and the CAVERNsoft networking toolkit [5]. Ygdrasil is de-
signed to simplify the construction of behaviors for virtual objects using re-usable 
components; and on sharing the state of an environment through a distributed scene 
graph mechanism. Ygdrasil focuses on constructing dynamic, interactive, collabora-
tive virtual worlds, so in addition to the basic graphical data as used in SGI Performer, 
its scene graph nodes can have behaviors attached to them. Individual nodes are com-
piled into dynamically shared objects (DSOs), so that they can be rapidly added to a 
world. The system includes a number of pre-made classes that implement common 
capabilities in VR, such as audio, avatars, navigations, and triggers that detect when a 
user enters an area. 

The modelers and VR programmers worked closely to shape out the virtual environ
ment and adding some user interactions. We wanted to use the models constructed  
from the modeling tools to create a virtual environment, but the reality was not so sim
pleThe models had to be adjusted in the format to match with the unit defined in the  
virtual environment. Hence, the modelers and the VR programmers had to meet sever
al times off-line and online to test the models for creating the VR world, such as the si
ze of the tomb that allowed users to interact easily and the model format appropriate  
for YG scripting. After several changes in configurations, we finally decided the size,
placement, and interaction of the virtual tomb and objects. 

4   Conclusion 

The Digital Koguryo project was a collaborative effort among archeologists, histori-
ans, media artists, computer scientists located in different research institutes. Digital 
Koguryo is a virtual reality reconstruction of the mural tomb, Anak No. 3. The aim of 
this project is to help students and scholars learn the spirits and life aspects of the 
Koguryo culture through a rich, interactive, and narrative virtual environment. This 
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paper described our experiences in collaboratively designing and developing Digital 
Koguryo. The digital restoration and reconstruction of cultural heritage in immersive 
virtual reality is difficult due to technical and performance restrictions for real-time 
rendering. Hence, close collaboration among designers was required to reach the 
aforementioned architectural details and relic objects that create believable and inter-
active experience. This paper illustrated our experience of designing the digital resto-
ration of cultural heritage in concert with other collaborators at several production 
phases using various collaboration tools.  
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Abstract. This paper proposes a new cooperative system environment for de-
sign, construction and maintenance of civil structures, especially bridges. We 
identified seven tools required to improve the productivity of design, construc-
tion and maintenance of bridges. They are product models, visualization sys-
tem, communication tool, task systems with agents, database system, radio fre-
quency identification (RFID) tags, and data reuse facility. These tools are to be 
integrated and used by owners, design consultants, contractors, manufacturers, 
etc., who can exchange and share structural, construction and inspection data, 
information and knowledge with this system. 

1   Introduction 

In the process of design, construction and maintenance of civil structures, many engi-
neers in heterogeneous disciplines from owners, design consultants, contractors, etc. 
perform various tasks in a distributed manner in terms of time and space. Since each 
task is done based on the contract, it is not easy to exchange broad range of information 
among clients, consultants and contractors. Furthermore, as the data interoperability 
among application systems is quite low, data sharing and reuse are hard to achieve so 
far. Thus, the productivity of construction industry is usually lower than other manufac-
turing industries. In order to solve this problem, extensive basic research has been done 
concerning product models, cooperative and concurrent design and engineering. How-
ever, not so much has been done to integrate not only design but also construction and 
maintenance of civil structures. In this paper, we discuss the required elements for de-
veloping a cooperative and integrated design, construction and maintenance system for 
bridges and describe the system development. 

2   The System Architecture 

In order to improve the productivity by using the cooperative system environment in the 
long-term lifecycle of bridges, we believe that the following seven tools are  
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necessary. They are 1) product models, 2) visualization system, 3) networked communi-
cation tool in a distributed system, 4) task systems and agents, 5) data collection and 
database, 6) linkage between the ‘virtual’ world (data system) and the ‘actual’ world 
(bridges), 7) data reuse. The conceptual layout and relationship of the seven tools are 
shown in Fig. 1. 

The product model is the key element in the total system environment. The product 
model is a generalized data model for representing geometric information of products 
and structures as well as various property information of each member, element and 
equipment based on the object-oriented paradigm. Most data concerning the structures 
and facilities are generated by application systems locally. Then, the local data is 
transformed to the interoperable data based on the standardized product model speci-
fication by the corresponding converting program so that data can be used by other 
application systems by using converting programs for them. 

The visualization system displays the bridge and its related facilities two, three or 
four dimensionally to the user. Although the 3D CAD system is more suitable to rep-
resent complicated structures such as bridges than 2D drawings, 2D drawings are 
commonly used in business and 3D CAD is used only for special purposes at the 
moment. However, in the near future, we believe that virtual reality system that the 
user can feel immersed in the virtual world will provide much better user interface 
and will be used for design and visualizing the bridge structure and construction  
process. 

As the owner, design consultants, contractors, manufacturers, etc. are usually geo-
graphically distributed, a networked communication tool is necessary to share and 
exchange data safely and without stress. This tool should facilitate the communication 
among the stakeholders so that in case of design change or various troubles in design, 
construction or maintenance all the necessary information should be sent to all the 
related recipients. And further, all the related stakeholders should be able to have a 
virtual meeting using this networked communication tool at each member’s place 
without visiting an actual meeting place. 

Owners, design consultants, contractors, manufacturers, etc. are responsible for 
their own tasks such as total management, design, analysis, estimation, schedule con-
trol, documentation, etc. They use various application systems for these tasks. Each 
application system usually has its own function completely and contributes to the 
efficiency improvement significantly. However, due to the poor interoperability of 
data, cooperation among these application systems is not good and the total efficiency 
has not been improved yet. Thus, data is converted and shared by conversion pro-
grams. Further, to link various systems and convert data, agents play an important 
role. They move as an agent of the user around the network and systems autono-
mously, collect data, respond to the change of the system environment, and execute 
appropriate tasks corresponding the change or the user’s operation. 

The data about the project and structure are stored in the database in the form satis-
fying the requirements of the specification of the product model. The data collection 
system should support the user for ingesting the generated data and information of the 
project at various stages of the project efficiently and stress-freely. The database 
should provide data retrieval function that the user can query the database easily. 

The cooperative system treats data and information concerning civil structures such 
as bridges. Apparently, the data and information are abstract and virtual but not ‘real,’ 
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while the actual bridge is a real thing. Since the real thing has not been constructed 
yet in the design process, the virtual data will do. However, in construction and main-
tenance, the actual objects are made and the linkage between the actual object and 
data about the object in the virtual world is weak. This tends to generate the es-
trangement between the virtual and actual worlds and hinders various minute engi-
neering tasks. We believe that the radio frequency identification (RFID) technology 
will link these two different worlds more smoothly than now. Sensor networks will 
also provide data regarding the actual structures and help the user link the two worlds. 

Database
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System
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Distributed System
(Middleware)
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Agents
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Sensor Network

Actual World
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Fig. 1. Conceptual scheme of the cooperative system environment for bridges 
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A large amount of data is generated during the lifecycle of the project and stored in 
the database. The data is shared and exchanged among the stakeholders, which will 
improve the efficiency and productivity. Furthermore, if the data is reused in the fu-
ture projects, this will generate much more effect. In order to reuse data effectively, a 
system with intelligence such as case-based reasoning (CBR) should be developed. In 
CBR, the system retrieves a similar case from the database and modifies it if neces-
sary and produces a new case and stores it in the database for future use. And for 
retrieving or extracting new meaningful knowledge from the large-scale database, 
data mining would be effective. 

In this section, the seven tools and their functions were briefly described. We are 
currently developing these tools and four of them, i.e., 1) product models for bridges, 
2) a visualization system, 3) task systems with agents, and 4) an RFID linkage system, 
have mostly been developed. In the following section, these fours tools will be  
described. 

3   The System Tools 

3.1   Product Models for Bridges 

We have been developing product models for bridges for several years based on In-
dustry Foundation Classes (IFC) of International Alliance for Interoperability (IAI) 
[1]. IFC is an object-oriented data model for representing buildings and other con-
struction related information. IFC contains not only physical properties of structures 
such as its parts and members, their dimensions, materials, shapes, locations, etc., but 
also spatial concepts such as floors, rooms, and abstract concepts including projects, 
organizations, etc. IFC has been developed to enable the interoperability among CAD 
and non-CAD application systems by IAI. 

Our first version product model for prestressed concrete (PC) bridges was pub-
lished in 2002 [2]. This product model was based on IFC2x (Version 2x) and we 
added new classes for concrete slabs, reinforcing bars, prestressing strands, anchoring 
device, sheaths, and voids for PC bridges to IFC2x. The detail of this model can be 
found in papers [3] [4]. We then developed a product model for steel girder bridges 
based on IFC2x and then modified it based on IFC2x2 (Version 2x Edition 2). We 
added new classes for representing plate girders, steel built-up members, steel plate 
elements, steel shape elements, etc. The detail of this model can be found in papers 
[5]. To implement the product model schema and instances, ifcXML (Extensible 
Markup Language) was used. 

IAI French Speaking Chapter developed the product model called IFC-BRIDGE 
[6] at around the same time we developed our PC bridge product model. We dis-
cussed with them and agreed to merge our product model into IFC-BRIDGE to en-
hance it by international collaboration. To step forward the collaboration project, we 
organized Civil Engineering Group in IAI Japan Chapter in 2004. 

3.2   Visualization System 

The visualization system displays the data in a virtual world so that the user can imag-
ine how the structure and facilities look like when they are built. The virtual reality 
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technique can support the user to view and understand the structure more in detail and 
with more reality than 2D drawings or 3D CAD images on a flat display monitor. We 
developed a virtual reality CAD system, using OpenGL, GL4Java, liquid crystal shut-
ter glasses (CrystalEYES3 of StereoGraphics), and a sensor system (FASTRAK of 
Polhemus) before [5]. We have been applying various virtual reality technologies to 
the bridge system. We have tried a head mounted display and a liquid crystal display 
monitor that the user can feel immersed in the virtual world without wearing special 
glasses as well. 

The strength checking agent checks whether the section designed by the user is ap-
propriate or not for the given loads by checking the conformance with the design 
code.  As a design code, Japanese Highway Bridge Specification was used. 

 

Fig. 2. Virtual reality CAD system with liquid crystal shutter glasses and infrared rays emitter 

The design situation checking agent checks whether the design satisfies situational 
constraints such as: whether the selected section of the girder has the same height as 
the adjacent girder and whether the designed section is economical or not. This agent 
retrieves the location and section data of the related given by the product model data 
and checks the situation based on the knowledge given by design engineers. 

Those agents work in the background and check the design autonomously when the 
user determines the section dimensions or modifies them. Multi-agents may make 
conflicts at some occasions, where some mediator agents may be necessary. However, 
the user plays as a mediator in this system at the moment. This may increase the op-
portunity for the user to consult with other designers and engineers about conflicts. 
We intend to develop agents for mediating such conflicts in the future. 

3.3   Task Systems and Multi-agents 

Task systems include 2D/3D CAD system, automated design system, design confor-
mance checking system, structural analysis system, cost estimation system, construc-
tion schedule management system, contract documentation system, etc. To automati-



 A Cooperative System Environment for Design, Construction and Maintenance 207 

cally share and exchange the data generated by these systems, conversion programs 
must be developed in accordance with the specification of the product model. As at 
the moment no standardized product model for bridges exist, we developed conver-
sion programs by ourselves. However, commercial software vendors should make and 
attach conversion programs when the product model is to be standardized. 

One of the conversion programs we developed so far is a two-way CAD conver-
sion program called CAD2PM and PM2CAD. CAD2PM can generate product model 
data of PC bridge objects as an ifcXML instance file, while creating 3D shapes of the 
objects with AutoCAD 2002. PM2CAD can retrieve data from an instance file of the 
product model by using an XML parser and render the 3D model in AutoCAD  
automatically. 
Various agent programs have been developed in our research. For PC bridges, inter-
ference checking agent, rebar cover checking agent and rebar space checking agent 
have been developed. The interference checking agent can find interferences of mem-
bers, such as reinforcing bars, prestressing strands, sheaths, which are buried in con-
crete (Fig.3). If interference is found, the agent informs the user and shows the inter-
fered parts on the CAD display monitor. The rebar cover checking agent can detect 
reinforcing bars that lack required cover autonomously and informs the user. The 
rebar space checking agent can check the spaces of reinforcing bars in conformance 
with design codes such as Japan Highway Bridge Specification. 

For steel girder bridges, strength checking agent and design situation judging agent 
were developed [5]. The strength checking agent can check if the section designed by 
the user is appropriate or not for the given load in terms of structural mechanics. The 
design situation checking agent checks whether the design satisfies situational con-
straints such as consistency of member height and clearance. 
 

Fig. 3. Interference among sheath, prestressing strand and reinforcing bar 

3.4   Linkage Between Data and Structures with RFID 

There are two types of RFID. One is an active RFID, which has a battery, and the 
other is a passive RFID, which does not have a battery. In our research, to link the 
object data in the database and the actual object itself, we use passive RFID. For net-
work sensors, we use active RFID. A passive RFID consists of an IC chip containing 
a memory and an antenna. RFID is usually resin molded for protection. By using a 
reader/writer, which consists of an antenna and a controller and which is attached to a 
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computer or a personal digital assistant (PDA) the user can input data such as ID 
number and text data into the RFID tag and can read information contained in the tag 
(Fig. 4). 

 
 
 
 
 
 
 
 
 
 
 

Fig. 4. RFID and reader/writer (left) and an inspector retrieving data from RFID by PDA (right) 

We put 68 RFID tags to various members, equipments and measuring devices at 
Haneji Dam in Okinawa, Japan for supporting inspectors [7]. Our experience showed 
that inspection support system developed by us with RFID, PDA and database im-
proved the efficiency of the inspection task, decreased the number of errors and en-
hanced the technical transfer by promoting and encouraging the users to output, ex-
change, and share various information and knowledge with each other. We are going 
to put a large number of RFID tags to a bridge for the inspection purposes this year. 

4   Conclusion 

In this paper, we proposed a cooperative system environment for design, construction 
and maintenance of bridges. The system is an integration of seven tools: product mod-
els, visualization system, networked communication too in a distributed system, task 
systems and agents, data collection and database, linkage between data system and 
bridges, and data reuse. In this paper, we described the four tools that have mostly 
been developed, which are product models for bridges, the visualization system, task 
systems and agents, and linkage between data and structures with RFID. As this is an 
ongoing research, other tools are now under development. We intend to integrate 
these tools and apply the system to a real bridge for evaluation and verification. 
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Abstract. Today, manufacturing systems must compete in increasingly diverse 
and demanding markets. Customers demand quick response to their needs, and 
products have shorter life cycles than ever before. In response to this context, 
the next generation of machine tools should be reconfigurable and intelligent. 
Reconfigurability allows for the reduction of machine design lead time, 
machine set-up and ramp-up time. This paper shows the development of an 
approach to concurrent design of reconfigurable machine tools to process 
bamboo, based on a concurrent design reference model to Reconfigurable 
Machine Tool development. In response, a methodology for the development of 
this type of machine tools is outlined. 

Keywords: Reconfigurability, Concurrent Design, Machine Tool, Bamboo. 

1   Introduction 

Nowadays, the increasing in the speed of changes which take places in the different 
places of manufacturing in the global economy and the constant aggressiveness of the 
competition, lead to the creation of mechanical systems which are highly adjustable to 
the requirements of the environment. These conditions demand the development and 
application of approaching which allows to convert the production to new models 
capable of integrating new technologies and of increasing the variety of products. 

Over the last few years, considerable efforts have been made to develop and 
implement Reconfigurable Manufacturing Systems (RMS) that provide a cost 
effective answer to such market demands [1]. In principle, RMS are designed to adapt 
rapidly to changes in product mix and volume. The key is to rapidly update the 
structural design of the equipment; both in terms of hardware and software. The art 
and science of RMT (Reconfigurable Machine Tools) development are still at their 
developmental stage. 

A goal of the work presented in this paper is to provide a methodology for the 
design of RMT to obtain pressed wood out of bamboo, departing from a reference 
model. In particular, this paper proposes a design process for RMT to obtain press 
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wood out of bamboo, and outlines a methodology for the designs of modules 
reconfigurables for RMT. On section 2 a literature review of research in 
Reconfigurable Machine Tools (RMT) is presented. A Reference Model used to 
configure a first approach of the methodology to design RMT is described in Section 
3. Section 4 presents experiences obtained from implementation of this methodology, 
and describes the bottlenecks that are particular to RMT design. Finally, Section 5 
deal with the methodology developed for the reconfigurable design of bamboo 
processing machines that need to be integrated in the library of the Reference Model 
to make it applicable to RMT design. 

2   Related Previous Studies 

The characteristics that determine the ease of reconfigurability are the following: 
modularity, integrability, customization, convertibility and diagnosability [2]. Table 1 
summarizes the major studies about the reconfigurability. 

Table 1. Summary of studies about the reconfigurability 

Fields of research Authors 
─ Modularity of machine from the functional and 

constructive point of view 
Stone, Robert B. [3] 
Fixon, S.K. [4] 

─ Modular design of a machine tool related with the 
environment and control modules 

Garro and Martin [6] 

─ Machine tool with reconfigurable spindle Katz and Chung [7] 
─ Machine tool where the type, position and location 

of spindle can be adjusted depending on the 
requirements 

Koren and Kota [2] 

─ Production requirements impact in the design of 
reconfigurable machines 

Lander [8] 

─ Develop of systematic design tools and analysis of 
dynamic stiffness of a machine tool using pre–
calculated component information 

Zatarain et al. [9] 

─ Methodology to evaluate the dynamic 
characteristics of RMT 

Yigit and Ulsoy [10] 

─ Kinematic synthesis of machine tools starting from 
a mathematical description of the machining tasks 

Moon and Kota [11] 

Modularity allows for a fast and reliable integration during the change of structure 
of the RMT from given production capacity to a different production capacity for a 
desired amount of products from a given family. The studies of the modularity in the 
RMT are sparse, and for the most part dedicated to the modular selection [5]. 

All of these studies address specific topics related to RMT design and construction. 
However, they do not address the design process as a whole. 
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3   Reference Model 

To develop a methodology for RMT design, this research project proposes the use of 
a Reference Model that allows the companies to create a Particular Model to set-up 
successful Integrated Product, Process and Facility Development Processes (IPPFD). 
The model is independent of the industrial sector of a company, but focuses on 
specific issues of the company like market opportunities, technological constraints 
and declared goals. This model has been tested for different product development 
scenarios [12], [13]. 

The Reference Model developed is defined as the complete representation of 
activities to complete the Product Life Cycle. The proposed Reference Model is 
described through three axes: Processes, Stages and Activities (see Figure 1). 
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Fig. 1. Reference Model for IPPFD that was applied to RMT design to obtain a formal 
methodology 

― Processes to be developed during engineering projects: Product, Process and 
Facility Development. Facility Development involves three sub-processes: (a) 
Product Transfer; (b) Technology Transfer; and (c) Machine Design: if the 
component to be manufactured is not standard and the technology to manufacture 
this product is not available, then it is necessary to design a new machine or 
product to get the component. 

― Stages are indicators of evolution level for processes: Conceptualization, Basic 
Development, Advanced Development and Launching. 

― Activities are specific tasks that must be executed in order to complete a stage. 
These are classified in three types: (a) Analyses Activities are oriented to diagnose, 
define and prepare information; (b) Syntheses Activities are oriented to laying 
together elements to produce new effects and to demonstrate that these effects 



 A Concurrent Approach to Design of Reconfigurable Machine Tools 213 

create an overall order; and (c) Evaluation Activities are oriented to test those 
solutions against the goals and requirements. 

The properties of this Reference Model are: 

― Reusability / Configurability: ability to be configured in a Particular Model to get a 
specific goal in the Product Life Cycle focusing on specific issues of the company 
like: market, knowledge and technology. 

― Robustness: based on a proven library of methods and tools to ensure information 
flow among product development stages and avoid the lack of collaboration 
between design engineers and manufacturing engineers. 

― Integral: due of its structure, the model is able to adopt new methods and tools 
from different disciplines (e.g. mechanics, electronics) and integrate them allowing 
for the development of particular models to different industries. 

Based on this Reference Model a Particular Model for RMT development was 
prepared. The details of the methodology for the Conceptualization and Basic 
Development stages to develop a RMT (product development) for bamboo processing 
and the experiences obtained from this process are presented in the following 
sections. 

4   Bamboo Processing and Reconfigurable Machine Development 

The methodology for the development of RMT was prepared and tested around a 
specific design case. The Cuban eastern region stated the need for a machine that 
could be adapted to process different types of local bamboos. A team of two master 
ship students, working under the supervision of a Professor was responsible for 
applying the reference model and deploy the design methodology using this case. The 
scope of the process was limited to the stages of Conceptualization, Basic 
Development and Advanced Development. Some details of this process are presented 
in the following paragraphs. In Figure 2 the conventional process to obtain pressed 
wood out of bamboo and its related machines are shown. 

Conceptualization: during this stage of the methodology the objective is to define 
the project to be developed and delegate responsibilities for project execution. For this 
case study the customer request a reconfigurable machine able to process different 
types of bamboo from the eastern region of Cuba, following the path of the 
conventional process show in Figure 5. Two master ship students of the Faculty of 
Engineering at the University of Holguín were responsible to follow the methodology 
to develop the machine in a period of three months. 

Basic Development: during this stage the objective is to capture customer 
requirements, establish target specifications and generate and select a feasible concept 
to be developed in next stage. To capture customer requirements and translate them to 
technical specifications, Competitive Benchmarking and Patent Analysis techniques 
were used. The requirements and specifications for this type of machine were: high 
speed (40 m/s); medium precision (+/- 1 mm); quick change and set up time (0.5 hr 
maximum); work envelope of 0.8 m x 1 m; maximum wood thickness of 150 mm; 
and maximum wood length of 3 m. 
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After the specifications were defined, a functional structure was obtained for each 
operation mode of each one of the machines which make up the process of wood 
processing. In Figure 2 the obtained functional structure for the case of the planning 
machine in its main operation mode: planning is show. 

 

Fig. 2. Functional decomposition to the principal machine mode of operation 

Advanced Development: Mathematic models were used for the selection of 
components such actuators, drivers and machine elements. Selected components were 
modelled using a commercial CAD system (Pro/Engineer). 

Figure 3 shows the structure of the RMT machine that was designed to polishing and 
planning bamboo, which was design and built in the Machine Developing Centre 
(CEDEMA) (Holguín, Cuba). The important features in this design are the 
reconfigurable modular construction of the tool holder. Both of them can be rapidly 
changed when changing from one process to the other (polishing or planning). 

 

 

Fig. 3. Reconfigurable machine prototype to polishing (a) and planning (b) bamboo 

The methodology was analyzed to identify the strengths as well as the bottlenecks 
that were exposed during the solution of the test case. This methodology allowed 
departing from the different functional structures in each machines and for each 
operation mode, the identification of the possible reconfigurable modules of the 
machines which provided the design of a reconfigurable machine for polishing and 
planning wood made of bamboo. 

a) 

b) 
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The biggest difficult found in developing and applying this methodology was to 
identify which where the most recommendable reconfigurable modules to be used in 
the group of machines which make up the process. The test case exposed the need for 
a tool to bridge this gap, that is, between the functional structure to be performed and 
reconfigurable modular components to facilitate the concurrent design of a RMT. 

5   Reconfigurable Design of Bamboo Processing Machines 

The general characteristics of a methodology based on reconfigurability are proposed 
now to fill the gaps that were found in the test case. In general, modular design 
methodologies are based on two perspectives: functional oriented design and 
constructive oriented design. In the functional approach, modules are designed in 
terms of the functions that each module is to perform, and satisfies the customer’s 
objectives by the simple addition or subtraction of modules. On the other hand, the 
constructive approach produces a modular decomposition that facilitates fabrication, 
assembly and transportation during the product life cycle. 

The fundamental characteristic of RMT’s is their modular construction, which is 
neither completely functional, nor completely constructive, but rather possesses 
reconfigurability oriented modularity. Reconfigurable modularity refers to a set of 
principles and rules that define a family of machines or products, to the manner and 
shape in which modules are standardized and their respective interfaces. These 
modules allow modifications to the structural and functional configuration of the 
machine, in such a way that significant changes to product form and demand can be 
accommodated. 

The proposed methodology for the modular development of RMT’s to process 
bamboo establishes four domains (see Figure 4) which go from the requirements of 
the machine tool builder to the definition of the reconfigurable modularity. Each layer 
established by the methodology constitutes a formalization of the knowledge that is 
obtained in any given step. 

The first domain allows the identification of the machine tool builder’s 
requirements that affect not only the development of the machine but also its ability to 
be reconfigured. This domain is developed in the general framework. Each functional 
requirement contains a set of variables that facilitate their analysis in later stages of 
the model. This step helps to establish the requirements layer, which is simply a 
representation of the intentions of the machine tools builder about the 
reconfigurability, as well as basic information of the machine’s builders, useful in the 
second step. 

The methodologies developed about the functional structures present two basic 
problems [3], [4]. First, there is no clear methodological procedure for the definition 
of the ideal sub-functions for a given set of requirements. Second, there is no method 
that guarantees a coherent decomposition of the functions into sub-functions. The step 
of Functional Structure’s Domain, is a way to solve the previous problem, using a 
combination of a hierarchical functional decomposition, heuristic rules and 
knowledge about the machine (see Figure 4). 

Once all functions have been decomposed to a given level, the last layer will 
represent the sub-functions that are more related to the final structure of the machine. 
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This process facilities the decision making process about the reconfigurability of the 
machine. Once this step is concluded, the layer of the modular structure is obtained, 
which is only a transformation of the information that is contained in the layer of 
functional requirements into more concrete information with the modularity of the 
product. 

 

 

Fig. 4. Overview of the developed design methodology 

Four activities are recommended within this step (see Figure 4). The first one 
consists of identifying which are the parameters that characterize the reconfigurability 
of the machine, or family of machines. The second activity consists of generating 
preliminary geometric schematics that allow one to determine configurations for the 
machine from the modular structure layer. To determine possible variants for the 
concepts, heuristics criteria are used.  

In Figure 5, the integration of the planning and polishing function in only one 
function is shown. This methodology is applied as a way of integrating the 
reconfigurability to machine concurrent design.  

 

Fig. 5. Functional integration departing from developed methodology 

The work presented can facilitate the integration of the system to the model of 
reference and can facilitate the concurrent design of machine tools to process bamboo. 
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6   Conclusions 

This article has presented a framework for Concurrent Design of Reconfigurable 
Machine Tools to process bamboo. The developed methodology provides an aid in the 
identification of the reconfigurable modules starting from the knowledge of the 
requirements of the machine tool builder. This methodology was integrated to the 
library of techniques and tools of the references model. 
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Abstract. In order to design and realize a high-quality project, it is necessary to 
take care of its efficiency from the brief stage to the end of its service life. The 
entire process should be planned and executed with consideration of the goals 
aspired to by the participating interested parties and the micro and macro envi-
ronmental levels. In order to realize the  above purposes an original Model of an 
Integrated Analysis of a Building’s Life Cycle was developed by the authors to 
enable users and the parties involved in the project to analyze a building’s life 
cycle, as well as to be able to see its micro and macro environments as one in-
tegrated entity. To achieve the above-mentioned aims new multiple criteria 
analysis methods and a Multiple Criteria Decision Support System for Build-
ing’s Life Cycle were developed. 

1   Introduction 

A thorough building’s life cycle analysis is quite difficult to undertake, because a 
building and its environment are a complex system (technical, economical, social, 
ecological, etc.), where all sub-systems influence the total efficiency performance and 
where the interdependence between sub-systems play a significant role.  

Over the last decade, there have been extensive research and development activi-
ties in many countries regarding service life prediction (SLP) methods for building 
materials, products and components. Internationally, the outcome of many of these ef-
forts have been reported and applied within two bodies: the working commission CIB 
W80/RILEM 175-SLM “Service life methodologies” and the standardization techni-
cal committee ISO/TC 59/SC 14 “Design life”. Since 1999, the commission CIB 
W80/RILEM 175-SLM has been working on describing three levels of SLP methods 
(probabilistic based methods, engineering methods, and the simple factor method) [7]. 

Lacasse and Sjöström [15] outlined advances in three areas of estimating the ser-
vice life of building products, components or systems. These include a factorial 
method, an engineering design approach and reliability-based methods. Performance 
based methods for service life prediction focuses on two approaches for estimating 
the service life: the factor method, and the engineering method.  

It can be noticed that researchers from various countries engaged in the analysis of 
a building’s life cycle but its stages did not consider the research’s object as was ana-
lyzed by the authors of the present investigation. A life cycle of a building may be de-
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scribed as follows: the parties involved in its design and its realization as well as the 
micro and macro environments, having a particular impact on it and making an inte-
gral whole. A complex analysis of the research’s object that was formulated and made 
with the help of methods multiple criteria project analysis specially developed by au-
thors for this purpose and is presented in this paper.  

The paper is structured as follows. Following this introduction, Section 2 explains 
a model for an integrated analysis of a building’s life cycle. In Section 3 we have pro-
vided a practical realization of this model. Section 4 describes testing the developed 
systems and model. Finally, some concluding remarks are provided in Section 5. 

2   A Model for an Integrated Analysis of a Building’s Life Cycle 

In order to design and realize a high-quality project, it is necessary to take care of its 
efficiency from the brief stage to the end of its life’s service. The entire process 
should be planned and executed with a consideration of the goals that are aspired to 
by the participating and interested parties and the micro and macro environment lev-
els. In order to realize the above purposes, an original model of a complex analysis of 
a building’s life cycle was developed by the authors, enabling one to analyze a build-
ing’s life cycle, the parties involved in the project and its micro and macro environ-
ment as one integrated entity. A Model for an Integrated Analysis of a building’s life 
cycle has been developed in the following stages:  

• Comprehensive quantitative and conceptual description of a research object;  
• Multi-variant design of the life cycle of a building;  
• Multiple criteria analysis of the life cycle of a building;  
• Selection of the most rational version of the life cycle of a building;  
• Development of rational micro and macro levels of the environment.  

3   Practical Realization of a Model for an Integrated Analysis of a 
Building’s Life Cycle 

The investigation carried out by the authors of this paper under Framework 5 and 6 
(BRITA in PuBs [1], LIFETIME [4], CONSTRINNONET [5], PeBBu [6]), Phare-
ACE programmes [2, 3], and other projects [9, 11, 21] helped to identify and describe 
major trends of the life cycle of a building’s development as well as the development 
and practical realization of a Model for an Integrated Analysis of a Building’s Life 
Cycle. A practical realization of a Model for an Integrated Analysis of a Building’s 
Life Cycle was developed in the following five stages (Fig. 1): 

• Stage 1. A comprehensive quantitative and conceptual description of the life cycle 
of a building, its stages, interested parties and the environment. 

• Stage 2. Development of a complex database, based on quantitative and conceptual 
descriptions of the research’s object. 

• Stage 3. Development of new methods of multiple criteria analysis to carry out 
multi-variant designs of a building’s life cycle, to determine the utility degree of 
the obtained alternative versions and set priorities. 
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• Stage 4. Creation of a multiple criteria decision support system to be used in 
computer-aided multi-variant design of a building’s life cycle, and so determining 
the utility degree of the obtained alternative versions and setting priorities; 

• Stage 5. Analysis of micro and macro level environment factors that influence a 
building’s life cycle and the possibilities to alter them in a desired direction. 

The stages mentioned above will be now described in more detail. 
The authors performed a comprehensive quantitative and conceptual description of 

the life cycle of a building, its stages, interested parties and the environment during 
the first stage in the following steps: 

• A system of criteria characterizing the efficiency of the life cycle of a building was 
determined by means of using relevant literature and expert’s methods. 

• Based on a system of criteria, a description of the present state of the life cycle of a 
building is given in conceptual (textual, graphical, numerical, etc.) and quantitative 
forms. 

A quantitative and conceptual description of the research’s object provides 
information about various aspects of a building’s life cycle, i.e. economical, technical, 
technological, infrastructure, qualitative, legislative, and social, etc. Quantitative 
information is based on criteria systems and subsystems, units of measure, values and 
initial weight as well as data on the alternative project’s development. A conceptual 
description of a building’s life cycle presents textual, graphical, visual (videotapes) 
information about the projects and the criteria used for their definition, as well as 
presenting reason for the choice of a particular system of criteria, their values and 
weight. This part also includes information about the possible ways of completing a 
multi-variant design.  

In order to perform a complete study of the research’s object, an integrated 
evaluation of its economic, technical, qualitative, social, legislative, infrastructure and 
other aspects is needed. The diversity of aspects being assessed should follow the 
diversity of ways of presenting data that is needed for decision-making. Therefore, the 
necessary data may be presented in numerical, textual, graphical, formula, videotape 
and other forms. Quantitative and conceptual descriptions of a building’s life cycle 
and its stages are used as a basis for developing a complex database containing the 
overall information about it and allowing one to carry out its multi-variant design and 
a multiple criteria analysis. Since the efficiency of any constituent part of the project 
depends on a particular party in its execution, only the complex design of a building’s 
life cycle that involves close co-operation of all the interested parties can yield  
good results. 

Alternative building’s life cycle versions include different aspects such as the cost 
of a plot and a building, maintenance costs as well as various architectural, aesthetic, 
space planning, comfort characteristics, infrastructure and environmental pollution. 
Particularly interested parties often have their own preferential rating of these criteria 
and this result, in different values of the qualitative characteristics. Besides, the 
designing of a building’s life cycle allows for the development of many alternative 
versions at particular stages. This causes many problems in determining the most 
efficient project. 
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Fig. 1. Practical realization of a model for a complex analysis of a building life cycle 

During the second stage the integrated databases, based on quantitative and 
conceptual descriptions of the research’s object were developed. Integrated databases 
consist of the following parts: 

• Initial database that contains the initial data provided by various interested parties, 
allowing one to carry out a complex design of the whole project or its parts. 

• Evaluation database, containing comprehensive quantitative and conceptual 
information provided by interested parties and allowing one to receive a full description 
of the alternative variants. Based on the evaluation database, a multiple criteria analysis 
of a building’s life cycle and its stages is then carried out. 

• Multi-variant design database consisting of comprehensive quantitative and 
conceptual information about the possible combinations of the available alternative 
variants. 

These integrated databases can contain data on theoretical and practical 
experiences of the interested parties, some additional facts, as well as 
recommendations as to how to avoid previous mistakes. For example, a Multiple 
Criteria Decision Support System for Building’s Life Cycle (DSS-BLC) as developed 
by the authors [10, 20] and by using these databases, can help one to compare the 
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project being designed or executed, with an alternative or already realized project, in 
order to find its disadvantages and provide recommendations so as to increase its 
efficiency. In this way, the use of integrated databases enables the user to take into 
account an expert’s knowledge (including building owners and users, financing 
organizations, architects, engineers, contractors, etc.). Expert advice in various fields 
plus previous experiences gained in developing similar projects can then be applied to 
the currently developed project. For more efficient projects, this information should 
also be used at an early stage such as when first meeting with a client because it could 
save the repetition of prior mistakes and lead to a more advanced and efficient project. 
In making a complex building’s life cycle architects, designers, utility engineers, 
economists, contractors, suppliers and users can solve common problems more 
efficiently. Better problem solving results in lower project costs and building time, as 
well as increasing its quality.  

During the third stage the authors developed the following methods of multiple 
criteria analysis [19, 20]: 

1. A new method of complex determination of the significance of the criteria taking 
into account their quantitative and qualitative characteristics was developed.  

2. A new method of multiple criteria complex proportional evaluation of the projects 
enabling the user to obtain a reduced criterion determining complex (overall) effi-
ciency of the project was suggested. This generalized criterion is directly propor-
tional to the relative effect of the values and significances of the considered criteria 
on the efficiency of the project. 

3. In order to find what price will make an object being valuated competitive on the mar-
ket a method for determining the utility degree and market value of objects based on 
the complex analysis of all their benefits and drawbacks was suggested. According to 
this method the object’s utility degree and the market value of an object being esti-
mated are directly proportional to the system of criteria that adequately describe them 
and the values and significances of these criteria. 

4. A new method of multiple criteria multivariant design of a building’s life cycle 
enabling the user to make computer-aided design of up to 100,000 alternative pro-
ject versions was developed. 

To develop and analyze thousands of alternative variants based on dozens of 
criteria, each having specific values and weight would hardly be possible without the 
use of intelligent systems. Only the development of intelligent systems can help to 
solve this complicated problem. To achieve the above aims, during the fourth stage, a 
DSS-BLC and other systems (see Fig. 1) consisting of integrated databases, a 
database management system, a model base, a model base management system and 
the user’s interface was created to be used for a building’s life cycle and the design of 
its constituent parts and a multiple criteria analysis. 

By interacting with the database a user can also receive more detailed or integral 
information on the considered object. Given this opportunity and by using data from 
integrated databases as well as being provided with DSS-BLC [10, 20], the user can 
then find an effective project variant in a comparatively short time. In this way, a 
project best satisfying the needs of the client can be found and also save the client and 
designer’s time. Two versions of DSS-BLC have been developed. The first version 
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was created in 2000 and described in different authors publications [20]. Now a 
second Web-based DSS-BLC version is under development (see 
http://dss.vtu.lt/lifecycle/). 
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Fig. 2. Macro and micro factors influencing the efficiency of a building’s life cycle 

The authors performed an analysis of micro and macro level environment factors 
that influence a building’s life cycle and the possibilities to alter them, in a desired 
direction during the fifth stage in the following six steps: 

• Identifying the global development trends (general regularities) of the micro and 
macro level environment factors that influence a building’s life cycle. 

• Identifying a building’s life cycle differences between developed countries and 
Lithuania. 

• Determining pluses and minuses of these differences for Lithuania. 
• Determining the best practice for Lithuania as based on actual conditions. 
• Development of some of the general recommendations as to how to improve the 

efficiency levels for micro and macro levels. 
• Submission of particular recommendations.  

In order to assure the efficiency of a project’s life cycle, it should be implemented 
within certain bounds, which are determined by the micro and macro environments. 
The fact is that these factors are different in every country, so are the possibilities for 
an efficient realization of projects (see Fig. 2a) and will vary. 

Figure 2a indicates diagrammatically factors at macro and micro levels that can 
impinge on the efficiency of the building’s life cycle. This means that to be efficient 
the building’s life cycle must operate within certain boundaries as imposed by the 
macro and micro factors. Recognizing that in each country the factors will be 
different, this diagram will also vary accordingly. It is necessary to utilize knowledge 
and experience about the macro and micro level factors, so as to increase the 
efficiency level of the environment in each country that is being considered. This was 
performed by analyzing the experience and knowledge of advanced industrial 
economies and by applying this to Lithuania. 

Using taxation as an example, it can be appreciated that if the level of real estate 
taxation is high, the volume of construction output decreases. Similarly, if the real 
estate tax level is lowered, volume of construction production increases. 



224 E. Zavadskas et al. 

 

Such changes in taxation will alter the boundary of efficiency of the building’s life 
cycle. Similar micro and macro environmental changes can shift this boundary, i.e. 
the area within the boundary of efficiency expresses the total satisfaction level of 
needs of all interested parties. For example, the Lithuanian government (in order to 
solve the most important problems within Lithuania’s society) can abolish VAT on 
new residential buildings in order to promote investment in housing. Thus, the 
boundary of efficiency is extended to include new development from the former 
situation. After the development of the Lithuanian financial sector, the boundary will 
alter again (Figure 2b illustrates a revised level of efficiency as an example of how to 
take alterations into account). 

4   Testing the Developed Systems and Model 

In order to test the usefulness of the multiple criteria decision support systems and 
integrated data bases developed for a building life cycle and its stages by authors with 
colleagues, final semester master degree students from the Construction Economics at 
Vilnius Gediminas Technical University solved more than 50 practical examples 
during the final thesis. These students work in various construction and facilities 
management sector companies in Vilnius. In order to check the correctness of the 
developed systems, the whole of its solution process has been more than once gone 
through manually. The results of manual and computer calculations matched. Besides, 
all separate working stages of the systems as well as all complex calculations have 
been coordinated with experts in this field – i.e. the essence of the calculations has 
been found to be in conformity with their logical reasoning. Owing to suggestions of 
these experts, some useful changes have been introduced in the developed systems. 
The stages of a Model for an Integrated Analysis of a Building’s Life Cycle were 
tested in different EU and Lithuanian programmes and projects [1–6, 11, 21]. 

5   Conclusions 

As developed by the authors, the Model for a Building’s Life Cycle Complex 
Analysis, methods of multiple criteria analysis and Multiple Criteria Decision Support 
System for Building’s Life Cycle can define an efficient building’s life cycle when 
many various parties are involved. The alternative project versions add up to hundreds 
of thousand and the efficiency changes with alterations to the environment’s 
conditions and the constituent parts of the process in question are then also possible.  
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Abstract. This paper focuses on an intelligent Web-based tutorial sys-
tem composed of reusable learning objects (LOs). Reusable LOs lay down
the foundation for a large scale collaboration among educational organi-
zations. LOs developed at different organizations can be used by other
organizations thus providing high quality courses to all students. Expert
instructors at each organization maintain a repository of LOs. For orga-
nizations owning LOs an audit trail for each LO can be easily gathered
for billing purposes.

1 Introduction

An intelligent tutoring system (ITS) is an educational software system contain-
ing machine intelligence components. An ITS adapts instruction to a student’s
individual learning needs by collecting information on that particular student’s
performance. Such a system makes inferences about strengths and weaknesses,
and suggests additional work. One of the most common solutions for student
diagnosis is testing [6].

A critical aspect in the development of an ITS is how related knowledge is
represented and how reasoning for problem solving is accomplished [7]. Some
single knowledge representation schemes are used in [5] and [16], and hybrid
representations in [8] and [13]. Learners tend to learn better and more deeply if
they are motivated by an internal interest and desire to master the material, as
opposed to extrinsic rewards and punishments such as grades [9].

In this paper we discuss an intelligent Web-based tutorial system (IWBTS)
composed of reusable LOs. Reusable LOs lay down the foundation for a large
scale collaboration among educational organizations. LOs developed at different
organizations can be used by other organizations, thus providing high-quality
courses to every student. Expert instructors at each organization maintain a
repository of LOs. Such a flexible framework is not trivial. It is in fact diffi-
cult to design and implement. However, by carefully defining LOs and relations
among them, together with careful analysis of integration among supporting
subsystems, the framework can be realized.
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IWBTS provides a blueprint for solving each particular problem while intro-
ducing a new term or concept. The support for subsequent problems is limited
by giving Socratic hints. The number of hints required for the student to solve
each problem serves as a measure of learning efficiency. IWBTS also provides
different levels of presentation with respect to problem solving. Each level has
tutorial material generated for it, since it is important to target tutorial tasks
at the student’s ability. The tutorial model in IWBTS involves Socratic dialogs
that foster critical thinking on course content through a series of questions and
answers that enable students to explore and develop understanding. Corrective
and elaborative aspects are used for tutoring in IWBTS.

The assessment part of IWBTS contains a polytomous Item Response Theory
(IRT) based model [6] for handling data from several response options following
each question in a test. IRT models for polytomous items not restricted to two
response alternatives are applied by IWBTS to both multiple choice items that
possess several response alternatives and to free-response items.

2 Related Work

A survey of current approaches in the area of technologies for electronic docu-
ments that are used for finding, reusing and adapting documents for teaching or
learning purposes is presented in [17].

LOs are defined as any digital resource that can be reused to support learning
[18] and any digital, reproducible, and addressable resource used to perform
learning activities or learning support activities, made available for others to
use [10]. These definitions do not discuss relationships among LOs in a reuse
environment. Our model is based on independent LOs, where a LO is an atomic
entity, i.e. one that cannot be decomposed to lower LOs.

A personalized intelligent computer-assisted training system is presented in
[14]. A system mapping classroom lectures into Web-based educational lessons is
described in [4]. A Category-based Self-improving Planning Module for a tutor
agent that utilizes the knowledge learned from automatically-derived student
categories to support efficient on-line self-improvement is presented in [11].

ITSs use a tutoring model to guide students’ learning with Socratic hints.
A Socratic hint is a cognitive and motivational strategy aimed at evoking the
student’s curiosity and requiring further thought from him [12]. The corrective
behavior [15] of the software rejects a wrong value and conveys that it was
incorrect. If there is a second consecutive mistake, then the elaborative behavior
[15] comes into action, suggesting an appropriate relationship by which the value
can be derived. The suggestion depends on what the student has done so far.

IRT, also called latent trait theory, is the study of test and item scores based
on assumptions concerning the mathematical relationship between abilities (or
other hypothesized traits) and item responses [2]. Polytomous IRT based models
are capable of handling data from several response options while dichotomous
IRT based models consider only two possible scored responses such as true/false,
correct/incorrect, endorsed/not endorsed, etc. [1].
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A framework for sharing protected Web resources among independent or-
ganizations is presented in [3]. Very important components of the model are a
collaborative, distributive management of user membership in a group in one
organization, resource management by the service provider, and security en-
hancement.

3 System Framework

IWBTS is based on a flexible framework that provides the instructors with possi-
bilities in designing courses using shared, reusable LOs and provides the students
with an ITS environment.

Fig. 1. Learning objects

Course design costs a significant part of a WEB-based learning project bud-
get. A big cost reduction is possible if as many LOs as possible are reusable and
are shared among collaborative organizations. Instructors can just define which
LOs should be included in their courses. Using drills and students responses to
questionnaires in a WEB-based course can provide students with an ITS envi-
ronment. This will make the course building more flexible and reduce costs for
both students and organizations.
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A subject Si = (T1, T2, ..., Tn) is defined as a strictly sequential list of topics
Tj by a course builder (Fig. 1). Each Si definition is saved in the database in
XML. The subject’s definition contains all the metadata needed to uniquely
describe the subject in question. These metadata include server, domain, title,
topics list, and other operational parameters.

A topic Tj = {Pα, Eβ, Xγ , Dδ, Aε} is composed of theoretical parts Pα, exer-
cises Eβ , examples Xγ , drills Dδ, and assessments Aε, where some of them can
be empty. Any Pα, Eβ , Xγ , Dδ, Aε is a LO designed by expert instructors. These
LOs are WEB documents (HTML, PDF, Flash, Java-applet, WEB-form, etc.).

Each Tj is defined by the course builder in XML and saved in the database.
The topic’s definition contains all the metadata needed to describe the topic
content, drill, and assessment policies. These documents can be used to provide
learners with dynamic HTML pages for each invocation of a topic depending on
its LO’s set.

Topics are defined dynamically by diagnostic components of the system. The
drills’ design contains inference rules analyzing students’ answers to carefully
prepared tests. This provides students with an environment supporting an ITS.
Students’ test scores and wrong responses are used as input parameters to a
diagnostic component in the Dδ, which provides recommendations to alternative
personal topic trails containing relevant LOs in order to solve the current topic’s
drill.

Assessments Aε are used for both formative and summative evaluations. Ex-
ercises Eβ give a list of unsolved problems for students to practice on, while
examples Xγ can be a list of solved problems, Flash, or Java-applets for stu-
dents to work with. Since each LO is self-contained, they can be developed in-
dependently at different organizations. Expert instructors at each organization
maintain a repository of LOs containing Pα, Eβ, Xγ , Dδ, and Aε. For students at
different collaborative organizations, they will have the advantage that all LOs
are accessible to them. For organizations owning the LOs, an audit trail for each
LO can easily be gathered for billing purposes.

3.1 System Model

RPC based agents provide system integration and specialized services (Fig. 2).
They communicate with each other by a request-respond mechanism in which
remote procedure calls are done among different agents providing users with a
dynamic and personalized learning environment.

XML subject and topic definition documents retrieved from the database
are converted into an internal datastructure by an agent before the final HTML
documents are presented to students. By using the user’s response data and
the user’s current status, the system invokes appropriate agents to provide each
learner with a corresponding HTML page.

Agents providing the system with specialized functions are developed and
maintained separately. Different communication protocols such as SOAP and
XML-RPC can be used. Agents can be implemented and can run on a multi-
host and multi-OS depending on implementation architecture.
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Fig. 2. Agents

3.2 System Architecture

The system uses an Apache WEB server and a PostgreSQL relational DBMS
that provide the back-end database. The Python script programming language is
used for all the agents. These three system software components are high quality,
well proven, reliable, and free open source software.

XML-RPC implemented in Python provides the necessary tools for imple-
menting multi-platform agents. Python encourages modular software engineering
methodology. Many core modules are freely available and continually maintained
by Python’s Web communities.

Functions provided by Python’s xmlrpclib are used to export agents’ data
structures to XML and to import XML back to agent’s data structures. These
agents’ data states are then saved in the database in XML and are used as
extended memory for running agents in the system for a particular user at a
specific time. Such saved data states are subject and topic definitions, user’s
profile and status, user’s test scores, and topic trails.

Server-side scripts (SS) and these agents are core components in IWBTS pro-
viding the following functionalities: create dynamic HTML pages using template
files, thus producing a consistent page style and a structured navigational menu
for the users; process users’ GET/POST variables from Web forms and manage
Web cookies; call appropriate agents in responce to users’ interaction with the
system.

A User agent contains user and instructor modules. A user module contains,
among other things, user registration, user administration, user authentication,
and authorization. To use the system a user needs to register. A user needs to
fulfill certain criteria to be able to subscribe to a subject. Users are authenticated
by consulting a users’ domain Directory server via Lightweight Directory Access
Protocol (LDAP) on logon. Users are authorized to access a subject if subscribed.
Instructor modules provide an interface for the instructors for defining topics and
subjects, students’ status reports, and messaging.

An LO agent is responsible for dispatching LOs, creating dynamic menu
structure, and providing a user’s current profile and status. It is a core sys-
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tem component for providing a personalized learning environment for the users.
It keeps track of users’ navigational activities, guiding users through the course
in responce to their previous actions, responses, and drill scores. SS calls the LO
agent, and it in turn calls a DB agent. User profile and/or status data provided
by the DB agent gives enough information for the LO agent to render dynamic
HTML for the user via SS. This agent also collects users’ audit trails.

A DB agent provides database connectivity for the other agents. This agent
receives Structured Query Language (SQL) statements from other agents as call
parameters. If the SQL statements are ’select’ statements then the DB agent will
return the calls with data arrays read from the database. This agent provides
database service abstraction. Other agents need not consider the lower database
client functions to do SQL queries. The DB agent acts as a proxy database client
on behalf of others agents.

Fig. 3. Trails

A tutor agent responds to users’ answers from tests and drills. A pedagogically
crafted scheme with a set of questions and answers provides the agent with a
programmed intelligence, in which wrong answers to a drill lead learners to
appropriate hints and advice. The students can then subscribe to those LOs
suggested by the hints or try the drill again and continue with the current
course. Students can jump back to the current course trail at any time while
following trails suggested by the tutor agent. The agent calculates scores, shows
result status, and keeps track of assessments taken by each student. After each
assessment the agent gives recommendations on how to proceed with the course.
The tutor agent’s instructor modules provide the instructors with an interface
for students’ progress reports and diagnostics.

4 Conclusion

A Web-based ITS should be able to respond to students’ needs as they progress
through the system. IWBTS provides a structured learning system environ-
ment, suitable for producing automatic links through simple logic-based rea-
soning mechanisms and guiding students in their navigation. Such an approach
helps to overcome a major concern about a cognitive overload in Web enhanced
courses. A mutually respectful environment and probing questions are essential
elements of effective tutorial dialogs provided by IWBTS.
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An instructor is presented with a complete report about every student’s
activities by IWBTS. The multi-agent architecture tracks student’s responses,
performs a qualitative reasoning on them, and delivers immediate diagnostics
and advice. A qualitative reasoning engine in IWBTS evaluates each student
separately, compares students’ results, and then creates their learning profiles.

IWBTS is composed of reusable LOs. A large scale collaboration among
educational organizations can provide high quality courses to their students by
reusing LOs. For organizations owning LOs, an audit trail for each LO can easily
be easily for billing purposes.
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Abstract. Construction and the real estate sectors have low efficiency and high 
fragmentation compared to other branches of the building industry. Scientists, 
practitioners and politicians from various countries input much attention, effort 
and time to eliminate drawbacks such as efficiency and fragmentation. Cur-
rently construction and real estate are characterized by the intensive creation 
and use of information, knowledge and automation (software, knowledge and 
decision support systems, neural networks, etc.) applications. It is commonly 
agreed that a better integration of information, knowledge and automation ap-
plications would significantly speed up construction and real estate sector proc-
esses, improve the value of decisions made and decrease the overall cost of a 
building’s life cycle. The authors' objective in integrating decision support with 
knowledge systems is to improve the quality and efficiency of decision support 
systems. In order to demonstrate the integration decision support and knowl-
edge systems a Cooperative Integrated Web-based Negotiation Decision Sup-
port System for Real Estate will be considered as an example. 

1   Introduction 

Construction and the real estate sectors were always one of the most important 
branches in Europe. However, Information Technologies (IT) is less used in construc-
tion and real estate when compared to other industries, and IT is rarely integrated. A 
number of EU countries consider IT applications in construction and the real estate 
sector as one of the paramount tasks to be completed for successful results. For exam-
ple, programs Framework 5 and 6 prefer to fund projects related to IT application in 
construction and real estate rather than to traditional construction and real estate pro-
jects. 

The authors of this paper participated in the project Framework 6 “Intelligent Cit-
ies“ (INTELCITIES). The main objective of INTELCITIES is to create a new and 
innovative set of interoperable e-government services to meet the needs of both citi-
zens and businesses. One of the INTELCITIES’s goals (on the Lithuanian side) was 
to develop a Cooperative Integrated Web-based Negotiation Decision Support System 
for Real Estate (NDSS-RE) that can use best practice, explicit and tacit knowledge. 
Real estate brokers from Vilnius city tested the system and used it to for different 
broker activities. 
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Under the traditional system, the real estate agent offers a package of services: 
showing homes, advising sellers on how to make the house more marketable, assess-
ing current market conditions, providing information about home values and 
neighborhoods, matching buyers and sellers, negotiating the sale price, signing con-
tracts, arranging for inspections, and assisting with closings, and so on. 

The Internet and intelligent technologies can disaggregate the above services: the 
Internet searches for real estate, finds alternatives and prepares comparative tables, 
databases that provide information about real estate, their values and neighborhoods, 
match buyers and sellers, negotiate the sale price, assist with real estate selection, and 
lender selection, provides smart software for boilerplate contract’s language, and 
personalized websites that manage complicated transactions. 

In a rapidly changing real estate market conditions and the large demand and sup-
ply for real estate, it is difficult to adequately orient all the above in the existing situa-
tion and to make rational decisions without the help of intelligent systems, knowledge 
and data bases. 

This paper is structured as follows. Following this introduction, Sect. 2 describes 
the possibilities of the integration decision support and knowledge systems. In Sect. 3 
we have provided a comparative description of Cooperative Integrated Web-based 
Negotiation Decision Support System for Real Estate. Testing the developed System 
is presented in Sect. 4. Finally, some concluding remarks are provided in Sect. 5. 

2   Integrating Decision Support and Knowledge Systems 

Integration of neural networks, multimedia, knowledge-based, decision support and 
other systems in construction and the real estate sectors has a very promising future in 
scientific research. Recently, much effort has been made in order to apply the best 
elements of multimedia, neural networks, and knowledge-based and other systems to 
decision support systems. For example, the use of artificial intelligence in DSS sys-
tems does not influence the persons who make decisions; however, it allows optimiza-
tion of a DSS’s possibilities. 

Scientists and practicing users call the integrated knowledge-based and decision 
support systems - intelligent DSS, knowledge-based management support systems, 
expert DSS, expert support systems and knowledge-based DSS. Various forms of the 
integration of these systems were investigated and several architectures of systems 
were offered. Some authors in their work have suggested the idea to integrate knowl-
edge-based and decision support systems. All these systems have a typical and com-
mon feature, i.e. in integrated systems the knowledge-based part performs auxiliary 
and an advisory role and chooses decision alternatives, data and their sources, prob-
lem solution tools, methods and models, and organizes flexible interaction between 
the user and the system. Knowledge-based and decision support systems are related, 
but they treat decisions differently. For example, knowledge systems are based on 
previously obtained knowledge and rules of problem solving, and a decision support 
system leaves quite a lot of space for a user’s intuition, experience, and outlook. 
Knowledge systems form a decision trajectory themselves, while decision support 
systems perform a passive auxiliary role, though a situation might occur when deci-
sion support systems suggest further actions to the decision maker. 
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Calculation and analytical DSS models can be applied to process the information 
and knowledge that is stored in the knowledge base. For example, some DSS models 
can be applied to prepare recommendations by referring to the knowledge in the 
knowledge base. Decision support systems can also facilitate the search, and an 
analysis and distribution of the explicit knowledge. 

In order to demonstrate the integration decision support and knowledge systems in 
the construction and real estate sector a Cooperative Integrated Web-based Negotia-
tion Decision Support System for Real Estate will be considered as an example. 

3   Cooperative Integrated Web-Based Negotiation Decision 
Support System for Real Estate 

NDSS-RE is a Cooperative Integrated Web-based Negotiation Decision Support Sys-
tem for Real Estate and can be found at the following web address: 
http://dss.vtu.lt/realestate/. The NDSS-RE consists of a Decision Support Subsystem 
(DSS-RE) and Expert Subsystem (ES-RE). DSS-RE consists of a database, a database 
management system, model-base, a model-base management system and a user inter-
face (see Figure 1). 

Model-base management systemDatabase
management system

Databases of dwelling 
real estate (apartments in 
houses with few flats, 
apartments in blocks of 
flats, garden houses, 
farmsteads, cottages, 
private houses) and 
commercial real estate 
(premises, buildings).

A searching model for real estate alternatives.
A model for finding alternatives and making an 
initial negotiation table.
A model of multiple criteria analysis of 
alternatives.
A model for negotiations based on real 
calculations.
A model for determining the most rational real 
estate purchase variant.
A provision model for recommendations to a 
real estate broker.
A model for determining the rational loan.
A model for market signaling.

Decision Support Subsystem (DSS)

User interface

 

Fig. 1. The components of Decision Support Subsystem 

Real estate listings are an interface for a seller to post listings. The system provides 
forms for sellers or real estate brokers to fill in information about their real estate. 
Real estate brokers wishing to present information on their objects must receive per-
mission from DSS-RE administrator. Having this permission the broker inserts all the 
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necessary information about real estate objects under sale in the DSS-RE databases 
according to the system’s requirements (i.e. system of criteria, values and weights of 
criteria). Access to the databases developed personally by brokers is provided only to 
the broker and to the DSS-RE administrator. At present the developed DSS-RE allows 
for the performance of the following five main functions: search for real estate alter-
natives; finding out alternatives and making an initial negotiation table; analysis of 
alternatives; negotiations; determination of the most rational real estate purchase 
variant. In order to throw more light on the DSS-RE, a more detailed description of 
some of the above-mentioned Subsystem functions follows. 

A consumer may perform a search for real estate alternatives from databases from 
different brokers. This is possible because the forms of data submissions are standard-
ized at a specific level. Such standardization creates conditions that can be applied to 
special intelligent agents that are performing a search for the required real estate in 
various databases, and the gathering information/knowledge. 

  

Fig. 2. Search results for a specific real estate are submitted in: textual, photo/video and graphi-
cal information on the real estate (left); expert and quantitative description of the real estate’s 
alternatives (initial negotiation table) (right) 

Consumers specify requirements and constraints and the system queries the infor-
mation of a specific real estate from a number of online brokers. The system performs 
the tedious, time-consuming, and repetitive tasks of searching databases, retrieving 
and filtering information/knowledge, and delivering it back to the user. Search results 
for a specific real estate are submitted in a textual, photo/video and graphical informa-
tion on the real estate’s alternatives and the initial negotiation table (see Fig. 2), which 
may include direct links to a Web page of brokers. When submitting such a display, 
the multiple criteria comparisons can become more effectively supported. By clicking 
the link “Expert and quantitative description of variants” (see Fig. 2 (left)), the expert 
and quantitative description of private houses’ alternatives is presented (see Fig. 2 
(right)). Each alternative described by the quantitative information (system of criteria, 
weights of criteria and values) has a number (see Fig. 2) that coincides with the verbal 
and photographic information describing the mentioned alternative (see Fig. 2). 
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Fig. 3. Results of multiple criteria evaluation of the private house’s alternatives: upper part of 
the matrix for obtained results (left); lower part of the matrix for obtained results (right) 

  

Fig. 4. Calculation of the market value: presentation of the market value’s calculations in nu-
merical form (left); presentation of the market value’s calculations in graphic form (right) 

While going through the purchasing decision process a customer should examine a 
large number of alternatives, each of which is surrounded by a considerable amount 
of information/knowledge (economic, quality-architectural, aesthetic, comfort, infra-
structure, technical, legal, technological), and other factors. Following on from the 
gathered information and knowledge, the multiple criteria analysis is then carried out. 
By using multiple criteria methods [2, 8] as was developed by the authors, the buyer 
(broker) determines the initial priority, utility degree and market value of the analyzed 
real estate’s alternatives During this analysis. Clicking the link “Results of Multiple 
Criteria Evaluation” (see Fig. 2 (left)), the results of the multiple criteria evaluation of 
the private house’s alternatives are thus demonstrated (see Fig. 3). In the lower part of 
the obtained result’s matrix the calculated significance of the real estate’s alternatives, 
their priority and utility degree are presented (see Fig. 3). The upper part of the ob-
tained result’s matrix shows the numbering of the real estate’s alternatives (see Fig. 3 
(left)). By clicking these blue underlined numbers it is possible to calculate the market 
value of a certain alternative (see Fig. 4). The table presented in Fig. 4 (left) shows the 
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iterations made during the calculation of the real estate’s market value. The same 
information, only in graphical form is presented in Fig. 4 (right). And by moving a 
mouse above any column of the graphical part, the numerical value of the column can 
be seen. For example, the market value of the eighth alternative was calculated by 
making 15 iterations (see Fig. 4 (left)). 

A buyer performing a multi-criteria analysis of all real estate alternatives selects 
the objects for starting the negotiations. For that purpose he/she marks (ticks a box 
with a mouse) the desirable negotiation objects (see Fig. 5 (left)). A negotiations e-
mail are created by the Letter Writing Subsystem and sent to all real estate sellers 
after the selection of the desired objects is made and then Send is clicked. 

During negotiations the buyer and the seller with the help of DSS-RE may perform 
real calculations (the utility degree, market value and purchase priorities) of the real 
estate. These calculations are performed on the basis of characteristics describing the 
real estate’s alternatives obtained during negotiations (explicit and tacit criteria sys-
tem, criteria values and weights). According to the results received, the final compara-
tive table is then developed. Following on from the developed final comparative table 
the multiple criteria analysis and selection of the best real estate buying version is 
carried out by using DSS-RE. 

After a variant of the real estate is selected, most often a purchaser has to borrow 
part of money from a bank. The Loan Analysis Subsystem is created for this purpose 
(see Fig. 5 (right)). 

  

Fig. 5. Selection of real estate objects for automated negotiations (left) and analysis of the loan 
alternatives offered by certain banks (right) 

There are two main categories of rules and procedures in the Expert Subsystem: 

• Development of suggestions as to what brokers to use and for what reasons further 
negotiation should be carried out. With the help of the DSS-RE having determined 
the sequence of priority, the degree of utility and the market value of the real es-
tate, the rules of the expert’s subsystem suggests what brokers to use and for what 
reasons further negotiation should be carried out. 

• Composition of comprehensively reasoned negotiation e-mail for each of the se-
lected brokers. By using information inherited from the previous DSS-RE calcula-
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tions and predefined rules and procedures, the expert’s subsystem composes of ne-
gotiation e-mail for each of the selected brokers, where it reasonably suggests that 
the price of the real estate should be decreased. The e-mail includes references to 
the calculations performed by DSS-RE. 

4   Testing the System 

In order to test the usefulness of the system, final semester master degree students 
from the Real Estate Management and Evaluation program at VGTU collected more 
than 250 listings. These students work as brokers in various real estate companies in 
Vilnius. They have placed information about real estate objects that they were selling 
at the time into the database. This system has been tested by eighteen students for 
areas that could be improved, e.g. process, interface, navigation, search for alterna-
tives from different brokers’ databases, multiple criteria evaluations, calculation of 
market value and negotiation. A testing of NDSS-RE was also performed by a de-
signed questionnaire that included four organizations from real estate brokers in Vil-
nius. The letter was attached to the questionnaire was as follows “We would like you 
to draw on your experience and expertise to help us to test whether the NDSS-RE can 
also meet your needs as a user. Please read through the following questions circling 
your response”. A more complete study is underway to study the satisfaction of users 
and the current real estate agents do in order to survive. If not, then what are the is-
sues that prevent people from using such approach. 

A first functional NDSS-RE prototype was developed in 2003, using existing in-
formation in order to start testing the main characteristics of the System together 
with prospective user groups in order to determine. Real estate brokers performed 
tests to ensure the desired results are achieved. When additional or improved mod-
ules were ready, they were included/exchanged in the NDSS-RE. 

We have some lessons to learn about the social impacts of implementing such 
kinds of e-broker systems. Several experts from Vilnius broker companies esti-
mated that about forty percent of employees in real estate broker firms may lose 
their jobs. 

The most important issues are as follows, and we will further explore and collect 
the needed knowledge to develop the following NDSS-RE subsystems: 

• Provision of recommendations to a real estate broker. A model of consumer needs 
analysis is still under creation for NDSS-RE. This sub-system will accumulate in-
formation about the popularity of real estate alternatives that are placed into the da-
tabase. The popularity is determined on the basis of the number of consumers ana-
lyzing a certain object and on the basis of the time-spent watching. A seller will of-
fer to reduce or increase the value of the real estate being sold on the basis of such 
information; other pieces of advice will also be provided. 

• Market Signaling Subsystem. Links to sites with exhaustive information and ana-
lytic reviews about the situation in the Lithuanian real estate market and about its 
development perspectives will be provided. Also, in future this Subsystem can 
send selected messages with required information to subscribers. 
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5   Conclusions 

Integration of knowledge-based and decision support systems have a very promising 
future in scientific research. The authors of this paper participated in the project 
Framework 6 “Intelligent Cities“ (INTELCITIES). One of INTELCITIES’s goals (on 
the Lithuanian side) was to develop a Cooperative Integrated Web-based Negotiation 
Decision Support System for Real Estate (NDSS-RE) which consists of a Decision 
Support Subsystem and an Expert’s Subsystem and can create value in the following 
important ways: search for real estate alternatives, find out alternatives and make an 
initial negotiation table, complete a multiple criteria analysis of alternatives, make 
negotiations based on real calculations, determine the most rational real estate  
purchase variant, and complete an analysis of the loan alternatives offered by  
certain banks. 
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Abstract. Reconfigurable machine tools (RMT) have emerged as a potential so-
lution to meet the demand for rapid adaptation in the next generation manufac-
turing systems. While a significant amount of research in RMT design is avail-
able, formal design methodologies are still under development. In previous 
work, a modularity framework technique for the development of RMT modules 
was outlined. The technique focused on module functionality and constructabil-
ity. While in general these characteristics are critical for the survival of any 
product, specific characteristics of RMT were not easily addressed by the pro-
posed methodology. In particular, convertibility, in the form of upgradeability 
and adaptability, was not addressed. This article presents an enhanced modular-
ity framework that takes into consideration the intended evolution lines of the 
reconfigurable machine tool. The basic principles are outlined and applied to 
the design of a machine tool for metal working. Recommendations for future 
enhancements to the framework are made, in particular, the possibility of de-
veloping a convertibility index to facilitate evaluation of candidate designs  
is discussed. 

1   Introduction 

Reconfigurability is a key feature in the design and construction of machine tools of 
the next generation manufacturing systems. While the concept of reconfigurable ma-
chine tools has been researched for about a decade, integrated design methodologies 
for reconfigurable machine tools (RMT) are still being developed.  

Experience shows that modularity is a key ingredient of RMT. Modular design 
presents some advantages that are well suited to machine tool development, for ex-
ample: economies of scale, increased feasibility of product/components change, in-
creased product variety, reduced lead time, decoupling of tasks, and ease of product 
upgrade, maintenance, repair and disposal [1]. 

A significant amount of work has been done for the development of methodologies 
for module design, particularly for consumer products. Some of these techniques are 
currently being applied to the development of RMT. As experience from test cases 
becomes available, a modularity framework for RMT design and construction has 
begun to emerge [2]. 
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In this paper, upgradeability and adaptability are identified as key drivers behind 
the modular construction of an RMT. An argument is made as to the importance of 
these parameters, in particular within the context of current trends in RMT develop-
ment, such as the evolution of Reconfigurable Manufacturing Systems (RMS). A case 
is presented in which upgradeability and adaptability concepts are applied to support 
decisions in the design of a machine tool. The experience from this case shows that 
these parameters not only drive the design of the modules, but also the evolution of 
the machine tool. The need to develop an index that can be used to compare alternate 
designs is exposed. In addition, a PLM environment was established as means to 
share information among team members (designers, customers, suppliers and con-
structors), evaluate technical feasibility of the design and coordinate efforts of team 
members working in different modules of the machine. 

This article is organized as follows: in Section 2, a brief literature review is pre-
sented. Research issues in modular design applied to RMT are made explicit from this 
review. The concepts of upgradeability and adaptability of RMT are introduced in 
Section 3. An industrial case that illustrates the use of these concepts to drive the 
design of a machine tool is then presented and the experiences are analyzed in Sec-
tions 4 and 5. The final section presents some conclusions and proposed future work. 

2   Literature Review 

Timely, affordable, one-of-a-kind products will require rapid product and manufactur-
ing process designs. These demands have created a need for reconfigurable manufac-
turing systems [3]. While a significant amount of research has been conducted in this 
field, RMT design methodologies are still being developed [2] 

As stated before, modularity facilitates RMT design and construction. Bi [1] pre-
sents a taxonomy for modularity that considers manufacturability. He points out that 
cellular manufacturing is based on flexible equipment that performs specific functions 
and establishes that optimal modular system configuration may need to be modeled as 
a multiple optimization problem. Moon [4] proposes a design methodology that inte-
grates modules and Huan [5] presents a design methodology for teams that are dis-
persed throughout the world, using the World Wide Web as communication tool.  In 
all of these cases, a methodology for the definition of the modules is not presented, 
that is, these studies assume that the modules are already defined.  

Newcomb [6] proposes a methodology for establishing modules in terms of reci-
clability of materials and introduces two parameters with which modularity can be 
evaluated for any given design. They claim that changes proposed by their methodol-
ogy match those changes that would have been proposed by intuition and experience. 
However, it is not clear how well the algorithm might work when more than one di-
mension is analyzed, for example, ease of service and reciclability. 

Rogers [7] propose the use of standardized modular machines to develop recon-
figurable, modular production systems. The concept of reconfigurable modular sys-
tems in which machine tools represent the modules within the system, is introduced in 
this work. It is interesting to note that, with the falling prices of machine tools, such 
systems are beginning to spread within important sectors, such as the automotive 
industry. 
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Marshall [8] presents the impact that modularity has on the characteristics of the 
industry that adopts it, and explains the need to address modularity at three levels: 
systems engineering, methodologies for product modularization, and the process of 
modular product development. Little details are given about any specific level, al-
though they point out the close relationship that must exist between functions and 
modules. 

Zatarain et. al [9] points out a tendency towards modularization of machine tool 
design and construction. In their work, they propose a methodology for modeling the 
dynamic response of a machine tool of modular construction. To reduce computation 
time and effort, pre-calculated stiffness and mass machine tool modules are assem-
bled for finite element analysis. Their work introduces a formulation for modeling the 
interfaces between the structural modules of the machine tool. The design of the ac-
tual modules is not discussed in this paper. 

As the review illustrates, most studies start from the fact that modules have already 
been designed. In very few instances are the algorithms for designing modules actu-
ally discussed. The authors’ previous work [2] focused on the deployment of a modu-
larity framework for the design of RMT. The previous study introduced a general 
design methodology that was applied to a specific RMT design case. Bottlenecks 
were identified in this process and as a result the authors proposed a modularity 
framework for RMT design. Four domains were established. Details were given about 
three of them but little was proposed about tasks at the front end, which constitutes 
the customer’s (i.e. the machine tool builder) domain. This issue is now addressed. 

3   Upgradeability and Adaptability: Definition and Relevance 

Reconfigurable machine tools evolve in well known directions. Since its conception 
as a technology, reconfigurability has been characterized in terms of the modularity, 
integrability, customization, convertibility and diagnostibility embedded in the design 
of a particular machine tool [10]. From the perspective of the machine tool builder, an 
important issue is how these characteristics are accounted for in the conception and 
evolution of the RMT design. 

In previous work [2], the authors proposed an approach to define modules for RMT 
design and construction. The framework, which has been represented schematically in 
Figure 1, provides a roadmap for the development of modular reconfigurable ma-
chines. Four domains are established leading from the requirements of the machine 
tool builder, through the definition of functions and finally to the definition of the 
reconfigurable modularity. In principle, each layer formalizes the knowledge devel-
oped at any given stage. As shown in the figure, steps two through four rely on well 
known techniques such as function analysis, plus a reconfigurability concept matrix, a 
tool introduced in the original work by Perez [2]. 

In Step one of the methodology, the intentions of the customer, i.e. the machine 
tool builder, are captured. In the original work, little information was known as to the 
nature of these intentions. It is now argued that upgradeability and adaptability are of 
utmost importance for a reconfigurable machine, and should be accounted for 
throughout the design process. 
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From the perspective of the RMT manufacturer, the design of the RMT must allow 
for the adaptation of new technology as its customer’s demands evolve. Convertibility 
of the RMT becomes an issue of upgradeability and adaptability. These characteris-
tics reflect the capacity of the machine tool to adapt in response to changes induced 
from a variety of conditions.  

Layer of 
Customer

Layer of functional
structure

Layer of Modular
Structure

Layer of
Reconfigurability

Step I
Customer's Domain

Step II
Functional Structures

Step III 
Modules Domain 

Step IV
Reconfigurability Domain

Functional Structure Domain’s Activities

Modules Domain’s Activities

Reconfigurability Domain’s Activities

-Identify operation’s mode
- Identify global function
- Establish functional decomposition

-Analyze Functional Decomposition
- identify overlapping of modules
-Identify product modularity 

- Establish the parameters to evaluate 
reconfigurability
- Prepare rough geometric layouts
- Evaluate concepts
- Select concepts

MACHINE TOOL BUILDER

- Upgradeability Analysis
- Adaptability Analysis
- Technology capacity evaluation

 

Fig. 1. Overview of the modular reconfigurabilty design methodology under the perspective of 
the machine tool builder, expanded from [2]. The shaded area represents the front end concerns 
that are intended to drive the evolution of the machine tool. 

Upgradeability and adaptability are important drivers for the design of an RMT. 
The model proposed by Perez et al, can be enhanced as illustrated in Figure 1. In 
principle, upgradeability refers to the ability of the manufacturer to introduce im-
proved technology into the machine. RMT should be designed with upgradeabilty in 
mind; the design of the RMT should be adjusted to allow for predefined evolutionary 
steps. Adaptability refers to the capacity of the RMT to suit the customer’s desires. 
The customer’s demands will likely shift in response to changes in the business envi-
ronment: financial conditions, competitiveness issues, labor concerns, etc. In fact, 
customers select a particular level of technology based on all of these parameters. At 
the RMS level, modularity, customization and integrability are addressed by the use 
of flexible equipment from the same vendor. Convertibility and adaptability becomes 
a matter of adding or removing machines. 

There are other reasons that justify the need to build upgradeability and adaptabil-
ity into a machine design. For example, during machine tool development, an impor-
tant decision involves the amount of automation that can be built into the machine in 
such a way that it can fulfill its mission without incurring in prohibitive costs. There 
is a limit as to how much the technology can increase performance. If the budget or 
the design mission does not allow for a current version of a particular machine to be 
automated to gain full advantage of current technology, modules should be designed 
in such a way that they can be replaced with improved technology. In the next section, 
a test case that illustrates the relevance of these ideas is presented.  
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4   Case Study 

The ideas expressed in the previous section were put to test in an industrial case. Be-
cause of confidentiality issues, the description that follows focuses on experiences 
associated with the application of the methodology, rather than on the details of the 
equipment that was developed. 

A company that manufactures high performance components for the power genera-
tion industry required a metal cutting machine to replace a manual process that caused 
excessive operator fatigue. The goal was therefore to design a machine that reduced 
operator fatigue without sacrificing productivity. A first generation machine was 
designed and built. The design was not modular, and could be updated only with 
significant modifications to the machine’s structure. While this machine reduced 
operator fatigue, it had very limited capacity: product changeover required significant 
effort and the machine could accommodate only a limited variety of products. A sec-
ond generation machine that could offer more flexibility was needed. 

A PLM environment was established to share and manage information among team 
members. PLM is a technology stack that brings together all product-related data into 
a single place for use across a vastly larger community than the engineering and de-
sign labs. By using PLM, product stakeholders — both internal and external to the 
organization — can share, comment on, modify, and track a product throughout its 
lifecycle. PLM solutions enable manufacturers to explore a variety of business strate-
gies — including virtual manufacturing and engineer-to-order — to establish efficien-
cies and maintain competitive product advantage [11]. A simple engineering envi-
ronment was implemented based on functional tools and PDM tools. CATIA and 
DELMIA 3D were used for the design, simulation and integration of different mod-
ules of the machine. A Concurrent Version System (CVS) was also utilized to share 
information among engineers, suppliers and constructors. CATIA and DELMIA were 
used for kinematics evaluation of the machine and its individual modules, for interfer-
ence and assembly analysis and to analyze the ergonomic process of the operator 
interaction with the machine. CVS was selected because it required only qualified 
supervision during installation. Because of the efficiency and autonomy of the soft-
ware, it practically does not require maintenance. 

At the beginning of the project, a decision was made to apply reconfigurabilty con-
cepts for the design of the second generation machine. The framework / methodology 
was used to design the modules. From the start of the design process, the need to 
establish the technological limits of the machine was evident. A minimum limit was 
established to meet the technical goals of the project, within the allocated budget and 
delivery time. In addition, the modules were designed in such a way as to allow for 
technological enhancements to be easily adopted. The direction of the evolution of the 
machine was therefore set from the beginning of the design process (with a time hori-
zon of a couple of years). 

While the original modularity framework allowed for the definition of the modules, 
a set of principles had to be adopted to support decisions about the technology built 
into each module and to trace the evolution of the machine. This type of information 
was not accounted for in the original framework. 

The design of the control module illustrates typical decisions that had to be made. 
In general, two alternatives are available for machine control: PLC or computer  
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control. A PLC offers a relatively simple but rather limited solution. PLC’s are very 
effective when all process parameters and control functions are well established. 
However, changes in process conditions are not very easily adopted. Set-up time is 
slow and capacity is limited. As a consequence, upgradeability and adaptability are 
hindered. This option was used in the first generation machine. 

Computer control is more difficult and expensive to implement: algorithms to con-
trol process and machine variables, as well as interfaces to communicate the computer 
with the user and the electric system of the machine tool need to be developed. On the 
other hand, computer control allows for a greater number of products and variables to 
be processed. Upgradeability and adaptability of the machine tool to facilitate new 
technologies and adapt to changes in process conditions is much easier with a PC than 
with a PLC. 

Similar issues had to be addressed from the perspective of the mechanical design 
of the machine. For example, the conceptual design of the machine required the de-
ployment of at least four axes to perform its functions. The manual process was ana-
lyzed to determine which movements needed to be automated in such a way that op-
erator fatigue could be reduced without the need for complex control equipment. The 
decision was to automate two axes, those that produced most of the stress on the op-
erator. These axes were designed to be computer controlled in position and speed. The 
remaining degrees of freedom were controlled manually by the operator.  

As stated before, the evolution of the machine was defined from the start of the 
project. Provisions were made to allow the manual control mechanisms to be replaced 
with minimal changes to the rest of the machine. While the actuation system was not 
completely predetermined before the prototype was designed, the manual actuation 
mechanism was built in a package that could be easily removed. A mechanical inter-
face was designed in such a way that a replacement of the manual control mechanism 
with a commercial hydraulic or electric actuator could be designed and implemented. 
This concept is illustrated in Figure 2. 

       
(a)    (b) 

Fig. 2. (a) Hand operated control lever; and (b) Automatic control lever. The modular design 
of the machine allows for easy replacement of the manual assembly. 

5   Analysis and Discussion 

The selected CVS fulfilled requirements during initial stages of the project (mechani-
cal design). However, as more information from other disciplines (electric, electronic 
and control) were integrated to the project the capacity of the CVS was exceeded and 
the integration of the information was based on knowledge and skills of engineers 
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more than on capacity of the software. For this reason it was necessary to migrate to a 
more powerful tool, in this case SMARTEAM. This option requires an IT manager to 
set-up and maintains the environment. One person was required to transfer the infor-
mation from CVS to SMARTEAM. At the moment this paper was written all the 
information had been transferred to SMARTEAM and engineers has been trained in 
the use of this tool. 

Table 1 compares different versions of the second generation machine as planned 
during its conception. Four different possible versions were analyzed. The table pre-
sents the modules as well as the elements that constitute each module. All versions 
have the same number of modules. The degree of technology in each module consti-
tutes the difference between each version. To save space, columns were added to the 
table for each module that was part of the machine. For example, version 1 has  one 
automatic and one manual axial linear motion system, while version 2 of the machine 
has 2 automatic linear axes  

Table 1. Comparison of different versions of the second generation machine (M = manual) 

2nd GENERATION MACHINE VERSION 
MODULES 

TYPICAL 
ELEMENTS 1 2 3 4 

Machine Frame Structural Elements     

Structure          

Guides         

Actuator  M       

Ball screw         

Driver         

Linear Motion 

Encoder         

Structure          

Transmission         

Actuator  M       

Driver         

Rotation 

Encoder         

Conventional     

Quick Change     
Work piece 

Holding 
Tailstock     

PLC     

PC     Control 

Interface     

Temperature     
Monitoring 

Pressure     

TOTAL COST (USD) $ 18,500.00 $  23,800.00 $ 25,300.00 $ 29,100.00 

FATIGUE REDUCTION 70% 80% 85% 90% 

PRODUCTIVITY INCREASE 12% 22% 27% 32% 

VALUE ADDED  51% 61% 66% 71% 

The Total Cost reported at the bottom of the table is the actual cost of each version 
of the machine and takes into account the cost of parts and labor associated with the 
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fabrication of the machine. Value added by the technology is calculated based on the 
two possible effects sought by the machine: fatigue reduction and productivity in-
crease. These effects account for 67% and 33% of the parameter value added, respec-
tively. The target of 100% value added means that cycle times are reduced by 50% 
and idle time due to rest periods are reduced to zero. Fatigue reduction is measured 
based on the actual hand operated process and the cycle time. As the number of man-
ual operations that cause fatigue is reduced by the introduction of technology, the 
fatigue reduction factor is increased proportionally. Increase in productivity results 
from the reduction in the idle time. In manual operations the operator needs to rest 
periodically. As more automation is available, periods of rest are reduced. Automa-
tion can also reduce set-up time and cutting time. 

Figure 3 summarizes the cost and the value added by each version of the machine. 
Major strides are made with the initial design of the machine. As more technology 
and cost is added, improvements become marginal because benefits obtained from the 
implementation of the technology are not proportional to the investment. An ideal 
design window can be established for the evolution of the machine. This information 
can be used to establish the first version of the machine, the nature of the most ad-
vanced version, and the stages that the machine design can go through as it evolves 
from one to the other. As a reference, the figure shows where the first generation 
machine would lie with respect to the RMT-second generation machine. It is repre-
sented as a point because this version cannot be upgraded or adapted. 
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Fig. 3. Value added vs cost of the technology associated with the RMT. A design window that 
traces the evolution of the machine can be established from this chart. 

It is important to note that although a formal methodology was not utilized to fa-
cilitate upgradeability or adaptability, the direction of the evolution of the machine 
was predetermined from the moment the design process began. Once the design of the 
machine had reached the stage in which modules were to be specified, the morphol-
ogy of these modules was determined with upgradeability and adaptability in mind.  



 A Directed Evolution Modularity Framework 251 

The case showed that the adoption of these criteria from the beginning established 
the direction in which the machine would evolve. However, the evaluation of  
prospective module designs was done based on the experience of the design team. 
The development of and upgradeability – adaptability index would be highly desirable 
to capture and facilitate the design process. This index could be used to compare and 
evaluate prospective module designs in terms of the ease with which the machine can 
be upgraded. 

6   Conclusions 

This work discussed the concept of directed evolution associated with the design of 
reconfigurable machine tools. It was stated that upgradeability and adaptability are 
dimensions that must be addressed at the top of the modularity framework that had 
been proposed in a previous study. A test case that used these concepts was presented. 
The case illustrated how the technological evolution of a machine tool can be traced 
as the user’s demand change. Finally, the case study showed that there is a need to 
develop an upgradeability / adaptability index to allow machine tool builders to 
evaluate and make decisions about prospective module designs. 
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Abstract. Feature recognition is a key technology of the automatic intelligent 
turning machining method. This paper provides an intelligent turning machining 
method based on geometrical feature recognition, including putting up 
viewpoint, direction and cylindrical co-ordinate. For real-loops and unreal-loops 
in projection, an algorithm is taken forward to recognize the straight faces, 
turning circle (cone, frustum and cylinder) and slot, and creates a  relationship 
functions among all the loops, determine the machinable turning cutting regions 
respectively according to the relationship functions. The study resolves the 
machinable problem in design stage, a method is supported to cooperative design 
and decreases the cost and save time. a hierarchy architecture of the center 
controller is constructed including integration process planning.  

1   Introduction 

This paper covers an intelligent manufacture method based on geometrical feature 
recognition, which will run in the EdgeCAM automatic manufacture system. 

Feature-based CAD/CAM can runs process planning automatically. It reduces the 
interactions between designers and fabricators, and decreases the complexity of 
operation decomposition and process planning time, and minimizes the number of 
design/fabricator interactions. Recently, there are much study concerning algorithms 
for defining optimal tool paths for various tools, part geometries, and machines. In 
CAD/CAM systems, major challenges still are process planning and operation 
decomposition.  

Three kinds of geometric models, namely, wire-frame models, surface models, and 
solid models support most CAD/CAM system. There are three kinds of express 
methods for 3-D geometries, namely the BRep method, the CSG method, the 
compound model of both. 

In this paper, based on EdgeCAM, strategies and algorithms are taken forward 
according to the features of a geometric model. Turning features, accessible from a 
predefined direction, are gained by manual or automatic feature extraction.  
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2   The Center Control Hierarchy Architecture 

In EdgeCAM system, The adaptive intelligent process control strategy and 
algorithms will be used. The center control is made up of the graphics generator, the 
center control cell, and the NC code controller[6-8]. The graphics generator is used 
for creating and displaying the graphics, which can import the graphic file by import 
interface in Fig.1, of course the operator can design geometric graphics within the 
EdgeCAM system by himself. The center control cell deals with the 3-D Geometric 
model for feature recognition and process planning decomposition. The NC code 
controller copes with the NC code generation and file management; NC Wizard is a 
post dispose generator of files, The end of NC Wizard generates a post dispose model 
file, then a NC code file is produced by the NC code constructor. 

3   Feature Recognition 

In the intelligent automatic machining process, feature recognition is very important 
for process planning and operation decomposition. Optimal strategy and algorithm 
can decrease the process route of machining, reduce the cost, and shorten the time. In 
short, feature recognition is used to research the areas of machining, and to avoid 
collision and interference. 

Visibility is very important in feature recognition [9,10]: the method of visibility 
will be used to determine from a viewpoint in the visible space which is accessible to 
an observer located outside the convex envelope of the object. The set of visible 
directions for a point is referred to as the visible area. We compute the visible area for 
a representative set of sample points distributed uniformly in the entire visibility 
space. Visibility gives us a “first perception” about how to orient the cutting tool 
during cutting. Of course, visibility cannot account for the diameter of the tool, the 
tool-holder or the spindle, this job will be done by the machining NC system. In the 
following, there will describe turning and milling feature recognition, respectively, 
and provide corresponding algorithms and cases. 

Turning feature recognition will be used to search the area of turning operation to 
avoid collision and interference for the turning tool. Collision avoidance can be 
viewed alternatively as access assurance. An interference free tool can be assured by 
an access direction[11,12]. 

3.1   Creating Visibility Space for Turning Feature Recognition 

The access direction may be not unique, but the method is unique. For turning feature 
recognition, firstly, we should create a viewpoint for visibility space, as shown in 
Fig.1. The viewpoint is aligned with the center line outside the geometry model. 

After the viewpoint created, a direction will be given for view in visibility space, 
and the direction shall be parallel with the center line. The direction is shown in Fig.1.  
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  Fig. 1. Viewpoint for visibility space             Fig. 2. Cylindrical co-ordinate and projection                                 

3.2   Background and Projection for View Direction in Visibility Space 

The background and projection for view direction is used to find the machinable area 
and size. The turning cutting visibility space should be continuous. If the unit vectors 
that represent directions in R3 are viewed as position vectors, the surface of a cylinder 
is defined C2. Clusters of visibility or accessibility directions become continuous 
patches on the surface of the cylinder and referred to as visibility areas and accessibility 
areas. Access can also be generalized for regions. A access area for a region R can be 
defined formally in terms of point-access areas as follows: 

I
Rp

pARA
∈

= )()(                                                (1) 

Where: A is access area; 
P is point. 

After defined them, create a cylindrical co-ordinate shown in Fig.2. The vector of a 
point P is positioned by Z Axes, radius ‘r’, and angle ‘θ’, namely, (r, θ, Z). The original 
point is positioned at the viewpoint. Along the direction from the view point, the 
background and projection shown in fig.2. can be attained . 

                       P=Φ(r, θ, Z)                                                          (2) 

3.3   Algorithm of Turning Feature Recognition 

The visibility space, including the viewpoint, the view direction, and the cylindrical 
co-ordinate have been defined, then the areas of the machinable turning will be found. 
At first, obtain the largest outline of every real-loop li, the radius of the outline ri, and 
then the length (∆Z) or the relationship function Φ(r,Z)=f(r,Z) between r and Z of every 
real-loop. If ∆r is zero, then the extend of the real-loop is a cylindrical solid; if ∆Z is 
zero and ∆r is not zero, then the patch is a face between two real-loops; otherwise, it is 
a turn surface, for example, a cone or a frustum of a cone. The regions between the 
outside the cylindrical solid, cone or frustum and inside the value of the radius R of 
visibility space should be cut, which is shown in fig.3. 
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Fig. 3. Regions of turning cutting 

The overall area outside profile of real loops (T) in Fig.4 is clustered by the every 
machinable turning region gi, as follows: 

T=∑
=

K

i

ig
0

                                                         (3) 

Where: T is the overall area outside profile of real loops. 

 

Fig. 4. Machinable turning cutting area outside profile for real loops 

After the T finished, the profile of the related unreal loops is a slot, the Jj and the 
cluster area Fh can be gained.  

The procedure is as follows: 

(1) Initial the parameter, n is the number of real loops, k is the number of unreal 
loops; 

(2) for n in 1 to N, for m in 1 to M; 

(3) The nth real loop is hid, if the mth unreal loop changes into real loop, then find 
out the gi as the method for real loop, then Jj←gi; otherwise n=n+1, go to (2); 

(4) Output Jj; 

(5) If Jj is continuous, then cluster it to Fh, 
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Fh =∑
=

E

j

jJ
1

                                                             (4) 

Where: E is the number of continuous regions. 
Jj is the regions outside profile of unreal loops 
If Jj is not continuous, then Fh←Ji; 

Fh = Ji                                                                   (5) 

(6) End the procedure. 

 

Fig. 5. Overall machinable Turning cutting area outside profile unreal loops 

 

Fig. 6.  Overall machinable Turning cutting area profile of unreal loops 

The whole area Q of machinable turning cutting area outside profile of real loops 
and unreal loops is expressed as fellows: 

Q=T+∑
=

H

h
hF

1

                                                           (6) 

Where H is the number of machinable areas of the unreal loops. 
The relationship function between two adjoined loops is constructed as fellows: 

⎩
⎨
⎧

=Φ
iprelationsh

iprelationshno
Zr

1

0
),(                (7) 
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The algorithm of Q as fellows: 
A machinable space search function is defined in visibility space. 

f= 
⎩
⎨
⎧

≠Φ∈Φ∈
=Φ=∈

0),()),(),),,((|,,(

0),()),,(|,,(

ZrijrrrRZrrrq

ZrrrRrrrf

jiji

ijiji

αα
αα

        (8) 

Where: α is a machinable access radio. 
If Φij(r,Z)=0, straight feed in cutting region gi from the former real loop to the latter 

real loop on Z Axes; if Φij(r,Z) ≠0, straight feed in cutting region gi from the former real 
loop to the latter real loop on the turning surface defined by the function Φi(r,Z) 
between outside the turning surface and inside the R value of the cylindrical 
co-ordinate. 

Input: initial 

Specify the viewpoint, direction, and R value of Cylindrical CO-ordinate; 

Import 3-D geometry model for other CAD system, or one designed in the 
EdgeCAM. 

Output:  
        T----the overall area outside profile of real loops, including gi ; 
        Fh---the area outside profile of unreal loops, including Ji; 
        Q----the whole area of real loops and unreal loops; 

Algorithm: 
Procedure 1: For real loops 
Compute the number for all loops, including real and unreal loops according their Z 

axes value of them, then code them. 

li←{real loops, unreal loops}; 
M←the number of real loops; 
N←the number of unreal loops; 
mi←{real loops}; 
ni←{unreal loops}; 
Extract the real loops in the projection view, and the relationship functions Φi(r,Z) 

between every two adjoined real loops.] 
For mi←1 to M do { 

if(Φij(r,Z)=0),then )),,(|,,( iji rrRrrrf =∈αα ; 

  Else if(Φij(r,Z) ≠0),then )),(),),,((|,,( jiji rrrRZrrrq ∈Φ∈αα ; 

} 
For j←1 to k do { 
T←gi +T 
} 
End the procedure. 
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Procedure 2: For unreal loop 
Compute the number for all loops, including real and unreal loops according their Z 

axes value of them, then code them. 
li←{real loops, unreal loops}; 
M←the number of real loops; 
N←the number of unreal loops; 
mi←{real loops}; 
ni←{unreal loops}; 
For ni←1 to M do { 
Extract the ni-th unreal loop, the former loop and the latter loop  using the projection 

view, and the relationship functions Φi(r,Z) among the three loops. 
If the former loop is a real loop, then obtain the relationship function Φi(r,Z) 

between it and the former loop, do 
 { 

   if(Φij(r,Z)=0),then )),,(|,,( iji rrRrrrf =∈αα ; 

  Else if(Φij(r,Z) ≠0),then )),(),),,((|,,( jiji rrrRZrrrq ∈Φ∈αα ; 

  } 

Else if the latter loop is a real loop, then obtain relationship function Φi(r,Z) between 
it and the latter loop, do 

 { 

 if(Φij(r,Z)=0),then )),,(|,,( iji rrRrrrf =∈αα ; 

  Else if(Φij(r,Z) ≠0),then )),(),),,((|,,( jiji rrrRZrrrq ∈Φ∈αα ; 

  } 

Else the three loops are unreal loops, reserve the ni-th unreal loop and the latter 
unreal loop, then obtain relationship function Φi(r,Z) between it and the latter unreal 
loop, do  

{ 

  if(Φij(r,Z)=0),then )),,(|,,( iji rrRrrrf =∈αα ; 

  Else if(Φij(r,Z) ≠0),then )),(),),,((|,,( jiji rrrRZrrrq ∈Φ∈αα ; 

} 

For j←1 to l do { 
If the region Ji is continuous, then do 
 Fh ←Fh + Ji                                          
Else   Fh ←Ji                
End the procedure. 
Q←T+ Fh  
End the algorithm. 



260 G. Qin and Q. Li 

The whole machinable turning cutting area H is shown in Fig.7. 

 

Fig. 7.  Whole machinable turning cutting area in visibility space 

4   Turning Process Plan and Strategies  

4.1   Turning Process Planning and Operation Decomposition 

After completing the turning feature recognition and find the overall machinable 
turning cutting area, start the turning process planning and operation decomposition. 

For turning cutting, the turning process planning is divided to rough, half-finish and 
finish operations. In every operation, the users should choose the turning tools for every 
machinable turning cutting area from the tool store. The system will generate the 
machining paths, list of process and list of material. A flexible process plan is variables, 
alternatives, and possible omissions. Omissions include omitting tool-changing and 
coolant commands. EdgeCAM uses the method of man-machine interaction to avoid 
these omissions. Using flexible plans solves the common problem in the discrete parts 
and other domains where the formulation of plans be reusable. A flexible plan is 
expected to be usable for an extended time under a variety of conditions whose 
variability is embodied in the variables and omissions of the plan. In addition to 
providing for changeable conditions, the users can change the turning toll and 
machining pattern for any machinable turning cutting area. 

Three-stage planning will be used during turning process planning and operation 
decomposition. The use of two-stage planning is driven by the desirability of cutting 
flexible plans, combined with the requirement of doing hierarchical planning. 

A stage-one plan is in charge of choosing the machining area, turning tool from the 
tool store, and deciding the method of machining. The stage-one plan will be executed 
not only automatically, but also by man-computer interaction. The stage-two searches 
the machinable regions or areas. The tool paths according to the parameters of the 
turning tool is computed, and the process of turning machining is stimulated in 
stage-three. When the plan is executed, it is traversed one step in every time. For each 
step of the plan, one or more executable operations are executed by physical action or 
by sending commands to a subordinate. By waiting for each command to be executed 
before selecting the next step to run, the center control cell allows for using up-to-down 
values of plan variables. In the center control cell, each executes the plan to carry out 
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the operation and then tells the subordinate to execute the plan it just made. If either the 
subordinate’s planning or its execution is unsuccessful at any point, execution of the 
superior’s plan fails and it is stopped for the measure of security. 

The disadvantages of executing a flexible plan are as following: 
For each command sent to a subordinate, it may be necessary for the subordinate to 

make a plan from scratch for carrying out a command received from its superior. if the 
subordinate planner cannot make such a plan, execution of the superior plan fails. 

If it is executed more than once under the same conditions, after the first execution, 
the subordinate will be needlessly making the same plans over again, entailing needless 
cost, and wasting time. 

In order to avoid these disadvantages, the superior’s stage-one plan is traversed, 
producing a set of tasks from among alternatives in the stage-one plan, the subordinate 
makes a plan for carrying out each of the superior’s executable operations. The superior 
makes an ordered list of pairs of the executable operation, each pair consist of the 
subordinate plan name and the name of the plans of the executable operation, including 
list of process, tools and materials. In order to support optimizing plans across a 
hierarchy including the strategy and method of turning machining, the stage two plan  
is used 

4.2   Strategies of Turning Machining 

For roughing, half-finishing and finishing, they are adaptive to five similar strategies of 
turning machining. The five strategies are Turning, Straight Turn/Face, Threading, 
Grooving and Parting off. 

5   Cases of Paths of Tools and Simulation 

In general, Turning machining and turning tool from the tool store will be used for the 
shaft parts. For the different machinable turning cutting areas or regions, different tools 
shall be selected as per user’s actual requirement, the system will generate paths of 
turning tool, and stimulate the process of machining. Fig.8(a)is a 3-d model of the shaft 
part,(b) is a tool paths of its turning machining, (c) is simulation of process of its 
turning machining. 

                     
 

（ ）a 3-d model       （ ）b tool paths of its turning machining           （ ）c simulation of process 

Fig. 8. Sample turning for 3-d model 
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6   Conclusion  

Feature recognition is a key technology of the automatic intelligent turning machining 
method. This paper provide an intelligent turning machining method based on 
geometrical feature recognition, including putting up viewpoint, direction and 
cylindrical co-ordinate. For real-loops and unreal-loops in projection, an algorithm is 
taken forward to recognize the straight faces, turning circle (cone, frustum and 
cylinder) and slot, and to create the relationship functions among all the loops, and to 
determine the machinable turning cutting regions respectively according to the 
relationship functions. For the real-loops, if the regions are continuous then clustered; it 
is similar for the unreal-loops. The aim is to decrease the cost and save time. For 
roughing, half-finishing and finishing of different regions or areas, Five different 
turning machining strategies and methods can be used. They are: Turning, Straight 
Turn/Face, Threading, Grooving and Parting off. Procedures and parameters of every 
strategy and method are taken forward. In addition, a integrated CAM system of many 
CAD system is given, and a hierarchy architecture of the center controller is 
constructed. The architecture consists of the Graphics Generator, the Center Control 
Cell and the NC Code Controller. At last, the system will generate a NC program 
automatically. 

References 

[1] T.R. Kamer, H. Huang, E. Messina, F.M. Proctor, H. scott. A feature-based inspection and 
machining  system. Computer-Aided Design 33 (2001): 653-669. 

[2] M. Balasubramaniam, P. Laxmiprasad, S. Sarma, Z. Shaikh. Generating 5-axis NC 
roughing paths directly from a tessellated representation. Computer-Aided Design 32 
(2000): 261-277. 

[3] Chih-Ching Lo. Two-stage cutter-path scheduling for ball-end milling of concave and 
wall-bounded surfaces. Computer-Aided Design 32 (2000): 597-603. 

[4] X. Yan, K.Yamazaki, J. Liu. Recognition of machining features and feature topologies 
from NC programs. Computer-Aided Design 32 (2000): 605-616. 

[5] B.H. Kim, B.K. Choi. Guide surface based tool path generation in 3-axis milling: an 
extension of the guide plan method. Computer-Aided Design 32 (2000): 191-199. 

[6] S.C. Park, B.K. choi. Uncut free pocketing tool-paths generation using pair-wise offset 
algorithm. Computer-Aided Design 33 (2001): 739-746. 

[7] A. Flutter, J. Todd. A machining strategy for toolmaking. Computer-Aided Design 33 
(2001): 1009-1022. 

[8] S.C. Park, B.k. Choi. Tool path planning for direction-parallel area milling. 
Computer-Aided Design 32 (2000): 17-23. 

[9] Ke-Zhang Chen, Xin-An Feng, Quan-sheng Lu. Intelligent dimensioning for mechanical 
parts based on feature extraction. Computer-Aided Design 33 (2001): 949-965. 

[10] Ganping Sun, Carlo H. Sequin, Paul K. Wright. Operation decomposition for freeform 
surfaces in process planning.  Computer-Aided Design 33 (2001): 621-636. 



Author Index

Aca, S. Joaqúın 210, 243
Agost, Ma Jesús 86
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