
Chapter 8
Designing by Services: A New Paradigm
for Collaborative Product Development

Hongwei Wang and Heming Zhang

Abstract The design and development of complex products entails the collabo-
rative work of multidisciplinary and geographically distributed teams. The col-
laborative work largely depends on the effective sharing and integration of
information and computing powers in a distributed environment, and thus raises
the need of supplying flexible and accessible information for the next generation
design systems. Current design systems and tools are mainly focused on specific
aspects such as design, analysis, and manufacturing while the need of integrated
and collaborative development is not yet addressed. In this research, a paradigm of
designing by services is envisaged which is aimed at supporting collaborative
product development by integrating information and computing powers provided
as services by organizations with different expertise. Such a paradigm requires a
flexible architecture and the support of information technologies as it involves a
large amount of complex information about products, processes, and people. This
book chapter presents a paradigm of designing by services, describes the devising
of a service oriented architecture for the design systems for this paradigm, dis-
cusses the key enabling technologies involved, and introduces the development of
a collaborative simulation using service oriented computing as a case study of
software systems implementation.
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8.1 Introduction

Engineering design is a complex process in which designers iteratively develop
and optimize solutions for technical problems by applying their scientific
knowledge. This process is driven by market needs and constrained by available
information, human resources, and investment. Wallace identified a number of
trends for modern product design and development: increasing globalization;
greater competition; shorter life cycles; increasing complexity of processes and
products; large distributed design teams; reliance on Information Technology (IT);
explosion in available knowledge; and urgent need for sustainable design [1]. As a
consequence, the effective management of design processes should be performed
to support distributed design teams in developing high-quality, low-cost in terms
of both money and time, and sustainable design solutions, and thus raises the need
of a significant body of fundamental design research. Some of the popular areas of
research include the development of Computer Aided Design (CAD) tools to
improve effectiveness and efficiency of producing design solutions, the use of
Computer Aided Engineering (CAE) tools and advanced computing to identify
design flaws at early stages of the design process to reduce risks, the application
of Computer Aided Manufacturing (CAM) tools to speed the transformation of
design information into manufacturing information and ease the planning of
manufacture, and the management of information/knowledge to improve decision-
making by supplying relevant and useful information. These areas are focused on
particular aspects of the design work and the resultant tools cannot support large
distributed teams. Nevertheless, current research facilitates managing design/
manufacturing information electronically and opens up the opportunities for
further work supporting distributed design.

Hence, design systems are required for supporting the whole design process
rather than only particular aspects such as geometric models and manufactura-
bility analysis. Some studies have been done on studying the next-generation
design systems. For instance, Szykman and Sriram indicated that the next-gen-
eration product development systems will be distributed and collaborative [2].
A resultant paradigm is called Collaborative Product Development (CPD) which
is aimed at developing products by incorporating advantageous resources and
making collective decisions amongst distributed teams. A distributed CPD sys-
tem is particularly helpful for modern product development which is being done
more often by geographically and temporally distributed design teams [3]. As a
paradigm for supporting the whole design process, CPD involves many issues
and requires a large amount of research work. A number of issues have been
taken into account in the development of CPD systems, e.g. architecture of
information system, team management, communication tools, engineering
applications, product geometric representation, integration with CAD/CAE/CAM
tools, and knowledge representation [4]. Existent CPD systems mainly focus on
supporting activities such as accessing and visualization of design data and
design of components and assemblies [4].
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The key issues in CPD include system integration and interpretability [3],
communication and information representation [4], and project management [4].
In the authors’ opinion, there are three challenges for the implementation of CPD.
The first one is the sharing of information. Information updated by different teams
may be in different formats and have different meanings, which requires the effective
integration of information across different infrastructure/systems. In the context of
cross organization collaboration, information may need to be kept confidential and
only provided as part of a functional service. The second issue is the integration of
computing powers as computing is very common in engineering design. This not
only requires computing powers to be easily accessible but also involves the coor-
dination of computing processes to perform complex analysis tasks. Thirdly,
effective management of the design process is essential as CPD involves various
people, processes, and resources. To address these challenges, a flexible and
effective architecture is needed and more importantly enormous IT support is
required. Hence, provision of data, integration of information, and functional inte-
gration of computing resources should all be managed by professional solutions and
the technical details involved should be kept away from team members of distributed
CPD as much as possible. A new paradigm of Designing By Services (DBS) is
proposed to address the challenges, which emphasizes the provision of professional
solutions as services and the integration of these services to undertake complex
information accessing/integration and the collective use of computing.

The remainder of this chapter is organized as follows. In Sect. 8.2, the literature
related to CPD, the next-generation engineering software, and advanced computing
technologies is reviewed. In Sect. 8.3, we introduce a new paradigm of DBS for
CPD, which is supported by service oriented computing. In Sect. 8.4, key enabling
technologies for the proposed paradigm are discussed in detail. In Sect. 8.5, the
development of a collaborative simulation system is described as a case study for the
implementation of tools and systems for the paradigm. Finally, discussions and
conclusions are given in Sect. 8.6.

8.2 Literature Review

Literature reviewed in this research is centered on methods and tools for CPD in a
distributed environment. A few keywords can be identified to describe the features
of current research on CPD, namely collaboration, integration, information, and
computation. Specifically, collaboration is the most typical feature of CPD and
involves the methodology of performing development tasks by incorporating the
advantageous resources of parties in collaboration. Integration is a key feature of
CPD and determines how well the resources can be incorporated in a distributed
environment, involving both development methods and computing technologies.
Information is dealt with in CPD to better produce, share, use and reuse infor-
mation and knowledge among parties in collaboration. Lastly, two ways of using
computation exist in CPD: the first is the use of computing technologies to support
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CPD; the second is to support computation in a distributed environment to perform
analysis for CPD. This section is aimed at describing the state-of-the-art CPD
research in terms of these four areas.

8.2.1 Distributed Collaborative Product Development

CPD is a methodology of integrated and collaborative design for addressing the
requirements raised by the increasingly complex nature of modern product
development [5–7]. Hence, system integration and group collaboration can be
identified as the key issues in CPD, which have been researched widely [8, 9].
Computer Supported Collaborative Design (CSCD) can be dated back to the 1980s
when Computer Supported Cooperative Work (CSCW) became a popular research
topic and began to be applied to the engineering domain [10]. In the 1990s, the
emergence of Web related technologies greatly promoted CSCD which hence
rapidly became a hot topic from the beginning of the 21st century with the support
of integration technologies such as CSCW, Web, and agent [10]. Li et al. pointed
out that two types of collaboration were mainly found in CPD, namely horizontal
collaboration and hierarchical collaboration [8]. The former concerns the coop-
eration of team members from the same discipline to carry out a complex task in
either a synchronous way or an asynchronous way while the latter emphasizes the
cooperation between upstream design activities and downstream activities such as
manufacturing [8].

Essentially, horizontal collaboration aims to support the collective effort of team
members to resolve a joint task. Research on horizontal collaboration can be found in
the solving of a number of problems in the design process, e.g. assembly design [11,
12], product modeling [13], and process planning [14]. Major issues of horizontal
collaboration include the sharing of information between team members and the
licensing of team members to operate on specific pieces of information so as to
protect proprietary information and address conflicts. For example, Lee et al.
developed a collaborative intelligent CAD framework on the basis of a core design
history algorithm that is used to reason about which team member will have the
ownership on design models [15]. Hierarchical collaboration, by contrast, is focused
on the solving of design problems by team members with different expertise.
Research work on hierarchical collaboration can also be found in recent literature.
For instance, Park and Seo developed a life-cycle assessment system for evaluating
environmental impacts of different design alternatives [16]. Curran et al. proposed an
integrated digital design paradigm to facilitate design decision making by taking into
consideration manufacturing and cost issues [17]. Apart from the pieces of work
mentioned above, other issues of CPD have also attracted the attention of researchers,
e.g. interface design and control methodology for CPD tools [18], the use of ontology
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and semantic technologies for effective and ‘meaningful’ integration [12, 19], and
communication technologies for CPD [20–23].

8.2.2 Knowledge and Information Management

Information representation and sharing is fundamental to CPD as it involves
objects and their relationships in a design task. The ultimate goal of representing
and sharing information is to make it transferred to, and accessed by authorized
users or computer systems, and, clearly, the correctness and effectiveness of CPD
is largely determined by it. Li et al. summarized that information that should be
shared in CPD involves visualization, products, project management, etc. [8].
Szykman et al. proposed a product model to make design information assessable to
users in a Web-based system [24]. The sharing of information involves two levels:
the level for system integration and the level for human-understandable infor-
mation/knowledge. For the latter, a number of integration methods and technol-
ogies have been developed, e.g. Web, agent, and CSCW [9]. Shen et al. developed
an agent-based integration framework for collaborative intelligent manufacturing
[21]. Chu et al. designed and implemented a 3D design environment where
information with different levels of details is transferred to different design
engineers [25]. Shen and Grafe developed a VR-based virtual prototyping method
to support multidisciplinary communication between different systems for per-
formance analysis [26]. Liu et al. proposed a paradigm of composing services to
integrate loosely coupled software components which involves detailed design of
data and control flows [22].

The sharing of information for information/knowledge management has also
been widely studied. For instance, Rodriguez and Al-Ashaab proposed a knowl-
edge driven system architecture to facilitate the provision of knowledge for CPD
[4]. Zha and Du developed KSDMME, a Web-based knowledge-intensive dis-
tributed module modeling and evaluation framework, to link distributed, hetero-
geneous knowledge-based design models and tools, and assist designers in
evaluation and decision-making [27]. Robin et al. investigated the knowledge
exchanged and shared during CPD design processes and identified design context
as a key element for supporting design processes and knowledge exchange [28]. It
is noteworthy that the two levels of information/knowledge for CPD discussed
above do not necessarily mean that current research only focuses on a particular
level. In fact most of the work mentioned above was targeted for both of the two
levels albeit this was not explicitly stated. Some researchers did make the purpose
explicit. For example, Kim et al. developed an ontology-based assembly design
method which was aimed at making heterogeneous modeling terms semantically
processed by both design collaborators and intelligent systems [12].
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8.2.3 Multidisciplinary Simulation and Complex
Computation

Simulation technology has been widely applied in industry and plays an increas-
ingly important role in design validation and verification [29, 30], which raises the
need to support the simulation and complex computation used in CPD. The
development of complex engineering systems, e.g. mechatronics, involves multi-
ple disciplines such as mechanical, electronic, and control, and requires a multi-
disciplinary approach. The research in multidisciplinary simulation has been
proposed by many researchers to go beyond the studies of single-domain simu-
lation [31]. For example, Samin et al. proposed to use Multiphysics modeling and
optimization for mechatronic multi-body systems [32]. The use of multiple sim-
ulators to perform complex simulation and computation has also been proposed
[33], raising the need of studying multidisciplinary collaborative simulation for
CPD [6, 29]. In this sense, simulation models and computation resources should be
provided as assessable services and integrated at run-time to perform complex
simulation tasks. Shen and Grafe developed a VR-based virtual prototyping system
for mechatronic system development, which involves the communication between
multidisciplinary models [26]. Xiang et al. developed an agent-based composable
simulation system for fluid power system [34]. Research has also been done to
make computation resources and legacy models/codes assessable as services for
effective use and re-use in current/future development tasks. For example, Roselló
et al. proposed a component framework to reuse proprietary computer-aided
engineering systems/models [35]. Liu et al. proposed a method of composing
services to facilitate the integration of loosely coupled software components [22].
Tsai et al. developed a service-oriented modeling and simulation framework for
rapid development of distributed applications, which has a focus on the flexible
and effective integration of simulation services to build complex applications [36].

8.2.4 Distributed Computing Technologies

The application of distributed computing technologies such as Web, Web Services,
Grid, and cloud computing in engineering has been a hot topic since the inception
of CPD research due to their powers in distributed communication and system
integration [9, 10]. For example, Wang et al. developed a Web/agent-based
multidisciplinary design optimization environment [37]; Cheng and Fen developed
a Web-based distributed problem-solving environment where computational codes
can be accessed and integrated to solve engineering problems [38]; Jiang et al.
proposed a Web services and process-view combined approach to the process
management in CPD [20]; Fan et al. devised a distributed collaborative design
framework and used Peer to Peer (P2P) and Grid technologies for its implemen-
tation [39]. Interoperability between CAE software tools is of significant
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importance to achieve greatly increased benefits in a new generation of product
development systems [3]. Lots of work has been done on the system integration
and collaboration technologies, e.g. Web, agent, Web Services, and semantic Web,
and open standards and commercial tools have already been available [9]. The
development of infrastructural technology for CPD systems has also been
researched to support distributed integration and collaboration with improved
effectiveness and efficiency.

These technologies have also been applied to the development of distributed
multidisciplinary simulation systems. Reed et al. developed a Web-based model-
ing and simulation system which was applied to the aircraft design process and
argued that such a system could improve the design process [40]. Wang et al.
proposed to develop a multidisciplinary modeling and simulation platform which
can support the running and integration of simulation services on the Internet [29].
Byrne et al. reviewed recently research on Web-based Simulation (WBS) and its
supporting tools and concluded a number of advantages of WBS, including: easy
use; collaboration features; license and deployment models, etc. [41]. One of the
important enabling technologies of WBS is middleware which enables different
modules in a WBS to interoperate [41]. Some middleware technologies, e.g.
CORBA, Web Services and the High Level Architecture (HLA), have been used in
developing collaborative simulation systems for engineering design [6, 29].
Among these technologies, Web Services is a very promising technology for
system integration on the Web whilst the HLA is an important and heavily
researched standard for distributed simulation [41]. Two ways have been identified
and researched for the integrated use of Web Services and HLA, namely devel-
oping HLA enabling tools using Web Services and making HLA federation to
interoperate with other software applications [23, 42, 43].

8.2.5 Discussion

In summary, lots of methods and infrastructural technologies have been developed
and applied to support system integration and collaboration for CPD. In particular,
four features that have been widely studied can be identified from current CPD
research, namely collaboration, integration, information, and computation. How-
ever, current research mainly focuses on specific problems in CPD with little work
on the development of a widely used tool although it lays a good foundation for
further work on CPD by demonstrating that some particular methods are viable
and some particular technologies are useful. The potential of CPD is not yet fully
explored and new methods/paradigms should be developed and new technologies
should be exploited. A number of key issues should be well addressed in future
work. Firstly, interoperability plays an important role and shall be well studied to
support the integration of complex and heterogeneous systems. Flexibility,
effectiveness, and security/privacy are central requirements for system integration.
Secondly, a CPD paradigm should allow multiple systems/tools/platforms to work
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for different purposes and users should be able to select favorite ones [10]. Third,
simulation and high-performance computation are essential part of complex
product development and should be integrated and supported in CPD. Last but not
least, the technical details of collaborative work and system integration should be
kept away from users as much as possible. Based on the above discussions, the
authors believe that a useful CPD system should be based on the provision of a set
of tools/platforms by professional parities and complex development processes
should be carried out by selecting part of the professional services. This allows us
to envisage a new paradigm of DBS supported by CPD methodology and advanced
computing technologies.

8.3 Designing by Services Supported by Service
Oriented Computing

8.3.1 Designing by Services

Nowadays, the design and development of products is becoming increasingly
complex and requires effective management to ensure the successes of projects.
At the corporate level, companies should make strategic plans and provide sup-
portive environment to encourage the application of advanced design methods and
the adoption of creative and innovative enterprise cultures. At the project level,
necessary resources and relevant personnel should be allocated and systematic
design processes should be employed to reduce the number of iterations and
improve product quality. Moreover, design tasks are increasingly carried out in a
collaborative way due to limited resources and different expertise of individual
companies. A scheme of collaborative product development in the Internet dis-
tributed environment is shown in Fig. 8.1, where teams with different roles such as
designers, managers, and analysts in a project are based in different locations and
communicate with each other on the Internet though this is not explicitly shown in
the figure. It is noteworthy that each role shown in the figure may also involve
several teams rather than just one. For example, designers may come from several
teams based in different locations and work collaboratively on the same project.

In the centre of Fig. 8.1 is the iterative design process which is adapted from the
classic process proposed by Pahl and Beitz [44]. The input of this process is
market needs whilst the output is the definition of detail design solutions. There are
several roles identified in CPD, namely marketing people, system analysts, project
managers, designers, pattern makers, and others (e.g. finance people and experts on
environmental impacts analysis). People with different roles and from different
locations work together to make key decisions until optimal solutions have been
developed, and in this way, issues about project management, business analysis,
manufacturing, environmental impacts, etc. can be addressed in the early stages of
design. As mentioned above, different teams may get involved in a single step of
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the process. For example, concepts/embodiments generation can be done by teams
with expertise on different disciplines such as mechanical, control, and hydraulics.
Apart from the core design steps such as clarification of tasks and concepts/
embodiments generation, other key tasks in complex product design are also
included, e.g. requirement analysis, simulation, and knowledge re-use. The typical
features of CPD discussed in Sect. 8.2 are reflected in the process. Firstly, col-
laboration is required for nearly all the tasks. Second, integration is clearly
desirable as information sharing and exchange is essential in the scheme. Third,
information is important for supporting analysis, synthesis, and project manage-
ment. Lastly, computation can also be used in other tasks such as computational
synthesis and simulation analysis.

A number of CPD characteristics can be identified from the scheme. Firstly, it
involves a large amount of information which needs to be shared and exchanged
among team members. Second, it depends on the use of various tools such as CAD
packages and information management tools, and requires great IT support for team
collaboration and system integration. Third, it concerns lots of professional
knowledge, e.g. simulation and environmental impacts analysis. Fourth, the scheme
involves an iterative process and requires seamless integration between different
stages, raising the need for process management. Moreover, privacy and security is
a key issue in this scheme as the sharing of information may be cautious. Therefore,
lots of tasks need to be carried out by professional teams to undertake collaboration
and accomplish design objectives. These tasks should be made clear at the begin-
ning of a project and the design system should be flexible, effective, and secure. It is
thus useful for different parties in collaboration to specify what kind of services
they can offer and more importantly a professional team should work out the
integration of these services through integration services. As such a paradigm can
be envisaged to undertake complex design and development tasks by finding and
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using professional services which enable effective integration and allow team
members only focus their portion of work. Examples of these services include
services for producing design, services for supplying requirement information,
services for computation, and services for complex integration.

8.3.2 A Service-Oriented System Architecture

As discussed in the last section, the DBS paradigm depends on various services
provided by parties in collaboration. These services are developed and maintained
by parties with relevant professional knowledge, operate in different locations, and
will ultimately be integrated in a design system which offers graphical interfaces
for users to carry out design tasks. Such a paradigm actually entails lots of research
work and two issues need to be addressed in the first instance for its successful
implementation. The first issue is the identification of various services to make
clear division of tasks and achieve cost-effective system integration. This issue
thus requires an analysis of the roles and tasks in the scheme shown in Fig. 8.1.
The second issue is the computing technologies to be employed to underpin the
paradigm, which greatly influences the performance of design systems. This
section is aimed at understanding the services needed for CPD and their imple-
mentation technologies.

A service-oriented architecture is shown in Fig. 8.2, which offers a reference
framework for the software systems for DBS. Broadly, any task performing pro-
vision of information, computation, and integration of any two processes can be
viewed as a service in CPD. In the proposed DBS paradigm, there are eight kinds
of services as shown in Fig. 8.2. Information services involve the processing and
provision of information such as market needs, design specification, and manu-
facturing resources, which are aimed at facilitating decision-making in design.
This research distinguishes knowledge services and information services in that
the former are mainly used to capture, store, and supply pieces of design
knowledge. In this sense, knowledge is viewed as a kind of intellectual property
rather than plain information, e.g. how to process materials and why a component
was designed in the way it is. Process services are used to manage the configu-
ration and execution of complex CPD processes. Integration services are mainly
used to facilitate information integration between two systems and manage
possible changes in the systems involved. Security services, as the name suggests,
mainly deal with security issues. Security issues are not only about the protection
of information but also concern the cautious sharing of information between
different parties in collaboration. Design services are developed to facilitate the
execution of design tasks such as concepts generation and evaluation, drawing
production, and synonymous operation on CAD models. Simulation services
specifically refer to the components in multidisciplinary simulation for complex
problems, which are integrated at run-time to evaluate the performance of a
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proposed solution at the system level. Some computations used in the design
process are also provided as simulation services, e.g. computational synthesis and
reasoning on design data.

8.3.3 A Scenario of Designing by Services

To explain how the service-oriented architecture supports DBS, a scenario is
illustrated as follows on the basis of the key stages of CPD. Tasks in the design
process and relevant services involved in each individual task are shown in
Table 8.1 where words in brackets are used to describe the purposes and functions
of the services.

It is noteworthy that process services are actually needed in nearly all the tasks
and they are only shown in the first task for the sake of brevity. At the beginning of
the design process, team members interact with a design system which then starts
the process through process services and grants members different accessing
rights. The initialization of computing services and integration services is also
done at this stage. At the stages of requirements analysis and tasks clarification,
information services are mainly used to facilitate decision-making and store
important information such as design specification and project management for
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later usage. For synthesis, computation may be used to explore the design space
and thus simulation services are involved. In addition, synthesis also requires
relevant knowledge for designers to understand design problems and generate
ideas whilst the resultant synthesis information needs to be kept for use at later
stages. Therefore, knowledge and integration services are also needed. As the
name suggests, resource analysis and knowledge re-use requires information/
knowledge services. Concepts/embodiments generation is the core of the design
process and involves design services and other supporting services for information,
knowledge, and system integration. Clearly, simulation services are needed for
simulation analysis for which integration services are also essential as simulation
results should be sent to other systems for further analysis and comparison. The
last task of overall evaluation depends on simulation results and sufficient

Table 8.1 CPD process stages supported by services

Design tasks Services involved in the tasks

Starting the design process and
joining virtual working
environment

Process services (monitoring and controlling the whole
process), security services (licensing of access and
granting of ownership), computing services
(establishment of distributed working), and integration
services (sending relevant information to other systems)

Requirements analysis Information services (provision of requirement information
for decision making)

Clarification of tasks Information services (recording design specification and
informing relevant members)

Synthesis Simulation services (computation), Knowledge services
(supply of knowledge for understanding problems and
making decisions), and Integration services (sending
results of synthesis over to design services)

Resource analysis and knowledge
re-use

Information services (information about resources) and
knowledge services (knowledge about previous projects)

Concepts and embodiments
generation

Design services (supporting the creation of solutions and
production of drawings), information services (provision
of relevant in information response to queries),
knowledge services (supply of knowledge about specific
topics and previous projects in response to queries),
integration services (supporting collaborative work and
sending design information for simulation)

Simulation analysis Simulation services (creation and encapsulation of
simulation models, running of multidisciplinary
simulation), integration services (integration with design
services and sending results for overall evaluation)

Overall evaluation and verification Information services (provision of relevant information),
simulation services (obtaining and analysing simulation
results), and integration services (sending evaluation
results to relevant systems)
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information about manufacturing, environmental impact, etc., and thus should be
supported by simulation services, information services, and integration services.

8.4 Key Enabling Technologies for Designing by Services

A paradigm of DBS is described in the last section, with eight kinds of services
identified and a service-oriented architecture developed. A scenario is also intro-
duced to illustrate how the services are used in the design process. The eight
services have different focuses and clearly require the support of many technol-
ogies which not only concern product design and development but can also include
distributed computing technologies. In this section, a few enabling technologies
will be discussed to underpin the implementation of software systems for DBS, as
well as to identify promising directions for further research. These technologies
are discussed in detail in the remainder of this section.

8.4.1 Distributed Computing Technologies

Apart from the eight kinds of services, management and technology are two
important issues in the service-oriented architecture. On the one hand, the devel-
opment of this architecture is aimed at supporting effective management of CPD
and thus the management of information, knowledge, resources, processes, and
projects should be taken into account in the design of services. On the other hand,
technologies are also important for CPD in a distributed environment. Some
specified design technologies such as CAD, decision-making, computational syn-
thesis, and multidisciplinary simulation should be well considered. Moreover,
distributed computing technologies should also be utilized to support the service-
oriented architecture. In this research, Web, Web Services, Grid, Cloud computing,
and the HLA are identified as promising technologies. Specifically, the Web can be
used to implement Web-based system which offers a virtual working environment
for CPD. Web Services can be employed in a number of ways, e.g. development of
information and knowledge services, implementation of process and integration
services, and encapsulation of simulation and design services. The Grid can be used
for sharing computation resources (i.e. simulation services) and supporting provi-
sion of design services. Cloud computing can be applied for massive storage of
information/knowledge, implementation of security services, and the shared use of
tools/systems/platforms. These technologies have different features and powers,
and in practice they should be chosen based on system requirements and available
budgets. Detailed discussions on these technologies can be found in [9, 41].
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8.4.2 Design Data Exchange and Synchronous Operation
of Designers

CAD tools are widely used in engineering design, which are increasingly powerful
and can improve the effectiveness and efficiency of model creation and drawing
production. Modern CAD packages may also have advanced functionalities such
as kinematic analysis, knowledge capture and re-use, and integration with CAM
tools. In CPD, design solutions are created collaboratively by distributed team
members who may use different CAD packages. Moreover, synchronous operation
on CAD models is required when several teams work on the same component/
assembly. Therefore, design services need to address two issues. The first is the use
and integration of multiple CAD tools and the exchange and management of
design data. CAD packages provided by different vendors may rely on different
methods for geometric information representation, raising the need of studying the
exchange of CAD models among different teams without loss of key design
information. This means that a function of design services is to obtain design
information from one site and accurately transform it into a data format which can
be accepted by another site. Some research has been done in this area but further
work, nevertheless, is still necessary to deal with complex information.

The second issue is the synchronous operation on design models. This is critical
for online collaboration in which several teams work on the same model. The key
to this issue is the granting of ownership to a team, i.e. only one team can operate
on a model at a short period of time. If all the teams are waiting for each other, the
system will go into dead lock. Moreover, if some teams have to wait for a very
long period, the performance of collaborative work is also degraded. Design
services thus need to implement the management of design models to support
synchronous operations. This piece of work may also be needed by whichever of
the other services (e.g. collaborative simulation) that involves synchronous oper-
ations on system models and information objects.

8.4.3 Information and Knowledge Management

As discussion in Sect. 8.3.3, information services are very important for CPD and
appear in many stages of the design process whilst knowledge services are also
necessary for some key stages. In complex design projects, designers need a large
amount of information to generate ideas, evaluate solutions, and make decisions.
This is more prominent in the context of CPD in which these tasks are often
carried out by several teams. Engineering designers actually have various
knowledge needs and the supply of relevant knowledge is very helpful [45].
Information and knowledge management is thus of significant importance for
DBS. To make informed decisions, designers need to obtain information about
market needs, project management, manufacturing resources, and environmental
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impacts. In the service-oriented architecture, information services need to support
the capture of both structured and unstructured information and supply the cap-
tured information to team members based on their context of working. Moreover,
the sharing of information should be limited to the extent that confidential infor-
mation of any individual team is kept safe. The issues discussed above can all
determine the implementation of information services.

Similarly, knowledge should be shared ‘cautiously’ as well because it is per-
ceived as a kind of intellectual property and largely determines the competitive
strength of an organization. Knowledge services need to deal with the licensing of
knowledge access as well as to support the capture and store of knowledge as
design projects proceed. It is a key issue that the capture of knowledge should not
obstruct the work of designers and project managers and as such, it is also nec-
essary to develop effective knowledge capture methods. In CPD, design tasks are
carried by several distributed teams that have different methods for knowledge
management, which makes the capture of knowledge even more difficult. In
addition to the capture and storage of knowledge, its subsequent retrieval and re-
use is also a critical issue which has not been well addressed [46]. In the context of
distributed CPD, the retrieval of knowledge becomes more complicated as
knowledge records may be stored in different places and the knowledge needs of
different team members can be diverse. These issues need to be well addressed by
the knowledge services.

8.4.4 Information Retrieval and Semantic Technology

As discussed in the last section, the subsequent retrieval and re-use of design
knowledge is a critical issue. Actually, various retrieval methods need to be
developed for the proposed DBS paradigm which concerns information in various
forms. For example, design knowledge is generally captured in a structured way
and as such its retrieval methods can exploit the inherent structure to improve
retrieval performance [46]. Simulation technology is widely used in complex
product development and the number of simulation models is large in CPD.
Retrieval methods are required for these models to support engineers to find
models as per specific needs such as function, discipline, and performance.
Information retrieval is a popular area of research and has developed rapidly in
recent years due to the emergence of commercial searching engines. Many
methods have been developed, e.g. keyword-based search, language models, and
machine learning techniques [47]. Apart from the technologies and methods
mentioned above, the information seeking behaviours of designers should also be
taken into account in the development of effective retrieval methods [48].

The development of retrieval methods depends on the specific structure, format
and content of information as well as the information needs of engineers. These
issues all need to be considered in practice. There are two promising areas of
research for the retrieval of design information. The first is raised by the fact that
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design engineers often cannot express their needs explicitly and re-phrasing is
common in face-to-face knowledge acquisition. Therefore, it is useful to develop a
system which can ‘chat’ to designers like an experienced colleague to clarify
information needs, and as such supply more relevant information. The second area
is Semantic technology which is not only promising in information retrieval but
can also help improve the effectiveness of system integration. In this section, only
its potential use in design information retrieval is discussed. With the support of
Semantic technology, retrieval methods can better understand design engineers’
queries whilst being ‘aware’ of the contents of information. Thus improved
retrieval performance can be achieved and intelligent assistance can be offered to
designers. A lot of work can be done in this area as information records
accumulate.

8.4.5 Multidisciplinary Collaborative Simulation

Multidisciplinary Collaborative Simulation (MCS) is an important technology for
both CPD and Virtual Prototyping (VP), aiming at evaluating the performance of
design solutions at the system level and using a digital scheme. MCS achieves rapid
development in recent years ascribed to the wide application of CAE tools, with an
emphasis on the synergic collaboration of multidisciplinary computational models at
simulation run-time. There are mainly two methods for MCS: a centralized method
and a distributed method. The former is generally implemented based on the pro-
gramming interfaces between simulation tools and selects one of the models as the
central model that communicates with others at run-time using the interfaces. The
distributed method emphasizes a more general framework in which an external
programme is used to communicate with all the models. As well as being flexible and
scalable, the distributed method also has advantages of supporting model integration
in a distributed environment (i.e. good accessibility) and enabling cautious sharing of
information. A manifest drawback of the centralized method is that it is only
applicable to the cases where the simulations tools involved have interfaces between
each other. The challenges for the distributed method include the modeling of
complex systems, the run-time assembly between computational models with dif-
ferent integration methods, the ‘cautious’ sharing of simulation data, and the
effectiveness and efficiency of data transfer in a distributed environment. Simulation
services are an important part of the service-oriented architecture and therefore
should be included by any design system for DBS. The use of virtual simulation can
greatly improve effectiveness and efficiency of system evaluation and reduce eval-
uation costs in terms of both money and time. The challenges are also prominent, e.g.
how to improve simulation performance in terms of accuracy, speed of running, and
reliability. So far, successful applications of MCS to design problems are not many,
and thus the development of effective MCS systems and the improvement of per-
formance are promising areas for further work.
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Apart from the enabling technologies discussed above, there are also other
interesting and important topics, e.g. the development of straightforward interfaces
for design engineers and the accessing of design system from mobile devices.
Moreover, seamless integration between design and other life-cycle issues, such as
service, disposal, and inventory analysis, also deserves further work. These issues
can all be taken into account in the implementation of a DBS system on the basis
of its specific requirements.

8.5 Service Oriented Collaborative Simulation

A DBS paradigm and its enabling technologies have been discussed in the last two
sections. Such a paradigm can support the complex CPD process by developing a
modular and flexible architecture. Tasks requiring great expertise, such as model
creation, system integration, information/knowledge management, multidisci-
plinary simulation, and system evaluation, are all carried out by assessing relevant
services supplied by specialized teams. In this way, designers and project man-
agers, as users of a design system, can work in a virtual environment to complete
design tasks by assessing and integrating services without the need of fully
understanding the technical details. The integrated use of services is flexible and
facilitates the re-use of both infrastructure and expertise. The implementation of
this paradigm is actually complicated and depends upon lots of technologies,
raising the need for understanding the requirements and methodologies for
developing design systems. In this section, the design and implementation of a
service-oriented collaborative simulation system is described as a case study for
developing design systems for DBS.

8.5.1 System Analysis and Design

Multidisciplinary collaborative simulation is a central part of DBS as it is aimed at
supporting the collaborative development of simulation models and the running of
simulation for evaluating design solutions at the system level. In collaborative
simulation, several teams work at different locations to create models, establish
communications, run simulations, and analyze results obtained from simulations.
It is a typical case of CPD albeit it does not cover all components of the archi-
tecture discussed in Sect. 8.3.2. Firstly, it involves all the four issues of CPD,
namely, information, collaboration, integration, and computation. Secondly, it also
requires a flexible system framework and involves various functions to be pro-
vided as services. Thirdly, it needs to be supported by distributed computing
technologies. Therefore, the issues considered in its design are similar to those
involved in DBS.
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Computation is the core of multidisciplinary collaborative simulation as sim-
ulation models run in parallel and exchange data to complete complex simulation
tasks. Hence, simulation models need to be provided as services which can
effectively handle data exchange during run-time and hide technical details by
providing only functional interfaces. Information services are also important as
they can supply useful information about both the simulation problem and the
simulation process. Moreover, engineers should be able to access simulation data
to identify problems and develop improved solutions. The use of simulation is
aimed at evaluating performance of proposed solutions and therefore the accuracy
of simulation is not only determined by numerical algorithms but also largely
depends on the accurate transfer of design data, making the function of integration
services prominent. Collaboration is an important feature of collaborative simu-
lation as it is needed for many different stages such as problem formulation,
system analysis, model creation, simulation running, and decision-making. Sim-
ulation models are often created based on CAD models and as such the discussion
on data exchange in Sect. 8.4.2 is still applicable and the requirement for syn-
chronous operation on system models is still demanded. Collaborative simulation
also requires distributed computing technology whilst having a focus on the
accuracy of data transfer in terms of both time order and variable value. In
summary, a flexible service-oriented solution is required for collaborative
simulation.

8.5.2 A System Framework for Multidisciplinary
Collaborative Simulation

A model-centric framework for multidisciplinary collaborative simulation system
is proposed by the authors, as shown in Fig. 8.3. This simulation-based design
approach is specifically applied for the transition between conceptual design and
embodiment generation. At this stage, many decisions need to be made and
simulation can be used to provide important information about the performance of
proposed solutions. The framework consists of three main tiers, namely applica-
tion tier, platform tier, and infrastructure tier. Application tier is on the top and
consists of the functions that a software system should provide for product
development. There are three core components for the system, namely multidis-
ciplinary simulation, multidisciplinary optimization and Product Data Manage-
ment (PDM). Simulation is carried out in an integrated modeling and simulation
environment and simulation results are transferred to an optimization engine in
real-time. Optimized variables are then sent back to the simulation environment to
execute the next step of simulation. The models and data after simulation and
optimization are managed in the PDM system for further usage.

The platform tier comprises the enabling tools for system modeling, simulation,
analysis and optimization. Domain models in product design are generally
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constructed using professional CAE packages. A prerequisite for multidisciplinary
collaborative simulation is that distributed models should have uniform interfaces,
and thus requires the development of a mechanism for model description and
transformation. The collaborative modeling tool is based on such a mechanism and
aims to hide technical details about both the implementation of, and the interaction
between, simulation models. At simulation run-time, a tool that can monitor and
control the process of simulation is also necessary. Last but not least, tools for data
analysis and visualization are also helpful to evaluate the simulation effectively
and efficiently. In the infrastructure tier, various systems, platforms and tools are
operating and communicating on the information infrastructure in enterprises.
Disciplinary models and optimization algorithm are implemented using specific
CAE tools which are usually heterogeneous and have no interfaces between each
other. As a consequence, middleware technology, component technology, and
software adaptors should be utilized to facilitate the access to these models.
Furthermore, open standards such as Web service are helpful for supporting
interoperability in a simulation involving distributed heterogeneous models. Based
on these techniques, the infrastructure can facilitate the creation of disciplinary
models, enable the interactions between them, and provide solutions for under-
pinning collaborative simulation running.

Multidisciplinary Collaborative Simulation in complex product development
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Fig. 8.3 A framework for multidisciplinary collaborative simulation systems
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8.5.3 Prototype System Implementation

To evaluate the service-oriented solution, a prototype system has been developed.
Currently, the system has functionalities of collaborative modeling, simulation
running, and simple post-processing. The services implemented include informa-
tion services, simulation services, and integration services. Collaboration services
have also been developed to support collaborative work in a distributed virtual
environment, but core functions such as synchronous operation and complex data
exchange, nevertheless, have not been implemented. The distributed computing
technologies used for this solution are Web Services and the High Level Archi-
tecture (HLA). The prototype system is developed as a Web-based platform which
can be assessed by engineers and analysts wherever they are based to create
models, run simulation, and analyze simulation results. For the sake of brevity, this
book chapter mainly describes the integration of Web Services and HLA in this
solution. Detailed discussion on the technologies used in this solution can be found
in [41], and readers interested in more details about the system are referred to other
relevant publications [7].

The combinative use of Web Services and the HLA is taken as the solution
underpinning the prototype system. The solution is illustrated in Fig. 8.4 where
MVMD stands for multi-view model description. Specifically, the HLA-based
federation is used to support run-time data exchange, which runs in Local Area
Network (LAN) to achieve improved efficiency. The simulation of individual
models is executed by performing numerical integration using the solvers
embedded in the commercial CAE tools which are used to create these models. To
implement the distributed computation and interaction of these models, each
model is encapsulated as a Web service which is accessible to remote service
subscriber. This enables the simulation functionality (encapsulated as Web Ser-
vices) and run-time interaction (implemented in HLA federation) to be separated
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as independent modules, which implements the flexible integration of a simulation
system, i.e. changes in any module can be addressed locally. Thereby, the dis-
tributed and interactive features are all supported by the run-time integration of
HLA and Web Services. Moreover, a multidisciplinary modeling paradigm is
introduced to provide the users with a high-level tool for describing a simulation
system. The information obtained in the multidisciplinary modeling is used to
guide the construction of HLA federation and Web Services encapsulation and
development. Some snapshots of the Graphical User Interfaces (GUIs) are shown
in Fig. 8.5. It is noteworthy that this is still a preliminary stage of implementing a
collaborative simulation platform and further work is still needed to improve the
system and address performance issues.

8.5.4 The Design Process and a Simulation Example

To illustrate the performance of the prototype system, the design process of
multidisciplinary simulations is analyzed and a simulation example is run on it.
Figure 8.6 shows the six-stage process together with the developers and services
involved at different stages.

The prototype system can assist users (design engineers, project managers, IT
engineers, and system analysts) to perform tasks at these stages by providing Web-
based interfaces and integrating relevant services. Specifically, the first stage is the
analysis of simulation requirements, which involves the participation of design
engineers, project managers, and system analysts to identify requirements for the
simulation problem with the support of information services (e.g. specification,
available models, and information about previous projects). The synthesis stage
heavily relies on the experience and knowledge of design engineers and system
analysts, and thus accessing to information/knowledge services is quite helpful.
The development of simulation models is mainly completed by design engineers
with the support of design services and involves two levels of modeling work. The
first level is system modeling at which design engineers work together to
decompose a complex system as subsystems. The subsequent subsystem modeling
is the second level which involves the creation of subsystem models for different
disciplines.

The subsystem models are mainly created using either commercial CAE tools
or bespoke packages. IT engineers and system analysts work together to make
these models assessable on the Internet at the next stage namely encapsulation of
models as services. In this way, these models can be integrated at simulation run-
time. Therefore, simulation and integration services are needed at this stage. Once
these models are made assessable, collaborative simulation can be started which
enables the collective use of simulation knowledge and computational resources.
The running stage is the core of the design process and therefore involves the
participation of engineers, analysts, and IT experts. The last stage is post-
processing and system analysis, which involves the analysis of simulation results
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Fig. 8.5 Snapshots of the GUI of the prototype system
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and the identification of areas for improvement and optimization. At this stage,
design engineers and system analysts evaluate the performance of a design solu-
tion and record relevant information for later usage.

The simulation of the tilting process of a satellite is run on the prototype
system. This example is shown in Fig. 8.5, which involves two models, namely a
control model and a dynamics model. The objective of simulation is to evaluate
whether the control algorithm can successfully drive the satellite body to tilt for a
specified angle. Engineers work on the prototype system step by step and the
developed models are encapsulated as Web services. At the running stage, users
can control the simulation process and retrieve simulation results even though
none of the CAE packages is installed in their computers. The current prototype
can support simple post-processing and the simulation results for the satellite
example are shown in Fig. 8.7. The total simulation is 0.25 s and the interval for
data exchange is set as 0.005 s. This means that the simulation involves 50 data
exchanges and the time taken for each exchange is about 1 s. It is noteworthy the
initialization of simulation engines takes a relatively long time and in practice they
should be initialized before the simulation starts. In summary, the prototype sys-
tem can assist users to create models, run simulations, and undertaken system
analysis by integrating specialized services. Therefore, it is possible to support
design tasks using DBS. Issues (e.g. identification of services, use of computing
technologies, and the integration of information and computing resources)
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Fig. 8.7 Simulation results shown on the GUI of the prototype system
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addressed in the development of this prototype can also be taken into account in
the development of more powerful DBS systems. This suggests that DBS is
implementable and promising for supporting complex product development.

8.6 Conclusion Remarks

This book chapter presents a new scheme for CPD, namely designing by services,
which is aimed at supporting effective and flexible system integration by supplying
professional, accessible, reliable, extensible, and secure services. Information,
collaboration, integration, and computation are identified as the key issues for
CPD, and the proposed scheme emphasizes the provision of tasks concerning these
issues as services. In this way, design tasks can be underpinned by an information
infrastructure which operates by accessing and integrating relevant services. This
scheme has a few advantages which are difficult to achieve for traditional methods.
Firstly, services are provided by teams who have the specialized information/
resources and consumers of these services only need to know the service interfaces
rather than the technical details. This helps achieve effective and efficient division
of tasks to facilitate carrying out design projects in a collaborative way. Secondly,
changes incurred in any service component can be to a large extent addressed
locally as system integration is mainly done through interfaces. Thirdly, distrib-
uted collaboration is enabled with the support of modern distributed computing
technologies.

Eight kinds of services have been identified in a service-oriented architecture
for the proposed scheme. Their purposes together with their usage in a design
scenario are described. These services are sufficient for general CPD processes and
in practice they can be evaluated and selected based on specific requirements. The
key enabling technologies for designing by services are identified and discussed in
detail. These technologies are very important for the successful implementation of
design systems for the proposed scheme. The design and implementation of a
multidisciplinary collaborative simulation system is described as a case study.
Preliminary work on the development of the prototype shows that the issues raised
in DBS can guide the development of solutions for collaborative simulation and
the use of advanced computing technologies can greatly help system implemen-
tation. DBS is a promising yet complicated topic which requires much further
work. The preliminary work presented in this chapter can be used as reference
models for the implementation of the next-generation distributed and collaborative
engineering software applications. Our future work includes improving and
evaluating the prototype system, as well as producing detailed solutions for dif-
ferent services in the proposed scheme.
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