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1 Introduction

Design of large made-to-order products invariably involves design activities which are
increasingly being distributed globally in order to reduce costs, gain competitive advantage and
utilise external expertise and resources. Designers specialise within their domain producing
solutions to design problems using the tools and techniques with which they are familiar. They
possess a relatively local perception of where their expertise and actions are consumed within
the design process. This is further compounded when design activities are geographically
distributed, resulting with the increased disassociation between an individual designer’s
activities and the overall design process. The tools and techniques used by designers rarely
facilitate concurrency, producing solutions within a particular discipline without using or
sharing information from other disciplines, and seldom considering stages within the product’s
life-cycle other than conceptual, embodiment or detail [1, 2]. Conventional management and
maintenance of consistency throughout the product model can subsequently become difficult to
achieve since there are many factors that need to be simultaneously considered whilst making a
change to the product model.

Concurrent Engineering (CE) is often regarded as a means of significantly reducing design time
to enhance competitive advantage by maximising the amount of parallel design activities.
Winner et al. [3] described concurrent engineering as:

“a systematic approach to the integrated, concurrent design of products and their related
processes, including manufacture and support. This approach is intended to cause the
developers, from the outset, to consider all elements of the product life-cycle from conception
through disposal, including quality, cost, schedule, and user requirements.”

This definition is representative of many of those encountered in that the main emphasis is
placed on its systematic approach to the design process as it reduces the design time and hence
total design cost, which is one of the main considerations in the entire design process. CE
however cannot be fully realised without co-ordination [4] and given a co-ordinated approach
without de-coupling dependencies, concurrency will only be achieved where the design process
permits.

The DMS is intended to tackle some of the issues arising from the above statements by
providing a formalism that would enable the design process to be co-ordinated in a tactical
manner. This involves determining the actions required to be undertaken to perform a specific
task for the right reasons, to meet the right requirements and to give the right results [5].



Design co-ordination is a relatively new concept within the engineering design community and
is aimed at improving the performance of the engineering design process. One of the most
prominent frameworks associated within design co-ordination is the Design Co-ordination
Framework (DCF) [5]. The DCF presents a number of frames, each of which is aimed at
representing different aspects of design co-ordination. The DCF also describes the
management of the links between the frames. The research presented in this paper identified
that tactical co-ordination may be represented by: the goal/result model; the
discipline/technology model, and, the task model frames within the DCF. These models are
described within section 3. The focus of this tactical design co-ordination system is the
management of design tasks, information, goals and rationale within the product development
process such that the process may be performed in a timely and appropriate manner. The
Design Management System (DMS) was used to manage and co-ordinate these tasks, and
evaluate the constraints, maximising concurrent design activity, whilst maintaining inter-task
dependencies.

Close contacts with industry were maintained during the research programme which focused
on the development of the DMS system towards tackling design issues that were considered
pertinent to the companies such as reducing design time, ensuring informational consistency,
and facilitating, not automating, the decision making process. An application of the DMS
within an industrial case study is demonstrated within section 4. The case study represents a
number of inter-dependent tasks that need to be performed and constraints that need to be
satisfied for the design of a stage of blades within a steam turbine. Conclusions and
recommendations are made within section 5.

2 DMS architecture

The DMS was constructed to co-ordinate the design activity of an agent-oriented design
process with respect to managing design tasks, information, goals and rationale, and facilitating
the decision making process. A basic representation of a software-based design agent was
produced to: manage the functionality of existing design tools; enable communication with the
DMS and other design agents, and, demonstrate how the distributed design problem may be
managed and co-ordinated. The focus of this work was, however, not towards the
development of autonomous agents. Malone et al. [6] proposed two design principles for the
design of agent-based systems which were used during the development of both the DMS and
the associated design agents:

“Don’t build computational agents that try to solve complex problems all by themselves.
Instead, build systems where the boundary between what the agents do and what the humans
do is a flexible one.”

“Don’t build agents that try to figure out for themselves things that humans could easily tell
them. Instead, try to build systems that make it as easy as possible for humans to see and
modify the same information and reasoning processes that the agents are using.”

2.1 The discipline/technology model

The discipline/technology model represents the disciplines which are present within the product
as a whole and also within its subsystems [5]. The model also indicates which technologies are



required for the design development, as well as displaying how the disciplines and technologies
are distributed over the artefact.

Within the context of an agent-oriented distributed design architecture, the
discipline/technology model represents the structure of the agents and the technologies that
they utilise. That is, the agents and associated design tools often reflect the discipline
knowledge and technologies within the domain. The model also contains information
pertaining to the tasks that the design agents are capable of undertaking. Through the
production of a design process displaying the inter-dependencies between the tasks, it is
possible to display the relationships between the design agents as well as the technologies.

The design agents register their information with the DMS to enable communication, as well as
providing information regarding the tasks that the agents are capable of undertaking. Currently
this process is confined to software agents, where the tasks that may be performed are defined
by the functions that the associated design software may achieve. However, developments are
underway to define and model tasks and their associated disciplines and technologies within the
DMS to enable the management and co-ordination of human agents. The DMS may manage
human agent task enactment by sending an email to an engineer containing a description of the
task that needs to be performed as well as the information required to perform the task and the
information that the task will produce. When the task is completed the engineer would submit
the produced information back to the DMS.

2.2 The design process builder and task model

A graphical user interface was developed which would enable the designer to define the design
process at any level of abstraction using information obtained from the discipline/ technology
model. A number of different events were defined such as: perform task; branching operations
(to facilitate concurrency); process pause; and, decision events, which could be used to define
the process as well as co-ordinate the activities of the design agents.

The Design Structure Matrix has been adopted as a mechanism for managing the tasks and
inter-task relationships within the design process [7, 8]. This concept has been extended such
that iteration and decision based branching may be represented within the design process with
each process having its own matrix representing the tasks that need to be undertaken to
achieve a particular goal. Providing individual representations in this way has enabled the
overall goals of a process to be identified based upon the tasks contained within it, as well as
enabling the DMS to manage more than one design process simultaneously. Allowing
simultaneous management of processes further increases the functionality of the DMS since
different aspects of the same design problem may be modelled and evaluated concurrently, for
example the determination of the performance of a design artefact within different life phases.
The DMS not only manages the dependencies within each individual process model, but also
manages the dependencies between process models that are required to co-ordinate concurrent
design activity.

The new Design Structure Matrices also include decision based dependencies to provide an
exit condition from an iterative loop. A number of partitioning and concurrency based criteria
were included to evaluate the performance of the design process.



2.3 Process information model

The DMS contains a formalism for the management of design information based upon an
object-oriented approach. Currently, four different types of information have been developed
based upon this formalism: Parameter, Option, File and File Group. The formalism requires all
design information used within the DMS to inherit from a base class which provides
mechanisms for comparing different pieces of information, serialising information such that it
may be communicated across a network or stored persistently on a disk, and enabling
information to be displayed graphically within the DMS. Extending the base class enables new
types of information to be developed to suit the intended application. For example, if the
design problem is to develop an internal combustion engine, the base class could be extended
to produce a new information type which provides all of the information required to represent
a piston. In addition, this information may be displayed three dimensionally within the DMS,
enabling the designer to visualise the information, as well as modify it. Knowledge may also be
included within the new information type to constrain how the information may be changed.

Each design process has an associated information model, containing information that has been
either provided or produced, which is stored centrally within the DMS. When a new piece of
information has been generated as a result of performing a task it is placed into the produced
area of the information repository, replacing existing or outdated information as necessary. The
DMS allows concurrent access to the information model by multiple agents.

2.4 The goal/result model

The DMS does not attempt to take the decision making process away from the designer,
instead, it facilitates the decision making by providing the designer with information which
would enable decisions to be made more appropriately.

Using parametric information made available from within the process information model, it is
possible to construct and evaluate mathematical expressions which represent certain
requirements or constraint-based goals of the design process, such as, for example, checking
that the calculated efficiency is greater than a minimum efficiency. The design goals will be
evaluated automatically when the design process has been enacted and the design solution for a
particular design concept produced. If a goal has not been satisfied, then the user is notified of
the problem, such that decisions may be made with respect to the design concept in order to
satisfy the goal.

The DMS currently lacks optimisation-based goals, i.e. there are no mechanisms for expressing
the goal, “maximise efficiency”. Current developments within the DMS include a suite of
optimisation software for both the optimisation of the design process and the design product.
The optimisation software includes: a robust design tool which may be used to either increase
the robustness of a product, or give a good “ballpark” design which is near the optimum, a
multi-criteria genetic algorithm which either may be applied to optimising the design process or
product, and a multi-criteria simulated annealing algorithm which may also be applied to
optimising the design process. Both the multi-criteria genetic algorithm and simulated
annealing algorithm have been implemented within the design structure matrix and have
successfully demonstrated that the design process may be improved with respect to both
concurrency and partitioning.



3 Implementation and case study

The industrial case study used to validate the DMS software consisted of the co-ordination of
a number of disparate design agents that were used to evaluate particular aspects of the
performance of a stage within a turbo-generator.

The associated tasks are represented within the design process seen in Figure 1, which
describes the activity that needs to be performed to determine aerodynamic, stress, and
vibration characteristics of the turbine, as well as providing information regarding the
dependencies between the tasks. The design process area also contains a list of the information
that is provided as input to the design process which describes the design concept to be
evaluated, a list of output information which describes the corresponding design solution, as
well as a list of design goals.

Figure 1. DMS Showing Bladepath Design Process.

A Design Structure Matrix is also used to represent the tasks and dependencies of the design
process and provide evaluations of design process based performance criteria. A number of
optimisation algorithms may be used to re-sequence the tasks within the design structure
matrix with the objectives of improving the process performance with respect to the
partitioning and concurrency criteria. Different weightings may be applied to the dependencies
to represent strong and weak relationships. In this particular example however, all of the
dependencies are defined as being strong since it is not possible to start a tool prior to the
completion of a preceding tool.

3.1 Previous implementation

A typical evaluation of a design concept started with the production of a preliminary concept
which would provide the necessary information for the process. The concept would then be



evaluated through the enactment of the design process shown within Figure 1 requiring the
manual execution of each of the tools in the order depicted by the design structure matrix. The
flow of execution through the process is from top to bottom, although it may be modelled in
any direction within the DMS. It can be seen from Figure 1 that certain tasks may be
undertaken concurrently, however the process was generally managed by a single designer, and
as such proved to be difficult to manage more than one tool simultaneously. Upon completion
of each task, the information generated required moving to the correct location for the
following tasks to maintain informational dependencies. This process was undertaken
manually, and found to take approximately 11 minutes. The design solution, spread across a
large number of files and a number of different disciplines, would then be examined to extract
certain information which would be used within additional manual calculations to determine
whether the design concept satisfied the design constraints. Rules would then be applied based
upon the designer’s experience to vary the parameters, changing the design concept to satisfy
these design criteria. A number of iterations are generally required to satisfy the constraints.

3.2 DMS implementation

Design work commences with the design agents registering with the DMS. Agent details are
registered within the discipline/technology model of the DMS. This initial communication
informs the DMS that the specified agent is capable of undertaking some design activity. The
DMS then makes a request that the design agent provides information regarding the nature of
the design activity that it can undertake. This information will take the form of a list of tasks,
details of files or parameters that the task may require, constraints that need to be satisfied
prior to task enactment, and files and criterion that result from the enactment of the task.
These task details may be either low-level or high-level terms and may describe an individual
atomic task or a group of tasks depending upon the level of abstraction of the implementation
of the design agent. The design process may then be designed by decomposing it into the
relevant tasks available. Informational dependencies must be maintained during the design of
the process. The DMS will notify the user if a task has been included within the process that
requires information that has not yet been produced. The task would then disable itself until
this informational dependency has been satisfied. The consequence of ensuring informational
dependency is that tasks may not be decoupled, and concurrency may only occur as defined by
the process.

The design concept to be evaluated may be selected and modified by viewing the input files
within the design process. Once a suitable design concept has been defined, the process is
started with the DMS communicating to the design agents in turn providing them with the
necessary information to undertake the current task. Once the design agent has processed the
information and executed the associated tool, the design agent will notify the DMS of the
information that has been produced from the tool. The DMS then determines from the design
structure matrix which tasks are now capable of being enacted and communicates with those
agents in a similar manner. Once the process has been completed, the DMS will evaluate any
goals that have been provided and notify the user of the outcome.

Experiments using the DMS to co-ordinate the activity of those agents operating on the same
workstation have produced the same results as that produced using the applications manually,
but within 75% of the time due to the removal of the overhead associated with manual
enactment. The experiment was repeated with the agents distributed across a number of
workstations, resulting with a 46% reduction in the time taken to evaluate the concept whilst



guaranteeing the consistency of the information within the process. This greater reduction was
due to concurrent design activity across a number of computational resources. The DMS also
ensures that if an application failed to produce a solution, a warning would be issued to the
user with a description of the nature of the failure, and the remaining tasks would be
suspended.

4 Conclusions

A new approach to tactically co-ordinating distributed, agent-based design activities has been
presented. The approach enables concurrent engineering to be realised through the
management of dependencies. From a CE perspective the focus is more towards enabling
concurrency, rather than maximising concurrency by de-coupling activities, thus allowing the
design process to progress naturally.

The approach was evaluated using an industrial case study that had a well-established design
process. The activities within the process as well as the management of the information
resulting from the activities were previously performed manually using a number of different
computer-based design tools. Upon completion of the process, the results from the design
activities would be used within calculations to check that the design concept satisfied the
constraints. Alterations would subsequently be made to the parameters that were thought to be
preventing the concept from satisfying the constraints, and the process would be repeated until
the design concept fulfils these requirements. The time taken to evaluate a design concept
through the manual enactment of the process was approximately 11 minutes.

Each design tool was subsequently managed by a design agent within the DMS. The design
process was then constructed using information obtained from these agents. Through the
management of the dependencies within the process, two threads of concurrent activities were
made apparent. The evaluation of a design concept was managed using the DMS using the
same platform as the manual test with the agents distributed across three Ultrasparc
workstations and produced a reduction in process time of approximately 46%. This time
obviously depends upon the amount of the resources available to the agents, however, the
same principle applies for the manual case, and in both the manual and DMS experiments, the
resources had 100% of the cpu available to the user. This time may be considerably reduced
further with the inclusion of a generic “operational co-ordination” module [4] through the
dynamic co-ordination of resources.

The DMS was also responsible for managing the constraints such that the stresses within the
blades and the vibration characteristics met certain pre-determined requirements. This was
achieved by altering various geometrical characteristics of the blades using specific guidelines.
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