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Introduction and Aims of the Research

Introduction

The scope of this research is the multi-disciplinary design of engineered systems. The research
aims to develop and explore a new approtcHiscovering design methodologies for multi-disci-
plinary design problemsThe objective is to demonstrate the generation of specific design meth-
odologies using that approach.

By design methodology we mean a specific scheme for organizing reasoning steps and domain
knowledge to construct a solution for a particular problem in a particular domain. We are not
referring to a general-purpose methodology for design. It provides both a conceptual framework
for organizing design knowledge and a strategy for applying that knowledge [Sobolewski 1996].
It can provide the knowledge for decomposing the problem into sub-problems, synthesizing par-
tial designs, evaluating and then combining them into partial designs, ordering design tasks, and
discovering and resolving conflicts.

Current multi-disciplinary design methodologies are baseddhocstrategies for handling the
complexities that multiple points-of-view bring to the design process. They reduce the complexity
but give up the potential advantages of diversity; are based on compromising between different
disciplines rather than collaborating between them; and are not as systematic, efficient and effec-
tive as they could be.

Most common methodologies use sequential design to overcome the complexities of multi-disci-
plinary design. Hence, information sharing between different disciplines is limited to the inter-
faces between disciplines [Levitt et al 1991], and conflicts between disciplines are not discovered
until they are very expensive to resolve.

There is often a lead discipline in sequential design, perhaps a designer that makes key decisions,
anticipating and removing conflicts. Other disciplines conform to those decisions, perhaps pre-
venting them from producing their best solutions. In a lead-discipline approach a single point-of-
view dominates, favoring constraints from that discipline. This produces a lower quality design
product and increases the number of iterations required to reach an answer. Hence a key goal for
better methodologiesised in this research, is to enswvell integratedreasoning that provide

equal opportunity to all the disciplines involved.

The approach to generating better multi-disciplinary design methodologies was cosiputir-

tion of the design process. Analyzing the behavior of physical systems in engineering applications
by computer simulation using mathematical models has been a powerful tool in engineering, par-
ticularly in situations preventing experiments with physical prototypes. This work extends the use



of simulation-driven analysis to engineering design research, by applying it to the gesogss
instead of the design product. Here “real experiments” would be extremely costly.

A computational modekas developed and implemented to simulate the multi-disciplinary design
process. By simulating under many different conditions, and analyzing the performance, detailed
understanding of the design process is gained [Shakeri et al 1998]. As for simulations of physical
systems, the computational model used grmaplifiedone in which the design activities that are
usually carried out by humans are performed by software agents in a simplified manner. This
research used the multi-disciplinary domain of robot arm design [Rivin 1988].

Importance

Using system-developed methodologies allows effective and efficient practices to be used from
thestartof a project instead of being learned from experience. These new methodologies are rad-
ically different from the sequential, discipline-based ones. Integration reduces the number of fail-
ures and backtracking by facilitating information sharing, thus saving resources and reducing
design time. Integration also provides collaboration between different participants that, as a result,
enhances the quality of the design.

The agent-based approach that we have adopted for building the computational model allows the
incorporation of new technologies systematically and quickly through the addition or deletion of
agents [Brown et al 1996] [Wooldridge 1997]. Thus new knowledge can be added, and old knowl-
edge removed rapidly. Running a modified system will result in new designing behaviors being
simulated, allowing production of new methodologies in response to a change in knowledge. In
addition, design processes can be biased toward more environmentally friendly products, by alter-
ing the preferences for the alternative design methods that are built into each agent.

In industry, the number of specialists is increasing, while the number of generalists, capable of
doing system integration, is decreasing. An increasingly specialized technological environment
tends to force designers to concentrate on some disciplines more than others. Also the knowledge
burden on the designer keeps increasing due to more materials and more options [National Sci-
ence Foundation 1996]. Thus it is becoming harder to develop methodologies for the integration
of multiple disciplines in design. This research directly attacks this problem.

Computers have mostly been used to support the manipulation and analysis of design product
information. This work focuses on the design process, an aspect that has not benefited from com-
puters very much. Simulation of design processes based on a multi-agent paradigm is a new area
of research that has a high potential for practical as well as theoretical impact on the design of
products. The use of multi-agent systems technology is growing rapidly with the development of
Java-based systems and agent access across the world-wide web.

The research is also important because it recognizes the importance of incorporating knowledge,
judgement and experience. “System integration, many consider, is an ill-structured problem... No
specific rules have to be followed when doing integration... Experienced designers deal with sys-
tem integration using judgement and experience. Knowledge-based programming technology
offers a methodology to tackle these ill-structured integration and design problems” [Sobolewski
1996].

According to NSF’s report on Research Opportunities in Engineering Design [National Science
Foundation 1996], “research areas that will have greatest impact on engineering design over the
next 10 years are: Collaborative Design Tools and Techniques, Prescriptive Models/Methods,



System Integration Infrastructure/Tools, and Design Information Support Systems”. This work
covers all of these areas of research and hence is expected to have a strong impact.

Research Approach

What was Developed

Part of the goal of the research was to produce an “approach” (i.e., to producing methodologies).
First we will describe in more detail the approach that was developed during the research. Then
we will describe the way the research progressed: i.e., the approach to the approach!

This work proposed a new approach to the problem of producing better design methodologies for
multi-disciplinary design based on the tight integration of different disciplines. The discipline-
sequential approach, while poor, is quite simple. Its flaws are well known and have been part of
the motivation for concurrent engineering [Brown et al 1996].

However, integration tends to make the design process more complicated. To overcome this com-
plexity, a computer system was developed based on a multi-agent systems paradigm in order to
automate the simulation of the design process. The system also allows multiple design problems
to be simulated in a small amount of time.

The system simulates examples of multi-disciplinary design processes while apptgggtion
principles. The principles were developed from an examination of the literature. They include
common design knowledge representation schemes and common communication mechanisms;
design knowledge sharing among participants; cooperative problem-solving strategies among par-
ticipants; simultaneous design processes where possible; and mechanisms for conflict discovery
and resolution. The principles are embodied in the system both in its architecture and at run-time.

The large chunks of discipline-specific knowledge are broken into small pieces, typically at the
level of a single design decision, and each piece is represented in the design system by an agent.
Agent activation is triggered in an opportunistic manner and is unaffected by discipline bound-
aries. Agents might participate sequentiallyiroparallel. This leads to well-mixed use of knowl-

edge from different disciplines, and the possibility of parallel design activity for tighter
integration and better efficiency.

The multi-agent design system is run with a very large number of different design problems. This
is done by systematically varying the individual design requirements across their ranges in order
to cover the space of requirements. Hundreds of design problems are presented to the system.
Some problems do not lead to a successful design.

For each problem the traces of the agent activations (i.e., knowledge use) during the course of the
design process are recorded. The many recorded traces consist of orderly patterns of different
design actions that have led to a design solution.

Candidate design methodologies are extracted by generalizing the patterns in the recorded design
traces using clustering techniques. This both groups and identifies common aspects of related
traces. The best clusters are the most ‘convincing’ methodologies. For each cluster identified, the
commonalities in the Requirements are identified. This allows combinations of Requirements to
be recognized as being most appropriately handled by a particular methodology.



Research Questions and Hypotheses

Themain hypothesifor this research was that methodologies could be generated by using a com-
puter to build up “experience” by simulating design activity. As the system built was indeed able
to generate methodologies, this hypothesis was confirmed.

The question was “how?”. Clearly doing it with real people was impractical. This led to the idea

of simulation. The need for integration led to the notion that any knowledge should have the
potential to be applied opportunistically at any time, and that the knowledge should be split into
pieces. These ideas, and the analogy with the design teams used to support Concurrent Engineer-
ing, made us decide to use a multi-agent design system.

The multi-agent approach intuitively captures the concept of deep, modular expertise that is at the
heart of knowledge-based design [Lander 1997]. A multi-agent system is composed of multiple
interacting agents, where each agent is a coarse-grained computational system. Agents are used as
an abstraction tool for conceptualizing, designing, and implementing the knowledge-based design
approach. An agent is a self-contained problem solving system capable of autonomous, reactive,
pro-active, social behavior. It is a powerful abstraction tool for managing the complexity of soft-
ware systems [Wooldridge 1997]. Thus, the multi-agent paradigm not only matched the problem,
but also provided some Software Engineering advantages.

We started by investigating “methods”, “methodologies” and “integration”, as well as studying
the literature on multi-disciplinary design. The latter confirmed the belief that there was a need for
a systematic way of building good methodologies, and that many of those currently in place were
ad hoc.

Early in the research we picked a domain in which to work: one that was well known to the stu-
dent, had a clear multi-disciplinary flavor, was of a manageable size without being trivial, and
appeared to have no strong, existing methodology of the type we were seeking. Robot arm design
seemed to be perfect. It demonstrated well the tendency for researchers from each discipline to
write about the design problem as if their discipline’s contribution were dominant.

We started by implementing a “base level” working system that used a non-integrated approach to

robot arm design. This tested our understanding of the relevant knowledge and methods used.
Early prototype implementation is an important research technique that enhances domain under-
standing, acts as a catalyst for learning programming and system development techniques, and
also forces precise definitions of concepts.

The base level system also provided some feedback about where errors occurred during designing
and where the knowledge might be decomposed into pieces. The choice of Java for the implemen-
tation allowed portability between systems and provided the ability to effectively handle agents in
parallel.

Next the framework for a multi-agent design system, to be called Robot Designer (RD), was
developed. The question of how to split the knowledge from each discipline into pieces was
addressed, and the resulting pieces were encoded as agents, and added to the framework. Deci-
sions were made as to what needed to be stored as a record of every agent’s action, such that these
traces might be able to form suitable methodologies. The traces were accumulated, but not the
designs.

Much time was spent on the failure handling system for RD, so that the constraint failures could
be recovered from, while allowing parallel paths through the agents to be recorded correctly.



An important issue was the relationship between design quality and methodology quality. Clearly
one would like the methodologies produced to lead to high quality designs. The traces that actu-
ally lead to designs must include no failing constraints, and hence at least possess a certain level
of quality. But they may not all be of equal quality. In addition, our simulation of the design
doesn’t includeall of the design knowledge available, and hence may not lead to the best possible
designs -- in fact, it would be foolish to pretend that one could make a perfect simulation of the
design activity in a complex multidisciplinary situation. However, as we expected these methodol-
ogies to be followed principally by people, they only need to act as guidance, and the human
designer should be able to ensure the quality of the result.

The compound hypothesis was that less precise knowledge might lead to adequate dadigns,
that adequate designs were associated with traces that could be used to form a methaddlogy,
that this methodology was capable of guiding the production of high quality designs. This hypoth-
esis was nevdully explored.

A key question to be addressed at this point was how to exercise RD such that the whole design
space was explored. This was important because we wanted to generate methodologies for all
types of designs in the space. The approach taken was to drive the system with as many different
sets of requirements as possible, such that the whole design space was explored. The hypothesis
was that all reachable regions of the design space could be found by systematically varying the
requirements in order to adequately scan the requirements space. By experimenting with the
degree of change between requirements we were able to convince ourselves that this approach
was successful.

Another issue that this raised, and which we spent a lot of time investigating, was the relationship
between the requirements space, the design space and the trace space. These relationships were
explored and revealed using graphical representations.

The next question to be addressed was how to form traces into methodologies. Several techniques
were considered, and a clustering algorithm was selected. While other methods might be appro-
priate we focussed on just one. Once clusters were identified they were re-expressed as rules.

A final issue that was examined was how to best express the requirements that correspond to a
particular methodology.

The main hypothesis, that methodologies could be generated using the computer by simulating
enough design experience, was demonstrated by this research.

Results & their Evaluation

A knowledge-based model of design was adopted in order to implement the proposed strategies
for integration. To implement the proposed model a knowledge-based multi-agent design system,
RD, was developed that simulates the design process.

Both the general multi-agent design system architea@acdhe RD system developed are results

of the research. The approach to breaking knowledge up into pieces such that they can be incorpo-
rated into agents is also a result from this research. Although methodologies were generated, and
are also a result of this research, they were less important for this thesis.

The Java-based program, RD, was implemented for parametric design of a two degrees of free-
dom (2-DOF) planar robot arm. We used RD to solve a set of 960 design projects. Figure 1 shows



how many projects followed a specific trace. The promising result is that many projects followed
similar traces. The total number of possible traces is the product of the number of design
approaches of all the designer agents. For the experiments shown in Figure 1 the total number of
possible traces is 2,304. However, despite all those possible traces only 84 were followed to gen-
erate successful designs, i.e., less than 4%. One trace was common between projects that failed
and projects that succeeded. Dashed lines show unsuccessful designs. At least 25% of attempts
failed.

The low percentage of successful, relative to “possible”, traces indicates that for each group of
projects that followed a particular trace there is a unique combination of approaches leading to
successful designs. Hence there is a high chance that if similar projects follow the same trace they
will succeed in generating a successful design. As a result, the path followed by those projects can
lead us to formulating a design methodology for the projects that followed that trace as well as
projects that are similar.

The traces in the set of successful traces that are close enough can be clustered together to form a
generalized trace. A generalized trace covers all the projects that followed each of the traces
incorporated in the generalized trace. Design methodologies are formulated by extracting the cor-
relation between a generalized trace and the design projects (i.e., the sets of requirements) that
produced that trace. The sample design methodology that is shown below is the English transla-
tion of the correlation between design projects and the corresponding traces.

The phrase “do the design” refers to calculations or actions that can be done as a consequence of
the key decision, and which generate values for some of the design parameters. In this example,
choosing the structural safety factor allows designer to calculate the dimensions of the cross sec-
tion of the robot’s arm (e.g., diameter, thickness).

Methodology:
» choose the location of the base of the robot: “left or below midway of the workspace length”
» choose the material: “steel stainless AISI 302 annealed”
* select the shape of the cross section of the link: “hollow round”
» choose the structural safety factor: “3”
« do the design and proceed to the next step
» choose the link 2 to link 1 length ratio: “0.5”
+ do the design and proceed to the next step
* pick the configuration of the arm: “left-handed”

+ select the ratio of the cross section dimension of the link to minimum required by stress analysis:
“4"—if it fails select “3”

+ do the design and proceed to the next step
« find the accessible region: use Equation 2-4
« find the deflection of the tip: use Equation 2-14
» choose the type of controller: “PD”

 do the design and finish the process.
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Figure 1. Frequency of Traces.

Conclusions about the Research Approach

The main characteristic of this research approach was the use of a computational model to simu-
late design activity, that, due to its size and complexity, would otherwise be impossible due to the
time and cooperation required. The main positive feature of this approach is therefore that it
allows the normally “impossible” to be handled. Other positive features should be self-evident
from what has been presented so far.

As with all research, there are a variety of trade-offs and assumptions incorporated. Some of the
assumptions need to be verified more rigorously.

The largest issue is that for every domain the approach requires collection of a very large body of
knowledge -- recognized as a very difficult task -- and the construction and testing of a large and
complex software system. Once that’'s done the methodologies should follow fairly easily, assum-
ing that other domains behave in a similar way to our test domain.



However, there is a very large investment in time and effort required in order to start getting
results. This approach will only be viable if the methodologies generated are extensively used and
if they provide large gains in quality or cost/time savings. Currently, we have only limited evi-
dence that such gains are in fact provided.

Also a big assumption is that both the simplified model of designing (e.g., with respect to failures)
and the simplified knowledge that are embodied in the system, are not so simplified that the traces
generated are atypical. Also assumed is that all traces that lead to successful designs should be
included in the process that leads to methodologies. This is without regard to the quality of the
designs that these traces produced: all we know is that they are ‘correct’. This may affect the qual-
ity of designs that can be achieved by following the methodologies.

Clearly this leads to a trade-off between the effort required to build the system (more complexity
and authenticity leads to more system building effort) and the quality of designs that can be
achieved by following the methodologies. This trade-off needs to be explored.

The interesting issue of the relationship between the clustering of designs, the clustering of
requirements, and the clustering of traces (to form methodologies) still needs more exploration.
The approach of systematically scanning across the requirements space needs to be investigated
further to test for sensitivity to different domains and problem areas. Perhaps an adaptive scanning
approach could be tried?

The final weakness is that it is very hard to test the methodologies that are generated under realis-
tic situations, as this would require extensive use by multi-disciplinary design teams with many
design problems. As a consequence it's hard to establish whether the designs produced by using
the methodologies are indeed of high quality.

Continuation of Project

The potential applications of this research are in multi-disciplinary design situations, such as
those that occur throughout the automotive industries, where large gains can be achieved with
integrated methodologies. In addition, current methodologies can be analyzed for flaws and bot-
tlenecks, and necessary refinements made. New methodologies can be customized so that they are
biased toward specific objectives such as manufacturability or being environmentally friendly. By
applying this approach the response time for the incorporation of new technologies in design pro-
cesses should be reduced. Methodologies can be refined as soon as a change occurs in the market
or in the organization of the company.

At this time no additional work has been carried out on this project since the Ph.D. [Shakeri 1998]
was completed. As with any large, student-driven software project, transferability is an issue.
There would be a very steep and significant learning curve associated with taking over the com-
plex Java code that was designed. Another serious issue is that finding a student with the right
combination of CS and ME skills is very rare, and would take some time to develop.

We would very much like to experiment with confirming the quality and utility of the methodolo-
gies generated, especially for new multi-disciplinary problems. Automobile, Aircraft, Computer
and Mechatronics design should be fruitful areas to investigate. The approach that we have pro-
posed has been developed based on parametric design problems. Applicability of the approach to
other types of problems needs to be investigated.



This research has proven that the following hypothesis is true: Computers can provide us with bet-
ter ways of doing design by discovering design methodologies that integrate multiple disciplines
into the design process. It has been shown that it is possible to use computers to simulate the
design process, and then analyze the results of the simulation to synthesize design methodologies
that have superior features. This forms the basis of a new approach to the study of multi-disciplin-
ary design processes.
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