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Abstract

The Integrated Design Exploration and Analysis IDEA) Process
Andrew Masur, B. Eng. (Aerospace Engineering) 2004

MASc (Mechanical Engineering)

Ryerson University

Concept design is one of the most important and confusing phases in engineering
design. The IDEA process was created to help reduce this confusion and improve concept
design practices within the engineering industry. An analysis of existing concept design
methods was conducted in order to identify areas for improvement. A systematic process
called IDEA was created to address these areas and assist designers with concept design.
In addition, a software interface was created in order to support the IDEA process and
improve concept design efficiency. The use of automated tools in the interface helps to
alleviate many of the “bookkeeping” tasks in the concept design process. The interface
was written in the open source program Compendium. Three multi-disciplinary case
studies were conducted to validate the process. The use of IDEA lead to an increase in
the number and variety of concepts generated.
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1.0 Introduction to Concept Design
1.1 The Engineering Process

Engineering is ubiquitous in the modern world. From the cars we drive, to the
buildings we work in, to the mobile phones that keep us connected, almost any
technology that we use in our daily lives has been touched in some way by an engineer.
Indeed, an engineer is simply an individual who applies science and technology to
address some perceived need in order to improve the quality of life for society [1]. The

main question that most people have is how does an engineer do this?

Many see engineering as simply nothing more than taking advantage of a “eureka”
moment,»a brilliant instant of invention that solves a problem that society did not even
know it had. While these flashes of brilliance have historically lead to some of the
greatest advances in human technology, and continue to do so today, engineering is more
commonly a methodical process of identifying a problem and solving it in a systematic
manner. The vast majority of technical progress is evolutionary, rather than
revolutionary. Designers (from this point forward the term “designer” will stand for
“design engineer”) look at problems with current products and solve them in the next
revision. New designs are built upon the foundations of old ones, leveraging what worked

before, and improving upon what did not.

Finding concepts that embody solutions to design problems is the essential heart of
the engineering process. However there are many different approaches to this process.

To appreciate this, one may consider a few exemplars.

Figure 1 illustrates the engineering design processes currently in use at the ESA
(European Space Agency), NASA, and the U.S. DoD (Department of Defence) [2].
While the fine details of each process differ, the overall outlines are remarkably similar, a

fact that most engineering processes share.



0 A B c D E ¢ | F
| Mission Foasibility| Preliminary | Datailad Production/ Utilizationy, | Dis-
31 Analysis, Definidon | Defintivn | Ground Qualification 7 | posal
W Needs Tasting N

ldentitied ! >
v v v Av4 ? Avd hw A4
. MOR PRA SRR’ .px?n COR-  OR ARORR FAA '
[} N » : ' .
] - \j 1]
Pre- A B C D
5| Phase A | profiminary|  Definition | Design Dovalopment Opordions
o [Atdvancet| Analysis
2| Studias ! I
’i' Y 2. 7 Y _ A4 N [/ vl
" MCR MDA SRR SDRPPR ‘COR: .SAR, FRR ORR. ' DR
‘ ! [] ¥ ' ] R
‘ * M ¥ ’ .
) | 1 B I VA i
Pre- Concept | Demon- | Engineering and | Praduction Dpera( ns and
Q| MilestonelExplaration stration | Manufacturin and Support
S 0 Noets and Developmen Deployment
Andgdyss. | Validation o
Conoapt \
Davelopment '
w = y Avd .
3 @ 52)3' "SOA Pféﬂ: CDR -, ) y o '

Figure 1: ESA, NASA, and DoD Engineering Processes [2]

Each of these processes can be broken down into four distinct phases. The first of these is
a problem exploration and concept design phase. In this phase, engineers gain a better
understanding of the problem itself. Indeed, in many situations determining the problem

is the most difficult task, and once accomplished the solution is often readily obtained.

With a better understanding of the problem, the next task facing designers is to
determine a solution. Unlike mathematics problems, however, engineering problems
rarely have a single correct solution. A number of seemingly disparate solutions will
usually be acceptable for the problem at hand, and the designer’s task becomes selecting

the “best” one.

Once the “best” concept has been selected, the design process enters its second phase:
detailed design. While the concept design phase outlines the overall vision for the final
product, the detailed design phase of a project is tasked with bringing those visions to

reality. Components and interfaces are designed and selected, and analyses are carried out



to determine the performance of designs. In large projects, it is likely that prototyping is
performed in order to validate the design as it progresses [2]. The detailed design phase
also usually plays host to a seemingly endless supply of difficulties and delays as a more
in-depth analysis of the selected concept invariably reveals weaknesses not conceived of

in the earlier stages of design.

However, if the concept design phase of the project has been performed with
reasonable care, many of these problems and delays are easily overcome and thus, do not
threaten the completion of the project. The final result of the detailed design phase is a
complete specification of the final product, including blueprints, to move the project to

the next phase of the engineering process: production.

The production phase is concerned with manufacturing the product and its
distribution to market. Initially, these may not seem like areas where an engineer would
be involved. However, closer inspection reveals many areas of potential engineering
involvement, albeit on a much smaller scale than in the design phases. It is quite probable
that difficulties may arise during manufacture, ranging from the clarification of blueprints
to minor redesigns of a component in the design. Ideally, these errors can be reduced by
the inclusion of manufacturers during the design process, but this is not always possible;
and even if manufacturers were involved, other unforeseen problems can arise. Another
possible area of engineering involvement during manufacturing is the design of the actual
manufacturing processes. This is the domain of the industrial engineer and is as important

as the design of the product itself.

The final phase of the engineering process, operations and support, deals with the
day-to-day operation of the product [2]. In the case of simple consumer products, the
engineering team’s involvement with the product after it is shipped is likely to be
minimal. However, more complex products may require involvement if unforeseen
problems arise. For example, if a common flaw is found in a model of an automobile, the

engineering team may be required to determine if it is merely a manufacturing defect, or



a design flaw. In addition, the team may need to determine the appropriate solution for

the problem or provide advice on how the company should handle the situation.

In another example, space missions often have large engineering teams involved in
the operations phase. Space exploration is still a relatively new area of technology
involving the use of extremely complex machines. Problems often emerge during a
mission, and it is the job of the engineering team to determine solutions quickly to ensure
the success of the mission. The fact that the Mars exploration rovers Spirit and
Opportunity have, at the time of this writing, operated almost nine times [3] longer than
their design lifetimes is a testament to the continued involvement of the engineering

teams during the operations phase of the mission [26] [27].
1.2 The Importance of Concept Design

Now that we have a better understanding of the overall structure of the engineering
process, the next question that naturally comes to mind is “Which of these phases is the
most important?” This is, of course, an unfair question in that it has no real answer. The
detailed design phase is pointless without the overall direction defined in the concept
design phase, and likewise the whole engineering process becomes somewhat academic

without a manufacturing phase to bring products into reality.

In light of this, the real question becomes “Which of these phases has the most impact
on the success of the final product?” This is a more reasonable question and the answer is
far more useful when trying to optimize'the design process. Because all of the phases of
design are so highly interconnected, a weakness in any one phase also affects all of the
others. Logically, any improvements to the phase that has the greatest effect on the design
will also greatly improve the entire design process. The problem becomes identifying this
phase. This can be accomplished by looking backward through the design process on a

number of hypothetical designs.



First let us imagine a case where a product has made it to market, but does not capture
the public’s interest and thus does not sell well. The product is well manufactured and
engineered, thus build quality and functionality is not an issue; it simply seems that the

buying public is uninterested in what the product has to offer.

By looking back through the phases of the design process, we can try to find where
this problem occurred. Operations and support will have little effect in this case. The
product is of good quality; therefore, bad word of mouth about the product caused by
manufacturing defects is not an issue. The third phase of the design process,
manufacturing, is discounted since product quality is acceptable; thus, any problems
encountered during manufacturing are transparent to the consumer. Similarly, the
problem could not have originated during detailed design. The product is known to
function as intended; thus, once again there is little chance of bad word of mouth being

spread by the consumer.

This leaves only the concept design phase as the source of the problems, and indeed
this is where they are to be found. The sales problems for the new product have arisen
because it is not tailored to its target market properly. Customers see the product either as
redundant, or of no use to them. In any case, they are disinterested in the product, and

thus do not buy it.

Another hypothetical case could involve a product that is experiencing large
development time and budget overruns during detailed design. The concept design phase
of the project seemed to go smoothly and very quickly, but the engineering team working
on the detailed design is having difficulty integrating certain parts of the product. These
problems have lead to many redesigns, which increase both the time and money required
to complete the project greatly. In addition, the time delays cause scheduling difficulties
with both manufacturing and distribution. In the real world, a project encountering this

difficulty would be in danger of being cancelled to minimize their losses.



The problems in this case can again be traced directly back to the concept design
process. The clue in this case is that the concept design process is said to have gone very
quickly. While it is desirable to minimize the length of any phase of the design process, it
is not acceptable to cut corners in order to achieve this. By moving through the concept
design process too quickly it is likely that the designers did not explore all possible
design options and instead selected a concept which, in retrospect, is less than ideal.
Again, a mistake made in the early stages of the design process is having detrimental
effects on all downward streams. If the product does eventually make it to market, it will
be at a far greater cost than originally intended and in the end these cost overruns will

have to be borne by the consumers.

While there are many other possible cases which could be considered, it is already
clear that the concept design phase of any engineering project has a significant impact on
the subsequent phases. Due to the connected nature of the design process, any mistakes
made during concept design are amplified as they move through subsequent phases. If
these mistakes are only discovered in the later, more detailed, phases of the design
process, they may be very difficult and costly to resolve. This can lead to both time and
cost overruns for a project, and can sometimes lead to its cancellation. In many respects,
the concept design phase has the most significant impact on the overall success of any
design project since it is the first phase and decisions made here have consequences that
can be felt throughout the rest of the design process. Because of this, every attempt
should be made to conduct concept design as thoroughly as possible; any mistakes that
can be avoided here will greatly help to reduce potential problems later on in the design

process.
With this in mind, the overall goals of concept design are threefold.
1.) Accurately determine the needs and desires of the customer.

2.) Thoroughly explore all possible options for the final design in order to

maximize the possibility of finding the “best design”.



3.) Select the “best” concept in a rational manner which engenders confidence

in the results.

Each of these goals can be viewed as a pillar for a concept design process. If a proposed
concept design process is able to meet all three of these criteria, then the probability of a

successful concept design phase is increased.
1.3 Project Motivation

Because of the importance of concept design there has been a great deal of study
conducted on how to make it more effective. These studies have resulted in the
development of a number of different tools to help designers. Section 2 will explain some
of these tools in detail, however a complete review of all techniques is beyond the scope

of this work simply because there are so many of them.

One of the drawbacks of many of these techniques is that they are very similar to each
other with only subtle differences to distinguish them. This can cause a great deal of
confusion when trying to select the best tool for the current situation. By its very nature
concept design is a confusing process. There is very little hard information available to
designers at this stage of design, and when confronted with the vast array of techniques
available to them designers can have a difficult time deciding which tools to use. So
while it is generally desirable to have a large assortment of tools available for a task, in
this case it can actually be detrimental since the vast array of available techniques is

actually part of the reason for designer confusion.

A good way to minimize this confusion would be to create a systematic process for
concept design. Such a process would use a fixed set of concept design techniques in a
specific order, regardless of the design problem. This would help designers by allowing
them to focus their creative energies on the problem, rather than the process. In addition,
if such a process adhered to the three pillars of concept design it would not only reduce

designer confusion, but would also help to improve the overall results of concept design.



These goals led to the creation of the Integrated Design Exploration and Analysis
(IDEA) process for concept design. IDEA uses existing tools to help designers
thoroughly explore all aspects of a design problem. This not only leads to better concepts
through a better understanding of the problem, but the use of existing tools and
techniques allows IDEA to be familiar and flexible enough for integration into a
company’s current engineering practices. Instead of forcing designers to learn yet another
tool, IDEA is an attempt to show designers when they should employ the tools they
already know. It also forces them to look at many different aspects of the design problem

which helps to reduce oversights and improves the quality of generated concepts.



2.0 Current Techniques in Concept design

During the background research for this thesis it quickly became evident that many of
the techniques currently used in concept design and engineering decision making seemed
like they could be used together to help solve design problems. In many cases the outputs
from one technique could be used as the inputs for another with no, or very minor,
modifications. By using these tools in the proper order it was theorized that a process
could be created which would adhere to the three pillars of concept design. In this

section, some of the tools and methods used in IDEA are reviewed.

2.1 Capturing Customer Needs

As previously written, the first goal in any design problem is determining what the
problem is. While this may sound obvious it is often forgotten in the rush to create
designs and the problem is that designers rarely have any idea exactly what the specifics
of the problem are and what those designs should be. Engineering is nothing more than
finding solutions to problems. Designers do not wake up in the morning and proclaim,
“Today I will design something!” Instead, companies or individuals become aware of
some need in society, or something about a current product that makes people unhappy,
and attempt to solve it. The difficulty is to separate what customers want out of a new
product from what they need from that product. While the difference between the two

may seem subtle, it can actually have very significant impact on the design process.

Customer wants and needs are often derived from very similar desires, but what a
customer wants is often more unrealistic than what they really need. For example, most
of us would want a car that gets around 80 miles per gallon, but at the same time many
people are not willing to give up performance or pay the necessary price to get such a car.
Therefore, what these people want is a car that gets 80 miles per gallon, but what they
actually need is a car that gets better fuel economy than it is getting now, with acceptable
performance and selling for, at most, a small premium. In reality, the designer is trying to

increase the perceived quality of a product from the viewpoint of the customer [4].



What is quality exactly? In his paper “Stimulating Creative Design Alternatives
Using Customer Values” Keeney states that quality is defined by those features and
aspects of the product that are more highly valued by potential customers [4]. Therefore,
the issue now becomes determining exactly what features and aspects will deliver the

desired quality to customers and entice them to purchase it.

The answer to this problem is to simply ask potential customers exactly what
characteristics they would like to see in the product [4]. Because the customer determines

whether a product is successful, it makes sense to determine exactly what will interest

them.

When done properly, customer information is gathered from a wide variety of
individuals. These individuals can have many different characteristics including lifestyle,
economics, technical literacy, and other factors. Indeed, information on why customers
might not want a particular product is often just as valuable as information about why
they would. If possible, interviewing people involved with the design of similar products
can also be very useful. Conducting face-to-face interviews with prospective customers is
also a good way of determining this information [4]. The level of interaction between the
interviewer and the interviewee cannot be duplicated with any other method because it
allows the interviewer to probe the individual’s knowledge more deeply and gain a better
understanding of that person’s preferences while letting the interviewee focus on the

questions [4], further improving results.

In the case of widely marketed consumer products, samples sizes of fifty or more
individuals are not uncommon [4], and standardized questionnaires or group interviews

become a far more feasible method.
In cases of products that will not see widespread consumption (e.g. aircraft), detailed

discussions and negotiations with the client is the norm, particularly to determine whether

the requirements are realistic. These products tend to be more technologically advanced
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and usually costlier, making careful determination of the requirements even more

important.
2.2 Exploring Design Options: Brainstorming and Tradespace Analysis

With a better understanding of customer needs, designers now have a better
understanding of the problem. The task now is to find solutions to that problem. Several

tools exist to engineers to assist in this task. These will be reviewed below.
2.2.1 Brainstorming

Brainstorming is one of the first tools to which most engineers are introduced, and
happens to be one of the most useful. The thinking process during concept generation is
often chaotic as designers generate and then reject many potential concepts. Designers
often perceive this to be the most enjoyable part of the design process because of its
creative aspects. Brainstorming is a successful and established way to promote creative
conceptualisation and then to organise and record the resulting information. It is often the
case during a brainstorming session that one designer’s partial idea will spark the
thinking of another designer [5] who will then take that idea in directions not imagined

by the original designer. This effect can increase exponentially in well-functioning teams.

The basic rules and techniques for brainstorming are very simple, which is why, at
least in the experience of this author, it is introduced to students as early as grade school.
Because most people have been introduced to the technique at such a young age,
designers feel a great deal of familiarity and confidence in the technique when it is

applied to a design project, accounting for its popularity.

The basic overriding rule [5] for a brainstorming session is that all ideas, no matter
how strange they may seem, are discussed without criticism. This is very important since
it creates an environment where people are not afraid to share their ideas, which in turn

leads to a better chance of the group generating novel ideas.
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The second important factor for successful brainstorming is the make-up of the group
itself [5]. The group should includes one or two of what Colwell terms “idea-fountain”
types, at least one engineer with a great deal of project experience, at least one person
who strongly wants results out of the brainstorming session, and finally a group leader
who is able to keep up with the “idea-fountain” individuals [5]. The role of the “idea
fountain” individuals is to create many concepts quickly. Most of the novel concepts
during the brainstorming session will come from these individuals, yet there should be no
more than two of them in any group since they also tend to take over the discussion
which can lead to internal friction [5]. The rest of the group members are placed in

various roles in order to act as checks to and support the “idea fountain” individuals.

The experienced engineer ensures that the brainstorming session remains relevant to
the project at hand. Due to their experience, these individuals have a basic understanding
of what might work. The results-oriented team member ensures that the discussion stays
on track. The final individual in the group, the team leader, organizes the meeting and
serves as a gatekeeper for all of the concepts generated by the group. The team leader
should be able to keep up with the “idea fountain” individuals, but also take a step back

and analyze the merits of each concept to catch potential flaws as early as possible [5].

Brainstorming usually involves some simple visualization techniques, such as the
technique IBIS demonstrated here [6]. The process begins with a blank surface that can
be drawn upon. This can be a blank sheet of paper, a blackboard, or a blank file in a
drawing program. The problem under discussion is written at the center of the page and a
circle or oval is drawn around it forming a central node. Possible solutions to the problem
are then arrayed around the central node in a ring. Each node is connected to the central
node with a line so that the diagram now resembles a spoked wheel. Each possible
solution may have additional levels of arguments and questions arrayed around it so that
the entire brainstorming diagram resembles a large web of information. An example of

this type of structure is shown in Figure 2.



Argument 2 Argument 2

Argument 1 Argument 3 Argument 1 Argument 3

Qproblem or Question

Argument 1 Asgument 3 Argument 1 Argument 3

Argument 2 Argument 2

Figure 2: Basic Brainstorming Setup

This type of configuration not only helps to organize the large amounts of data that
are generated during the brainstorming process, but also assists with the actual generation
of ideas. The structure of the diagram forces the designers to look at the problem in a
very thorough and stepwise fashion which helps the designers to not only catch flaws in
the current concepts, but also helps them to identify areas of potential improvement. This
will naturally lead to the generation of improved concepts, which, as we have already

seen, is of great benefit to the overall design process.
2.2.2 Trade Space Analysis

Conceptualizing new design solutions can be thought of as searching through an
abstract space of all possible designs. Each design in this space represents a different set
of “trade-offs” between design characteristics; one then searches for the design that
provides the best trade-off with respect to a given set of requirements. Thus, “trade-space
analysis” is a general framework to help designers find suitable designs. This abstract

space is known as an Unconstrained Trade Space.
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When we study the trade space for a particular design problem we are actually
looking at a subset of the entire trade space, where the boundaries are defined by the

problem requirements. This is known as a Constrained Trade Space (see Figure 3).

Trade Space (All Possible Solutions for all Problems)

Constrained Trade Space
(All Possible Solutions to a Particular Problem)

e

R T )

e

o

No Limits or Contraints

Limited by Problem

e e e D e
SRS S IR S B R P HED CHY ISR

Limited by Problem "

No Limits or Contraints

Figure 3: Trade Space Representation

The constrained trade space contains all of the possible solutions to the current design
problem. The design team must determine which solutions are the best. From this point of
view, we can see that the designer’s job is not to generate new concepts, but to discover

concepts that already exist.

Searching through the constrained trade space to find the “best” solution can be
difficult. Even through the size of the constrained trade space has been greatly reduced
from the original unconstrained trade space, it is still far too large to make a simple brute
force search feasible. The key of concept design is to focus in on the right part of the
Trade Space to increase the likelihood of finding the best solution. This is demonstrated

below in Figure 4.
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Figure 4: Locating ""Good" Solutions in the Trade Space

Therefore, there are two tasks in trade space analysis. First designers must gain a better
understanding of the design problem in order to reduce the size of the trade space as
much as possible, and second they must somehow identify the “best” concept out of those

that remain.

There is no simple solution to gaining a better understanding of the problem. Because
each design problem is different there is no standard procedure; the factors which are
important to one design may have no bearing on another. Thus, the analysis required to

reduce the size of the trade space also changes from problem to problem.

For example, in his study of low cost robotics for space exploration, Smith [7] was
interested in the number of small biomorphic robots which would have to be sent to other
planets in order to ensure various probabilities of mission success. Biomorphic robots are
small devices that mimic the characteristics of various types of animals [7] in order to

move throughout their environment. Several key parameters for their design were
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identified: cost, reliability, and number of robots. A trade space covering feasible values
for these parameters was created by plotting the probability of mission success against
the parameters. This identified a constrained region that was valuable to help designers

select the best combination of these parameters.

As stated previously, the second task of trade space analysis is to assist designers in
identifying the most suitable concept for the current design problem. One of the most
straightforward and rigorous methods for finding the “best” concept is to simply generate
as many concepts as possible [8]. Generating more concepts allows a more thorough
exploration of the design space that in turn increases the probability of generating the
“best” concept. However, generating large numbers of different concepts is quite
difficult. It is natural to try to look at the “whole picture” at once when attempting to
solve a problem; a similar phenomenon occurs when generating concepts. Engineers tend
to envision concepts in their entirety, or focus on one aspect of the design and create
concepts to suit it at the expense of all others. In both cases, there is often an initial spark
of creativity leading to several concepts, and then concept generation drops off. This is
caused by the fact that a designer’s mind often becomes locked into concepts that are
very similar to those already generated; moving away from that line of thinking can be
quite difficult. Trade space analysis can help to break this mental impasse which can be
thought of as a “designer’s block”. Using trade space analysis to generate Trade Space

Diagrams, like the example shown in Figure 5, can help to reduce “designer’s block”.
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Figure 5: Pluto Express Trade Space Diagram [9]

Figure 5 was generated for the proposed Pluto Express mission, the precursor to the
New Horizons spacecraft that is currently en route to Pluto and the Kuiper Belt. We can
see that the diagram is arranged as a series of rows, with each row representing some
function or sub-system that is important to the final design. The diagram contains 17
distinct rows, resulting in a 17-dimensional trade space [9]. Next to each dimension are
listed all of the possible options for that aspect of the design. This organization is where
much of the power of the trade space diagram originates. Rather than generating whole
concepts all at once, the structure of the diagram directs designers to look for partial
concepts on a function by function basis. The creative energies of the entire team can be
focused on finding all the alternatives for one particular functional sub-system. When all
reasonable ideas have been found for one sub-system, the team moves onto the next one.

The design team can also use this task to identify sub-system options which will not



work. These options can then be disregarded, which has the advantage of reducing the
Trade Space to a more manageable size. Conceptualizing on a sub-system or functional
basis also helps to keep the design process fresh and interesting for the team, which can

help in avoiding “designer’s block.”

Once all dimensions have been fully explored, whole concepts can be generated by
mixing and matching the options from the various sub-systems. The previous work to
determine the boundaries of the constrained trade space is valuable here since it allows
designers to discount combinations that lead to unsuccessful concepts. This is very
important because the Trade Space in Figure 5 contains several billion different
combinations [9]. Clearly, this is many more concepts than could be generated otherwise.
This allows for a more thorough exploration of the trade space, which in turn increases

the chances of generating the “best” design.

While trade space analysis is very useful to enumerate and organize a design solution
space, it does not offer guidance to select the “best” possible solution. For this, we must

use other tools.
2.3 Making Design Decisions

As has been previously discussed, one of the greatest challenges in concept design is
making that final choice of which concept will be selected for more thorough analysis.
There are many tools available to assist designers with generating concepts, yet the entire
concept design process is nothing more than an academic exercise unless a final choice
can be made. The greatest difficulty with making this choice, however, is that the concept
design phase, while arguably the most influential phase of the engineering process, is also
the phase with the least amount of hard information. Much of the work is done based on
supposition and educated guesses. Thus, we need to find techniques that not only help to
alleviate this uncertainty from decision making, but also allow for traceability so that the

design team can present evidence to back-up their decisions.
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2.3.1 Arrow’s Theorem

Before considering engineering decision making techniques, it is beneficial to review
Arrow’s Impossibility Theorem. Postulated by Kenneth J. Arrow in 1951 [10], the
impossibility theorem deals with the issues inherent with social choice or group decision
making problems which have very different properties than decision making by a single

individual. This is obviously relevant to design decision making by teams.

When conducted by a single person, the decision making process reflects the values

and judgements of that individual eliminating conflicts between different points of view.

In contrast, a social choice or group decision-making problem involves multiple
participants, each with their own values and judgements. Problems arise from trying to
reach agreement between all participants while still respecting the sovereignty of each

individual decision maker [10].

While Arrow’s Theorem was originally postulated for the study of social decision-
making situations, such as the selection of candidates in a multi-party election, there have
been a number of studies [10][11] to determine whether it applies to decision making
within engineering design. As will be shown below social decision-making and
engineering design decision-making are quite similar. Because of this similarity, it is
important to gain a better understanding of the effects of Arrow’s Theorem on
engineering decision-making problems. Some of these effects can be quite detrimental
and a better understanding of what causes them allows for the selection of engineering

decision-making techniques to avoid these problems.

Social choice problems and engineering decision-making problems have one main
characteristic in common: the aggregation of several weak orders into a single order [10].
An order is a ranking of alternatives according to some criteria. A weak order is defined

as follows [10]:
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Weak Order: A weak order on a set of alternatives X = {A,B,C,...} is a
transitive binary relation > such that for any two elements A and B, either A
> B (Ais at least as preferable as B), or B > A (B is at least as preferable as
A). Indifference is possible: if A > B and B - A, then one writes A ~B (A is
indifferent to B). If A > B but B o+ A, then A is (strictly) preferred to B,

written A > B.

That is, a weak order is a simple ordinal ranking. Thus, we know that alternative A is

preferred to alternative B, but not by how much.

Consider a multi-party election. Let us imagine that a voter has a choice amongst

three candidates A, B, and C. In an election, only the most preferred choice matters.

On the other hand, in many engineering problems there are situations where the order
of all candidates is important, since deciding which candidate is second or third is just as
important as deciding which one is in first. For example, knowing that mass is more
important to a final product than cost can be just as important as knowing that cost is
more important than size. This type of knowledge allows a design team to make informed

decisions when conducting trade-offs against various design criteria.

Regardless of whether we are dealing with a social choice or an engineering decision,
several weak orders created by different individuals are still being combined into a single
social order. This similarity has lead to the continuing research into the application of

Arrow’s Theorem to engineering problems.

Arrow’s theorem defines five axioms for the social choice problem and states that a

voting procedure can only be considered “fair” if all five axioms are obeyed [12]. These

five axioms are as follows:
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1.)

2))

3.)

4.)

5.)

Unrestricted Domain: Each individual is free to order the alternatives in any
way [10]. This axiom ensures that individuals are free to make whatever choice
they desire from the options presented.

Positive Response: If a set of orders ranks A before B and a second set of
orders is identical except that individuals who ranked B before A are entitled to
switch, then A is before B in the second set of orders [10]. This axiom is
important in cases where complex relationships are used to determine overall
rankings.

No Dictator: The system does not allow one voter to impose their ranking as
the group’s aggregate ranking [12]. This supports axiom 1 and ensures that all
individuals are free to make any choice from the available options.

No Imposed Orders: There is no pair A, B for which it is impossible for the
group to select one over the other [12]. More plainly, this axiom states that each
participant has a similar chance of their individual order being selected as the
overall social order.

Independence of Irrelevant Alternatives (IIA): If the aggregate ranking
would choose A over B when C is not considered, then it will still choose A
over B when C is considered [12]. This axiom ensures that each of the options
is independent from one another and that the removal or addition of an option

will have no effect on the rankings between the existing options.

Arrow notes that for any problems of reasonable size (i.e. at least three voters expressing

only ordinal preferences among more than two alternatives), one of these axioms must be

broken in order for a realistic vote to take place [10]. Identifying which axiom should be

violated in particular situations is an important and open issue.

For example, Scott and Antonsson [10] argue that engineering decision-making

procedures that use a quantified scale to rank the performance of alternatives violate

axiom 1. The very nature of many engineering problems ensures that the alternatives

cannot be placed in any arbitrary order because of engineering requirements and

constraints.
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Arrow and others have attempted to resolve the intractability of the theorem by
weakening the first axiom [10]. Their argument is that real political and economic
systems are structured in such a way that the participants in these systems
consequentially structure their choices in some logical manner that keeps contradictions
and other similar problems from arising [10]. This is similar to the argument presented by
Scott and Antonsson, that engineers will rank alternatives logically based upon available
design information. In both cases, this removes the possibility of limitless choice on the
part of participants within the system, thus technically breaking the first axiom while still

keeping its spirit.

Let us now consider the effects of violating the other axioms. The effect of breaking
axiom 2 is straightforward. Any decision-making procedure that breaks this axiom is
inconsistent and of little value. Breaking axiom 3 implies that only one participant’s vote
really counts. This can happen in engineering settings (e.g. if a design process is behind
schedule and a manager makes an “executive decision” to expedite it), but these cases are
extraordinary and atypical. Violating axiom 4 would imply that each participant does not
have a reasonable chance for their individual ranking to be selected as the overall
ranking. Such a system would discourage participation since there would be no real

reason for anyone to vote.

This leaves axiom 5 (usually referred to as IIA). A decision-making procedure that
violates IIA has the possibility of changing the ranking between two alternatives if
another alternative is added or removed. For example, let us assume that we have three
alternatives ranked B - CxAIf alternative A were removed, we would expect the
remaining two alternatives to retain the ranking B = C. In a decision-making technique
that violates IIA, the removal of alternative A could cause a rank reversal between the
remaining options, resulting in C > B. Clearly, this makes little sense; however it is not
as devastating a result as violating one of axioms two through four. In many cases a
decision making technique can be designed to avoid violating IIA, or at the very least to

minimize the impact of the consequences.
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2.3.2 Borda Counts and Pairwise Comparison Charts

One of the goals of any concept design process is to assist designers with making
decisions in a rational and structured manner. Arrow’s Theorem outlines many of the
properties that any such decision making process must have. This section will introduce a
decision-making technique known as pairwise comparison [12], one of the most widely
used techniques in engineering design. It is especially useful for problems that require
ordering a large number of concepts. This section will descibe and compare some of the

popular variations of pairwise comparison.

The first instinct of most designers when asked to order a list of items is to look at
the whole list at one time. Except for very short lists, this is a daunting task since there
are typically many criteria that can affect the order. Pairwise comparison makes this task
easier and more efficient by breaking the problem down into smaller and more
manageable pieces. A number of different pairwise comparison techniques are available
and each differs in not only the procedure for the technique, but also in the underlying
logic that drives it. While the goal of each technique is the same, it is quite possible that
different techniques will determine different orders for the same list. This begs the
question of which one of these techniques is actually producing the true “best” list.
Finally, each of these techniques differs in its sensitivity to the axioms of Arrows

Impossibility Theorem.

One common pairwise comparison method is known as the drop and revote [12]
technique. In this technique, the list of the items under consideration is placed into an
initial weak order by each participant. These weak orders are then compared to some
filtering criterion and the “losing” items are eliminated. This continues iteratively until

only one item is left.

Two common filtering techniques are: (a) select the best of the best from amongst the

available choices, and (b) to avoid the worst of the worst [12]. Both of these can be
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clarified through the following example based on the work of Dym, Wood and Scott [12].
Let us assume that we have twelve designers who have been asked to rank three design
criteria, A, B and C, in order of importance. Each designer ranked the three criteria

privately with no input from the other designers. Say the results are as follows [12].

1 preferred A >~ B > C 4 preferred B - C > A

4 preferred A >~ C >~ B 3 preferredC >~ B > A

According to the drop and revote technique, each of these weak orders must be filtered
and recalculated. Let us proceed according to the best of the best option where we will
drop the criteria which has received the least first place votes. We can see that criterion A
receives 5 first place votes, B receives 4 first place votes, and C receives only 3. Thus,
according to best of the best, we must drop C from further contention. This leaves us with

the following results.

1 preferred A > B 4 preferred B > A

4 preferred A = B 3 preferred B > A

Applying the best of the best technique again we find that A receives 5 first place votes

while B receives 7 making it the “winner” and the most important to the final design.

Let us now retry this problem using the avoid the worst of the worst option where the
criterion that receives the most last-place votes is eliminated. Using the initial weak
orders, we find that A receives 7 last place votes, B receives 4 last place votes, and C
receives only 1. Thus, according to the rules for this option, we must eliminate criterion

A. This leaves us with the following.

1 preferred B - C 4 preferred B > C
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4 preferred C > B 3 preferred C >~ B

We can see from the above that C has received 5 last place votes while B has received 7;

thus, avoiding the worst of the worst, we find the criterion C is the “winner”.

Notice that the different filtering techniques produce different winners. This is
actually quite problematic since the original weak orders were the same. The fact that the
results are different not only raises questions as to which of the criteﬁa is actually the
most important to the design, but also as to the validity of the comparison technique

itself.

A closer examination of the previous example reveals a number of problems with the
drop and revote method. Firstly, the use of two different filtering techniques has resulted
in two completely different results from the same input. The reason for this discrepancy
can be found in the method itself. The drop and revote method of pairwise comparison is
built on the elimination of the least desirable item and working with the remainder. In
essence, it “throws away” data to converge on a result. Since different filtering options
lead to different results, the drop and revote method violates the IIA axiom of Arrow’s
Theorem. This means the drop and revote method is of limited value in engineering
design. Secondly, the drop and revote only results in the “best” alternative, while a
complete ranking of all options is needed in design situations. Therefore, a different

method is needed for engineering design situations.

Another pairwise comparison method that has been shown [12] to be consistent is the
Borda Count, which can determine the “best” option in a single iteration. This is done by
using a numerical rating scale that assigns points to each position in a weak order. These
values are not meant to infer the level of preference between positions in the list; they are

merely there to reduce the Borda Count method to a single iteration.

It is important to keep the point system linear. For example the values for a three

element list can have the form (3,2,1) or (20,10,0). The highest ranked item receives the
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most points, the second highest item the second most points and so on down the list.
Once numerical values have been assigned to the weak orders the points for each item are
added across all weak orders and the total number of points that each option receives

determines the final rankings.

Let us return to the previous example to better clarify this procedure: twelve

engineers choosing amongst three options A, B and C. The results are as follows.
1 preferred A > B > C 4 preferred B >~ C > A
4 preferred A - C > B 3 preferred C > B > A

Now let us assume that we use the numerical set (3,2,1) to assign points to the various
positions within the weak orders. When applied to the above preferences we find the

following results.

1#(3,2,1)*(4,B,C)=(34,2B1C) (1)
4%(3,2,1)*(B,C,A)=(12B,8C,44) (2)
4+#(3,2,1)*(A,C,B)=(12A,8C4B) (3)

)=(9C,6B,34) (4)

3%(3,2,1)*(C,B,A

Summing the points of each option in equations (1) through (4) gives the following totals.
3A+4A+12A+3A=22A (5)
2B+12B+4B+6B=24B (6)
1IC+8C+8C+9C=26C (7)

These totals result in the single aggregated order is as follows.

C>-B>A
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Thus, according to the Borda Count, criterion C is the most important one. While this is
the same as the result from the worst of the worst technique previously described there

are several important differences which make this result much more useful.

First, this result was achieved in one iteration. Second, all of the criteria were used
throughout all of the calculations, so no information was lost. This is important because it
helps to shield the Borda Count from violations of Arrow’s Theorem. Third, while the
Borda Count violates the IIA axiom [12], since it does so without discarding any
information there are no consequences of the violation. This insulation from the
consequences of violating the IIA axiom helps to offset the fact that in an engineering
design problem the Borda Count also violates the first axiom. Normally, any voting
procedure that violates two axioms would not be considered fair, but since the
consequences of doing so are minimal in this case; we find that the Borda Count is

acceptable and robust.

A fourth advantage of the Borda Count is that it provides a relative ranking of all
criteria, not just the “best” one. Since the rankings of all criteria are of importance in an

engineering design problem the Borda Count is more useful than other techniques.

The Borda Count does have some disadvantages. The first of these is that while the
Borda Count is technically a pairwise comparison, there is nothing very “pairwise” about
the procedure. The whole point of a pairwise comparison is to break a large problem
down into smaller and more manageable parts. The Borda Count requires that each
individual decision maker place all of the available options into a weak order before the
Borda count is done. With smaller problems this is not an issue, but becomes so as

problems increase in complexity.
The other disadvantage of the Borda Count is that while it provides the order of

preference of the various options, it does not provide any information on the level of

preference between them. In our example, we found that criterion C was deemed more
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important than criterion B, but how much more important is it? This information is not

provided, yet it can be of great importance to the concept design process.

The solutions to these problems can be found in the Pairwise Comparison Chart
(PCC). The PCC is a graphical form of standard pairwise comparison. The PCC
technique has been shown to have results that are identical to the Borda Count [12] and
thus shares its robustness. While there are many different types of pairwise comparison
charts, the form presented in this paper is based upon the type taught to first year
engineering students [13] at Ryerson University by professor Filippo A. Salustri. This
form not only leverages the strengths of the Borda Count, but also overcomes many of its
usability shortcomings. Its construction and use will be demonstrated though the

following example.

Let us imagine that a design team must determine the relative rankings between six
different design criteria labelled A, B, C, D, E and F. The empty pairwise comparison
chart is first constructed by labelling the leftmost column A through F and doing likewise

to the top row of the chart as can be seen in Table 1.

Criteria A B C D E F

Slloli-llell-lrg

Table 1: Empty Pairwise Comparison Chart

The value in each cell represents a comparison of the two criteria standing at that cell. By
this logic, only the upper triangle of the matrix has to be completed since the results are
mirrored about the diagonal. Furthermore, one need not compare the cells on the diagonal

since comparisons of a thing to itself are meaningless. This leaves us with Table 2.
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Criteria A B C D E F

Slloll-llell-llg

Table 2: Partially Filled Pairwise Comparison Chart

As designers step through the cells of the matrix and choose amongst each pair, a symbol
identifying the winner of each vote (in this case the letter of the winning criterion) is
recorded in the corresponding cell. In the case of a tie, both letters are recorded in the

appropriate cell. One possible completed matrix for our example is presented in Table 3.

Criteria A B C D E F
A - A A D E F
B - - B D B F
C - - - D C/E F
D - - - - E F
F - - - - - -

Table 3: Completed Pairwise Comparison Chart

The weak order is determined simply by counting the number of times each criterion

appears in the matrix. For our example, we get the following.

A > 2Times
B> 2Times
C-> 1Time

D > 3 Times
E-> 3 Times
F-> 5Times

This translates into the following weak order.
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F~D~E)>A~B)>~C

Like the Borda Count, this result was achieved in a single iteration without the
deletion of any alternatives. This is important because the PCC method, like other
pairwise comparison methods, also violates the IIA axiom. However, because there was
no deletion of data, and full results were obtained in a single iteration, the PCC method
does not suffer for this violation. Furthermore, PCC breaks a ranking problem down into
smaller, more manageable cognitive elements for its users, making it more usable than

Borda Counts.

In addition, rather than asking designers to generate their own weak orders and then
aggregate those results, the PCC method can be done by the entire design team at once.
The outcome of the comparison in each cell can be debated by the entire team. This not
only helps to open communication within the group, but also ensures that multiple

viewpoints are expressed in the results.

Another advantage of the PCC method is that it determines a value function between
the various alternatives. A value function is a map of the level of preference between
members of a weak order. While a weak order only shows the order of preference
between various alternatives, a value function can show how much one alternative is

preferred over another. The precise definition [10] of a value function is as follows.

Value Function: A value function is an assignment of real numbers to
alternatives that preserves a weak order of acceptability of those
alternatives. A value function maps a set together with a weak order

{X, > } to the real numbers with its usual ordering {P2}. For a value

function v, v(A) 2 v(B) iff. A > B, with equality for indifference.

A value function is typically assigned to a weak order after debate with all stakeholders.
However, before entering such a discussion it is useful to have a first approximation of

the function [13]. Such an approximation can be built easily from the data in the PCC.
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One simple method for generating the initial value function uses the PCC to develop
relative weights. Weights are allocated in proportion to the number of occurrences of
each criterion in the PCC. Let us return to the previous example in order to better

demonstrate this procedure [13]. The equation for the example problem is shown below.
5x+3x+3x+2x+2x+1x=100 (8)

This can be reduced down to,

16x =100 9
Solving for x obtains,
100
x=——=06.25
16 0

Finally, the value of x can be multiplied by the constant for each criterion to obtain the

relative weight of each as shown below.

5x=5(6.25)=31.25 > F=31.25% (11)
3x=3(6.25)=18.75 > D=18.75% (12)
3x=3(6.25)=18.75 > E=18.75% (13)
2x=2(625)=125 > A=12.5%  (14)
2x=2(6.25)=125 > B=125%  (15)
1x=1(6.25)=6.25 > C=6.25%  (16)

While these are not necessarily the final relative weights, they can be viewed as the
engineering team’s assessment of what is important in the design. It may be that the
assessments of other stakeholders will differ, but it does create a good basis for further

discussion on the subject.
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2.3.3 Weighted Decision Matrices in Concept design

While pairwise comparison charts are a very useful tool, they are somewhat limited in
the amount of detail that they can provide. They allow decision makers to rank large
numbers of alternatives and even to determine the level of preference between items, yet
they provide little detail on exactly why one alternative was chosen over another. It is
important to know that alternative A is superior to alternative B, or that mass is four
times more important to a design than cost. Yet it can be even more important to know
the reasons for these decisions. Pairwise comparison does not provide this kind of

information.

Another limitation of pairwise comparison is that while it is well suited for solving
simple problems, the technique is of limited use in more complex situations. Asking an
individual whether they prefer a red or the blue car is a far simpler problem than asking
that same person whether they prefer the Boeing 777 or the Airbus 320. While the choice
of car colour has really only one criterion under consideration, the question of which
airplane to select has many more variables such as the number of people the plane carries,
maximum range, speed, wing span, and cargo area. The airplane question is a multiple

criteria decision making problem.

To further complicate matters, multiple criteria decision-making problems rarely have
only a single decision maker. These types of problems typically have many people
making the final decision collaboratively; and quite often several groups also have input.
These participants will often have conflicting points of view and agendas. Pairwise

comparison can only be as good as the intent of its users.

Clearly, solving such a problem requires a far more advanced decision making tool
than pairwise comparison alone. Another tool, a weighted decision matrix (WDM), is
well suited to this situation. A WDM is a tool that is based upon a table of values [14]

and is used to decide amongst alternatives in a multiple criteria decision-making problem.
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A key advantage of the WDM is that it ranks alternatives against a predetermined set of

criteria rather than against each other.

The problem with ranking alternatives against each other is that there is no constant
metric. The alternative design concepts themselves are only vaguely defined at this
point, and the design team’s own perspective may vary during the process because of
external influences (e.g. meeting with experts outside the design team) and more evolved
thinking over time. When comparing one alternative against another we are, in fact,
comparing two variables [15] and as the variables change the results of those

comparisons lose all meaning.

On the other hand, a WDM compares all alternatives against a common and
unchanging set of criteria. Typically, the criteria used in the matrix are concrete,
measurable properties such as mass, speed, power efficiency and cost. This not only
simplifies the ranking process, but also allows for meaningful comparisons between

alternatives.

A typical use of weighted decision matrices in concept design is for selecting the
most suitable concept from amongst the available alternatives. When using WDMs in
such a fashion, one selects a “reference design” as a baseline and compares all new
concepts to it. The reference design may be an existent similar product, or it may be
symbolic of the kinds of technology the new product is supposed to replace. For
instance, the reference design for the original Palm Pilot PDA was a small leather bound
agenda. The criteria used in a design decision matrix are crafted from the requirements

for the product.
The construction of a weighted decision matrix is best illustrated by an example.
Assume a design team has been asked to design a new type of soil tilling device for

home garden use. The team has identified three concepts; a modified hoe design, a

rotating mixer, and an electric powered autotiller. Also, the product requirements lead the
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team to set the following criteria; mass, speed, operating comfort, ease of operation,

reliability, and cost.

A WDM for this problem is shown in Table 4. Design characteristics, which are
representations of requirements, are arranged in rows. Each characteristic is given a
weight to represent its importance relative to the other characteristics. Design concepts
occupy the columns. Each “cell” of the table contains a rank, which is assigned by the
design team, and a score, which is a mathematical combination of the rank and the
corresponding weight. Pairwise comparison is an ideal tool for calculating the weights in
a decision matrix. Finally, the last row of the matrix contains arithmetic sums of the

scores for each concept. The concept with the highest total score is the concept most

preferred by the team.
Concept
A B C
Modified Hoe Rotating Mixer Electric Autotiller
Relative
Design Characteristic Weight | Rank  Score | Rank Score | Rank  Score
Mass 0.2 | R
Speed 0.1
Operating Comfort 0.25
Ease of Operation 0.15
Reliability 0.15
Cost 0.15
Total Score

Table 4: Prepared Decision Matrix

The key activity in completing a weighted decision matrix is assigning a rank for each
concept and characteristic. Numerical ranking scales are used to do the rankings.
Different scales have been used by different industries and companies. Scales are
generally selected based on experience; there has been no research to evaluate the
different scales scientifically. In the absence of particular experience, the simplest and

most obvious scale to use is a linear symmetric scale like the one in Table 5.
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Rating Meaning

2 Greatly superior with respect to characteristic

Somewhat superior with respect to characteristic

0 Satisfactory with respect to characteristic
-1 Somewhat inferior with respect to characteristic
-2 Greatly inferior with respect to characteristic

Table 5: Automotive Industry Linear Scale

It is considered good practice to assign ranks to concepts in a team setting, such
that consensus is reached for each rank. This helps ensure that different points of view are
all made explicit from the outset. These discussions usually depend heavily on
requirements specifications. The use of the baseline concept can also be very useful at
this stage. To use this technique the design team can either insert the baseline concept
into the matrix, or simply keep it in mind as a point of reference. The baseline concept is
then assigned a score of zero in all design characteristics. The other concepts are then
rated against this concept. If they are better than the baseline they are assigned a positive
score, and if they are inferior they are assigned a negative. For the example problem, we
could use a regular garden shovel as the baseline, and then rate how the other three
concepts improve on this design. An example of possible rankings for the sample

problem is presented in Table 6 below.
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Concept
A B C
Modified Hoe Rotating Mixer Electric Autotiller

Design Characteristic  Weight

Relative

Score Score

Rank

Mass 0.2
Speed 0.1
Operating Comfort 0.25
Ease of Operation 0.15
Reliability 0.15
Cost 0.15
Total Score

Table 6: Decision Matrix with Concept Rankings

Once all the rankings are assigned, an aggregation function is used to derive a

corresponding score. In its most basic form, an aggregation function is a mathematical

function that combines the rankings for each concept with the corresponding weights in

some manner. There are many possible aggregation functions. Good aggregation

functions for engineering design should adhere to the seven following properties [14].

1)

2)

3)

4.)

5.)

Dominance: The alternative with the highest aggregate score is the
dominant alternative, assuming all relevant issues have been included in the
aggregation.

Boundary Conditions: If a concept scores the highest/lowest against all
characteristics than the designers will prefer it most/least.

Continuity: As an individual characteristic’s preference (score) is changed
slightly, then the overall preference for the design will change at most
slightly. This does not mean that the preference for any characteristic must
be continuous.

Monotonicity: If an individual characteristic’s preference is raised or

lowered, then the alternative’s overall preference is raised or lowered in the

- same direction, if it changes at all.

Commutativity: The aggregate score must not change if the characteristics

are reordered without changing preference ratings or weights.
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6.) Idempotency: If a designer has the same preference for all individual
characteristics in a design, then the aggregate score must have this degree of
preference as well.

7.) Annihilation: An alternative is unacceptable if at least one of its

characteristic preference ratings is less than or equal to zero.

Given these properties, there are two aggregation functions that are commonly used in

engineering design.

The first of these is known as Simple Additive Weighting (SAW) and has the form

below.
score = Z W;R,; a7
i=1

In Equation 17, w; is the weight of the i" criterion and R; is the rating given to that
criterion. The greatest advantage of SAW is simplicity. The user simply steps through the
cells of the decision matrix and multiplies each rating by its corresponding weight. The

aggregate score is the sum of those products.
The weakness of SAW is that it does not satisfy the seventh property for engineering
design aggregation functions: annihilation. This means that SAW does not automatically

remove from contention concepts that do not meet one or more of the criteria.

Another aggregation function that can be used is Multiplicative Exponential
Weighting (MEW) shown in Equation 18 [16].

score = H; R (18)

The main advantage of MEW is that it satisfies all seven properties of engineering

aggregation functions.
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Unlike SAW, MEW removes concepts that fail to meet a criterion from contention.
However, the price for this automatic removal of concepts is increased computational
complexity. Furthermore, in his paper “Multi-Attribute Decision Making: A Simulation
Comparison of Select Methods” Zanakis demonstrates [16] that apart from the ability to
screen out alternatives, MEW produces very similar results to those obtained using SAW.
Therefore, MEW requires more work to get similar results, clearly an unappealing
situation. By simply examining the results generated by SAW in order to discount any
failing concepts, the advantages of MEW are minimized while maintaining the simplicity

offered by SAW.

The fact that SAW does not meet the annihilation property also increases the number
of potential rating scales that it can use. If, for example, one were to use the numerical
scale presented above with MEW, then many concepts would be removed from
contention inadvertently. MEW assumes that a concept that is assigned a score of zero in
any single design characteristic is a failure. However, the previous scale implies that a
zero rating is satisfactory with respect to that characteristic. MEW would eliminate this
alternative needlessly. In addition, the MEW function would not allow for the use
baseline concepts in the decision matrix since they have zeros for all design

characteristics.

The completed example WDM, using SAW, is shown in Table 7. In order to reduce
the size of the table for inclusion in this report, the reference concept is not shown. It was
merely kept in mind during the scoring process, and the other three concepts were ranked

against it.
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Concept

A B c
Modified Hoe Rotating Mixer | Electric Autotiller
Relative
Design Characteristic Weight Rank Score Rank Score
Mass 0.2 LR
Speed 0.1
Operating Comfort 0.25
Ease of Operation 0.15
Reliability 0.15 pia
Cost 0.15 P05 (EoiisT
Total Score 1.1 0.85

Table 7: Completed Decision Matrix

Examination of the completed matrix reveals not only the “winning” design, but also

several other features of the matrix that are of great use to the designer.

The WDM not only identifies the most suitable concept, but also contains ample
evidence as to why this is the case. Inspection of the matrix revels that both the modified
hoe and the electric autotiller excel in certain areas, but also have significant drawbacks.
On the other hand, while the rotating mixer only really excelled in the speed
characteristic, it also did not suffer the weaknesses of the other designs; instead it took a

more balanced approach to the design problem.

Because all of the potential concepts are visible at once, it becomes quite simple to
identify quickly the strengths and weaknesses of each design. Not only does this allow
for identification of areas of improvement in each concept, but can also be of great

benefit in the creation of combined concepts.

Combined concepts are designs that attempt to blend the best attributes of two or
more concepts into a single, superior concept. For example, in Table 7 it is clear that the
electric tiller outperforms the other two designs in operating comfort and ease of
operation, while mass and cost are its main weaknesses. If the weak areas could be
improved, then it is the electric autotiller could become the most suitable concept, Thus

not only has the WDM helped to solve a difficult multiple criteria decision making
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problem, but it can also provide evidence to support that decision and may even stimulate

further, more creative design.

The techniques introduced in this section are able to tackle a wide variety of
engineering design problems. The main difficulty with so many different options
available is that designers can become confused when trying to select the most suitable
tool for a given situation. The next section will introduce the IDEA process, which has

been designed to solve this problem.
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3.0 The IDEA Process

3.1 Motivation

Section 2 described the most popular tools for concept design. Selecting the best tools
for specific instances is problematic. Even once tools are selected, ensuring that they are
properly integrated into an organization can be difficult and expensive. One goal of
developing IDEA is to help practitioners overcome this difficulty by addressing these

problems.

The initial inspiration for this project came from the author’s experiences at MDA
Space Missions in Brampton, Ontario. During undergraduate studies at Ryerson
University, a thesis and team design project were executed with assistance with engineers
from the company. During that time, the author noticed several features of the concept
design process that raised concerns about how concept design was practiced. The concept
design practices in place at MDA at the time did an excellent job of outlining the Trade
Space for a design problem as well as generating concepts from that Trade Space. When
it came time to actually select a concept, however, there did not seem to be any structured
system in place. The “winning” concept seemed to be selected arbitrarily which this
author found disturbing. Further research into concept design practices in the engineering

industry revealed many of the weaknesses outlined in Section 1.

While current best practices are obviously satisfactory — the many existent successful

products prove this — the design activity itself is subject to iterative improvements.

One problem with current concept design techniques is a lack of standardization. As
noted in Section 1, most companies follow very similar engineering design processes.
However, details of workflow within the process at different companies will vary greatly.

This is especially true in concept design.
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This observation raised the question of whether or not it would be possible to create a
systematic process for concept design. The main advantage of a systematic process is that
it helps alleviate uncertainty by selecting techniques that research has established as
superior, and integrating them into a usable, effective process. This allows the designer to
focus on the design itself and not the process used to find it, which helps to improve

creativity and final results.

Another shortcoming of existent concept design tools is that many of them are
incomplete with respect to the goals of concept design processes given in Section 1.2.

That is, one or more of the goals remain unfulfilled by existent tools.

In one such case a company’s concept design process was very good at determining
customer needs and then exploring the resulting design space, but when it came time to
actually select a concept there was no real procedure in place. Instead, computerized
simulations were developed in an attempt to understand the performance of products that
were still at a very early phase of design. This is both time-consuming and unreliable
since these simulations were based upon very preliminary data which made their results
suspect. Basing design decisions on the results of these simulations not only casts doubt

onto these decisions, but also provides little meaningful supporting evidence.

Another common occurrence is that the actual design of a product is undertaken in
detail, yet little time is spent analyzing whether or not customers will actually want the
product. This can be seen in the many cases of consumer products that seemed to be a

good idea and were well implemented; yet they did not succeed in the marketplace.

A good example of this would be the high resolution audio formats, DVD-Audio and
Super Audio CD (SACD). Both were released in late 2000 and from a technical
perspective either one of the formats should have been a resounding success. Both
offered vastly improved sound quality over the standard audio CD and offered high-
resolution 5.1 channel surround sound at a time when surround was becoming

increasingly popular. And in the case of SACDs, they were even compatible with existing
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CD players. Yet even with all of these features, up until now both formats have been

what can only be called a dismal failure; the question is why?

The answer is that neither format addresses what most customers actually want. Both
formats were released based upon the assumption the people would embrace them like
they had audio CDs. What designers failed to recognize however, was that CDs were
becoming increasingly unpopular. The new distribution method of choice was
compressed audio formats like MP3 and WMA. Whether purchased legitimately or more
commonly, downloaded illegally from the internet, people were shifting away from
physical media to files that they could simply download. It did not matter that MP3s
sounded worse than even the lowly audio CD, people no longer wanted to pay for music
when they could get a “good-enough” version for free with just a few clicks of a mouse.

The increasing popularity of iPods and other MP3 players is evidence of this.

This scenario may manifest itself again with the release of HD DVD and Blu-ray
discs in 2006. Both offer drastically improved performance over DVD yet the question
remains whether the new formats will succeed. No one is really sure, but we may be

seeing yet another example of the right product at the wrong time.
Given these examples, the objectives for the IDEA process are quite clear.

First]y, IDEA should adhere to the three goals of concept design given in Section 1.2.
This will allow for a more thorough understanding of the problem and customer needs,
and will increase the probability of a better design through a more thorough exploration

of the design space.

Secondly, the IDEA process should follow a series of standard, but flexible, steps, to
increase designer comfort with the process. Since the same steps will be used with any
design, engineers can spend more time and energy designing and less time worrying
about what tools to use. This not only helps to increase creativity, but also reduces

concept design time and costs.
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Thirdly, the IDEA process should use well-established concept design techniques
wherever possible. The use of proven and well understood techniques will not only
increase the robustness of the overall process, but will also assist with designer comfort.
Using tools that designers are already familiar with will reduce the time spent learning
the new process and increase the time spent actually using IDEA. By achieving these
three goals, IDEA should help designers achieve greater success in concept design by

reducing time, costs, and uncertainty.

3.2 Integrated Design Exploration and Analysis: An Overview

IDEA is a systematic process for concept design that was created to solve the
problems with current concept design processes as described above. IDEA is designed to
lead the user through the concept design process, from the determination of customer
requirements, to the final step of selecting the most promising concept to meet those

requirements. An overview of the process is shown in Figure 6.
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Figure 6: IDEA Overall Outline

As can be seen in Figure 6, IDEA is divided into four main modules, arranged in a

spiral pattern. The user begins the process at the first module known as Identify and then

moves through the remaining three modules in the sequence; Determine, Explore, and

finally Analyze.

IDEA is arranged as a series of levels and each level is a repetition of the previous

loop. Concept design is rarely accomplished in a single step; quite often, many iterations

of the concept design process are necessary before a suitable concept can be found. Each

time around the loop, the design team gains a better understating of the problem and what

solutions are possible. The multiple levels and increasing font clarity in the diagram

represent this increasing understanding.
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While the design team must complete all four modules on the first iteration,
subsequent loops may omit certain modules, although at least cursory glance at all
modules is recommended in order to identify any problems that may have been missed in

previous loops. The number of iterations required depends on the design problem.

Each module is divided into a number of sections. The first of these sections is called
working variables and details information available at that stage of the concept design
process — the “input” to that module. As can be seen in the diagram the amount of
available information grows very quickly early on and then seems to undergo a sudden

drop in the later modules; however this is not actually the case.

The early modules are concerned with gaining a better understanding of the problem
itself. This causes the level of available information to grow very quickly as the design
team better understands the needs and desires of the customer and what the design must

do to meet those needs.

The latter two modules deal with using this information to generate possible
solutions. The overall direction for concept generation is guided by the customer needs
determined in the earlier modules. Any concepts which result are nothing more than a
representation of these needs. Therefore, no information has been lost, it has merely been

incorporated into the concept which will be selected.

The second section of each module outlines the overall goals for that module. The
third section at the bottom of each box outlines the tools for that module. At high levels
of detail this area contains the tools that can be used to achieve the goals presented in the
second section; however, at this global level, it only outlines what has to be done to
achieve the goals. Because the information used in a module is generated in those that
preceded it, the modules must be executed in their designated order. On the other hand,
the jtems in the tools section are typically not in any specified order and may be

completed in a manner that makes sense for the actual project.
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The details of the four modules and their sections are provided in the following

sections. An expanded view of the diagram in Figure 6 can be seen in Figures 7 and 8.
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Figure 7: Expansion of Identify and Determine Modules
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Figure 8: Expansion of Explore and Analyze Modules

3.3 The Identify Module
The first module is the Identify module. The purpose of this module is to help

designers gain a better understanding of exactly what customers expect from the product.

The expansion is presented in Figure 9.
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Figure 9: Identify Module Expansion

At this initial stage of concept design there is very little information available other
than a preliminary statement of the problem outline and goals. While this provides
managers and other stakeholders with an overall sense of about the project, it provides
little technigal information to the design team. To gain a more detailed understanding of
the problem, engineers must identify two different sets of information: the primary and

secondary objectives.

As can be seen in Figure 9, the primary objectives are defined as the goals that the
system must achieve. Basically, they are what the final design must do at a minimum to
be considered a success. Any concept that cannot meet these objectives is immediately

removed from further consideration.

Due to the importance of the primary objectives, the design team must take extra care
when defining them. Items included needlessly can make the final design too expensive
and difficult to complete. It is therefore advisable to meet with all stakéholders to gain
their perspective. Ideally, the Problem Outline and Goals document would not include

any extraneous requirements; however, this is rarely the case. Quite often, it is drafted by
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individuals who are not technically literate. They see that a competing product can
perform a certain function and decide that their product must do the same thing, even if
those expectations are neither realistic nor required. It is the job of the engineering team
to discuss the objectives of the project with all stakeholders in order to determine if all
objectives are truly required. Once these issues have been clarified, the team can then

brainstorm amongst themselves to generate crisp definitions of the primary objectives.

The secondary objectives add further value to the product. Where the primary
objectives are the needs of the customer, the secondary objectives are their desires. For
example, imagine that a major airline has stated that they need a new airplane that can fly
from Toronto to London in seven hours, and that it would be greatly beneficial to the

airline if the trip could be made in as little as six.

The primary objective here is to design an airplane that can fly from Toronto to
London in a maximum of seven hours. This is what the airline needs in order to consider
purchasing the new product. A flight time of six hours is a secondary objective in this

case, because it is desirable but not required.

As with the primary objectives, the design team must take special care over what
secondary objectives are included in the final design. While secondary objectives add
value, they must never interfere with the successful implementation of the primary
objectives. The inclusion of too many secondary objectives can lead to a phenomenon
known as “feature creep” where features are added to a product until it becomes either
difficult to manufacture or prohibitively expensive. Feature creep can also increase
design time as concepts are constantly revised to include just one more feature. At some

point, the design team must stop conceptualizing and start selecting.
Secondary objectives can be broken down into three types; (1) those that can be

accomplished using equipment designated for the primary objectives, (2) those that

require additional equipment, and (3) those that are externally imposed.
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The airplane example noted above demonstrates a type 1 secondary objective. The
secondary objective (a six-hour flight time) can be achieved through a more efficient

airframe, engines, etc, which are all required to meet the primary objective.

An example of a secondary objective of type 2 might be in-flight entertainment. This

would require extra equipment beyond anything required for the primary objectives.

Type 2 secondary objectives can be problematic since they typically impact the
performance of primary objectives in some way. In-flight entertainment systems increase
aircraft weight by some small amount. While this may only have a slightly negative
impact on the performance of the aircraft, the inclusion of too many such features could

have a dramatic effect on the overall weight and performance.

Type 3 secondary objectives are those that are imposed by external (usually societal
and political) sources. Although many engineers rarely think of them, objectives of this
type can have significant effect on the final design. For example, the design of factories
has become far more difficult since the ratification of the Kyoto Accords, which specify
strict pollution controls. While these pollution controls are not required to complete the
primary objectives of a factory, they are nonetheless required. The inclusion of pollution
controls not only adds to the cost of a plant, but they can also have a serious impact on its
performance. Normally, a secondary objective that seriously impacts the performance of
a primary objective would be discounted immediately; however, because of government
regulations the pollution controls must remain. While this is an extreme example of the
kind of impacts that political and societal issues can have on a design, it illustrates that

designers should be cognizant of these issues and prepared to overcome them.

51



3.4 The Determine Module

The second IDEA module is the Determine module and is shown in Figure 10.

Determine
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Figure 10: Determine Module Expansion
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The Determine module is used to gain a better idea of what form the solution should take.
Because of the increased level of information available at this stage, there are more tools
available to the designer. Figure 10 reveals that the Determine module is divided into
three main tasks: determination of design characteristics, determining functional
requirements, and determining the relative importance of the design characteristics.
Completing these three tasks will help the design team gain a better technical

understanding of what the final product should do and what characteristics it should have.

The first task is to determine the design characteristics for the final product. Design

characteristics serve a number of roles in concept design.

First, design characteristics describe what the final product has to be, such as “the
product must be lightweight” or “the product must be safe”. They define the physical and
usability attributes that the product must have. It is important that the design
characteristics make no mention of how the product will accomplish these goals since at
this stage in IDEA, designers have very little hard information on which to base
solutions. This work defines the boundaries of constrained trade space for the product;
placing the final design on a specific functional path at this point may unnecessarily limit

the variety of possible solutions.

Desi gﬁ characteristics may seem obvious, but they can have an extensive effect on the
final design of the product [17]. For example, stating that the final product must be
lightweight can influence everything from the configuration of sub-systems to the
selection of materials for the product. They serve as succinct reminders to the design

team of what really matters in a design.

A second role of design characteristics is to serve as criteria by which the
effectiveness of concepts is assessed. Design characteristics can become drivers for the
final design and assessing how well a particular concept is able to meet these

characteristics can serve as a good indication of its success. Because the design
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characteristics for a particular design problem are constant among all concepts, they are
also well suited for use as a standardized benchmark when selecting concepts. By
assessing each concept against a reference design with respect to the design
characteristics, it is possible to conduct meaningful comparisons between design options

to determine which is the most promising.

There are several different techniques for determining the design characteristics and a
combination of these methods will most likely provide the best results. One such
technique, interviews with customers, was explained in Section 2.1. It is particularly

useful here for several reasons.

Firstly, if a product is intended for public consumption then it is important to
understand what characteristics would make that product desirable to the general public.
In many cases, the average consumer does not really care what functions a product has
internally, rather they are more interested with its usability and aesthetics. The iPod is an
excellent example of this. Compared to many other MP3 players, the iPod has a number
of deficiencies (inferior sound quality, a draconian music distribution model, a lack of
additional features such as radio tuners and support for other music formats) [28]. Yet,
even with these deficiencies the iPod significantly outsells its competition. One of the
prime reasons for this is marketing; the iPod is an extremely well marketed device; many
people call all MP3 players iPods. Other factors of the iPod’s success are its simplicity,
small size, sleek form, and wide assortment of available colours. All these factors are best

represented by design characteristics.

Another advantage of determining design characteristics through interviews is that
many people have limited technical knowledge. Design characteristics deal with such

generalities, making them the ideal type of information to gather from general consumers.
A second method of generating design characteristics is to use a standardized list.

While design characteristics may change from problem to problem, there is also a great

deal of commonality. This commonality has led to some standardization. Clearly, this is
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of great advantage to designers since the list can be used as a starting point to generate

the design characteristics for a particular problem.

Finally, while customer interviews and standardized lists are good starting points,
they likely miss some important but particular characteristics that only apply to the
current design problem. The generation of these final few characteristics is often best

accomplished through brainstorming sessions and face-to-face meetings.

The second major task in the Determine module is establishing the overall functional
requirements of the design. Whereas the design characteristics are designed to map out
what a product must be, the functional requirements are meant to define exactly what the
final design must do. Figure 10 reveals that there are three ways to generate functional

requirements within IDEA.

The first of these involves thinking about what the product must do operationally to
meet the primary objectives. The primary objective in the airline example is a seven hour
flight time. This statement implies a number of functional requirements: the airplane
must fly under its own power, sustain that performance for at least seven hours, and
achieve sufficient ground speed to reach London from Toronto in that time. It must also
safely lift off and land. While this list is not exhaustive, it does show how a single

primary objective can define many different functional requirements.

Because these functions were defined by the primary objectives they are denoted as
primary functions; things that the final product must do. A similar analysis of secondary

objectives leads to secondary functions.

The third class of functional requirements arise from the environment in which the
product must operate. For the airplane example, these include but are not limited to
maintaining internal pressure, withstanding ground and in-flight weather, and
maintaining internal and ground communications. The use of IDEA helps ensure that

these items are not forgotten by the design team. A useful method for determining the
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three different types of functional requirements is brainstorming sessions between the

entire design team.

The final task in the Determine module is establishing the relative importance of the
design characteristics. In an ideal situation, all design characteristics would be equally
important to the final design; however, this is not the case in practice. In reality, designers
are often forced to trade off the performance of one part of a design for another. By
determining the relative importance of the design characteristics, designers are better able

to understand which tradeoffs are feasible and which are not.

IDEA uses a Pairwise Comparison Chart (PCC) to determine the relative importance
of the design criteria. The PCC was selected for several reasons. Ranking amongst the
design characteristics is an example of a single criteria decision-making problem, a
situation for which the PCC is well suited. PCCs also render the selection process
insensitive to violations of Arrow’s IIA axiom, and are able to generate the relative
weights in a single iteration. PCCs also promote participation of the all stakeholders

during the critical process of assigning the relative weights.

The inclusion of all stakeholders also allows for further discussion on the relative
weights after pairwise comparison is complete. As stated earlier, the relative weights
generated by the comparison chart should only be used as a first estimate. Further
discussion amongst all stakeholders can dramatically shift these results in order to satisfy

all parties involved.

Upon completion of the Determine module, the design team should have a better
understanding of the problem and know in crisp but overall terms how proposed solutions

can be assessed.
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3.5 The Explore Module

The purpose of the Explore module is to help the designers generate the trade space
for the design problem, and to explore that space to find a superior solution. Unlike the
previous modules, the Explore module offers two different approaches for this. The first
is a typical trade space analysis, while the second is a method known as ideation that
attempts to find the best overall solution by combining partial solutions. The details of

these options are presented below. An overview of the module is given in Figure 11.
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Figure 11: Explore Module Expansion

The typical trade space analysis is as outlined in section 2.2.2. First, the design team
generates as many options as possible on a subsystem-by-subsystem basis. By focusing
on individual subsystems rather than an entire concept, designers are forced to break the
problem down into smaller and more easily managed pieces. While this can prevent

certain overall solutions from being identified immediately, it is very good at controlling
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the inherent complexity of the task. By preventing the designer from attempting to look at
the entire problem at once IDEA allows them to focus their creativity on a single aspect

of the design in an attempt to optimize it as far as possible.

Once all of the options have been generated, the next step is to create a trade space
diagram to outline all of the possible alternatives. Although there are many different
types of diagrams, it is suggested by the author that designers utilize the form outlined
earlier in this report since it is simple to create and displays large amounts of information

In a very clear manner.

Once the trade space diagram is laid out, the design team can begin to generate
concepts. While an engineer’s first impulse when presented with a design problem is to
start imagining concepts, up until this point the IDEA process has attempted to inhibit
that impulse. The danger in immediately generating concepts is that any concepts created
at such an early stage may have deficiencies due to a lack of knowledge about the design
problem. Yet, it is these concepts that will stay with designers and bias their thinking,
limiting their creativity later on. IDEA attempts to subvert this potentially dangerous bias.
By utilizing the trade space diagram, designers can test different sub-system
combinations as they use their creativity to explore the trade space. It is important for the
design team to create as many different concepts as possible in order to fully explore the
trade space. Many of these concepts will be unsuitable, but by generating a large number

of them, the possibility of finding a truly novel one is increased.

Once the design team has finished generating concepts, the final step in trade space
analysis is to reduce what is most likely a large list down to the five to ten most
promising candidates. Because this is merely a preliminary pass at screening the
concepts, structured methods are not necessary. A thorough brainstorming session and
discussion between team members should be more than adequate to reduce the list of
candidates. These candidates will then be subjected to a far more thorough screening

process in the final module.
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The second option available in the Explore module is an ideation-based approach. As
implemented within IDEA, this technique is very simple. The first step is to assign each
individual in the design team a single design characteristic. Each team member then
generates concepts that are optimized only for that specific characteristic. Generating
entire concepts at once is normally quite difficult while focussing on a single
characteristic is much simpler. Much of the difficulty that normally occurs when
generating entire concepts stems from the fact that “good” concepts typically balance
many different design characteristics. It is the balancing of disparate goals that causes
difficulty. By focusing on a single design characteristic this balancing acts is avoided
which makes generating concepts quite easy. These partial concepts are usually called
ideas — hence, the name of the technique. Ideas are best generated as an individual
exercise of each team member, to limit the natural influences of the thinking of other

designers.

While generating ideas is easier, they will be only partial solutions. To develop full
concepts, ideas must be combined. This is relatively easy to do: one simply selects a set
of ideas such that all the design characteristics in the requirements specification are
covered. The number of concepts that can be generated this way is very large. For
example, if three ideas are developed for each of three design characteristics, then one
can generate 27 different concepts; for five ideas developed for each of five
characteristics, there are a total of 3125 concepts possible. Blending ideas together into
full concepts is an activity best done collaboratively because at this point the influences

of all the participants will tend to lead solutions that are more integrated.

Obviously, many of the concepts generated this way can be discounted out of hand
for one reason or another, depending on the nature of the design problem. A commonly
used technique to “prune the search space” is to identify combinations of ideas that can
be discounted immediately before starting to combine ideas into concepts. This is usually
done “by inspection” as the concepts are generated. It is important to do this as a team

exercise to take advantage of everyone’s combined experience.
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For example, a concept may be identified as combining materials in a way that is
physically impossible or not feasible (e.g. welding aluminum to steel). Of note is that
eliminating one pairing of ideas also eliminates all concepts containing that pairing. This

can very quickly prune the search space.

Ideally the design team should now have a fairly long list of possible combined
concepts. The final task in ideation is to analyze these concepts and select the five to ten
most plausible candidates. If the team is unsure about a particular concept it should be
included since it will undergo detailed analysis later. Brainstorming is a particularly good
technique to be used for this task since it encourages discussion between all team
members, is relatively lightweight and quick, and preserves information on why certain

concepts were rejected.

3.6 The Analyze Module

The fourth and final module in IDEA is the Analyze module. The details of the

module are shown in Figure 12.
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Figure 12: Analyze Module Expansion
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The Analyze module helps designers determine which of the concepts that resulted
from the Explore module will selected for detailed design work. A weighted decision

matrix (WDM) was selected for this task for a number of reasons.

First, the WDM (as discussed in Section 2.3.3) is an ideal tool to use in cases of
multi-criteria decision-making problems with multiple participants; concept evaluation

and selection is one such kind of problem.

Second, a WDM helps assure traceability in the decision making process. Selecting
the most suitable concept is the most important design decision, but regardless of the
concept selected, there could be unanticipated problems during detailed design. In such
cases, a WDM can provide engineers with a record of the decision making process, to

remind them why those decisions were made.

Third, a WDM encourages the participation of the entire design team. This allows
multiple points of view to be expressed in the final selection and increases the probability
that that final selection is the best possible one. Additionally, including the entire team in
the decision making process ensures that all members are on “the same page” and helps

to foster communication within the group.

Finally, a WDM is lightweight and simple, keeping the “overhead” of its use low.
IDEA also utilizes SAW to generate the aggregate scores for each concept. This
simplifies the computations, while still producing results comparable with more intensive

methods.
The first step in the Analyze module is to build an empty WDM. This is done using

the techniques described in Section 2.3.3. The weights of the design characteristics,

calculated in the Determine module, are simply inserted into the matrix.

61



Once the WDM has been prepared, each concept is rated. The WDM as implemented
in IDEA uses the -2 to 2 ranking scale that is commonly found in the automotive
industry. The use of this scale in combination with the SAW aggregation function means
that the IDEA WDM does not satisfy the annihilation property and thus does not
automatically discount concepts that fail in one or more design characteristics. The
design team must practice due diligence in ensuring that concepts which are clearly

unsuitable are eliminated.

Ranking the concepts is best done in a group setting where each individual is free to
voice their opinion on how well each concept meets each characteristic. Again, this
ensures that all points of view are respected, and helps to make sure that the decisions

made are a representation of the preferences of the team as a whole.

Once the concept ranking is completed, SAW is used to calculate the aggregate
scores. In SAW, each standardized ranking is multiplied by the relative weight of the
corresponding design characteristic. Once all of these multiplications have been

completed, the results are simply summed to generate the aggregate scores.

Examination of the aggregate scores will most likely reveal a few concepts that have
significantly higher scores than the others. If there is only one high scoring concept the
final concept selection is trivial; but if there are two or more, then the selection becomes
far more difficult. In this case, the final selection can be made by simply picking one
using experience and intuition, or a second iteration of the IDEA process can be
conducted in an attempt to reach a decision. If the two concepts are very close in score, a
third possibility is to advance both to more detailed design. While this may be time
consuming, detailed design will more than likely reveal strengths and weaknesses that
will let a final single selection be made. The specific route taken by a particular team
will depend on a number of external factors (scheduling, milestones and gates, business

processes, etc), so IDEA is intentionally generic on this point.
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One final item of note is that design teams should look for opportunities to combine
concepts. One of the great strengths of WDMs is that they display the strengths and
weaknesses of all concepts simultaneously. While low scoring concepts may seem to be
of no real value, designers should look at the WDM closely to determine if any poorly
scoring concepts can be combined. The combination of two poorly scoring alternatives
may address their respective weaknesses and create a much better concept. The WDM
does not have to be solely a decision making tool, it can also be used to spark further

creativity and innovation.
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4.0 The IDEA Software Interface

This section will discuss the software interface that was created for IDEA. The actual
mechanics of using the interface will not be covered here; this can be found in Appendix
A. Instead, this section will focus on the motivations behind the interface and the details
of its creation. This thesis also includes an installation CD that contains all of the files
necessary to install Compendium and the IDEA interface. The instructions for the

installation of this CD can also be found in Appendix A.

4.1 Motivation

As was discussed earlier, the overall goals of IDEA are to create a concept design
process that is robust and traceable, as well as easy to implement and use. Ease of use is
of critical importance because no matter how robust a process may be, if it is time
consuming and difficult to use, it will not be adopted widely. Despite its many
advantages, IDEA as presented in the previous section is relatively time consuming.
While the individual tools are not difficult to use, the high degree of traceability built into
the process does require significant bookkeeping to track the large amounts of data that
are generated. This detracts from the time engineers can spend actually designing. Not
only is it tedious, but the constant need to write things down gets in the way of the
creative process since the designer is constantly pushed away from thinking about ways

to solve the problem.

Discussions with Professor Filippo A. Salustri [18] revealed that bookkeeping was the
single greatest weakness of the IDEA process. However, a computational tool could be
developed to do almost all of the bookkeeping work. This would allow a user to leverage
the advantages of the underlying process while still working within a much more efficient

and user friendly environment.

Furthermore, if a computational tool were developed on a popular and robust

platform, IDEA will become more readily available to design practitioners. Leveraging



open source software wherever possible will also keep initial and operating costs

controlled.

Software has also been shown to also improve brainstorming activities [19]. Petrovick
found that computer supported brainstorming was more productive and more enjoyable
for the participants. Since brainstorming is an important element of IDEA, we can expect

to see these benefits also, at least to a degree.
4.2 Creation of the Interface

Modern software platforms offer many alternatives for the developer. At the
extremes, in this case, are (1) to write the IDEA tool from “scratch” in a language like
C++, and (2) to leverage existent opensource tools and applications. Developing from
scratch provides better development control and (eventually) efficiency of code, but it is
very time consuming. Leveraging existent code allows far faster development at the

expense of performance and control.

Leveraging existent code was selected for three reasons. First, the tool is intended as a
proof-of-concept prototype, so performance efficiency is not as important. Second, given
the academic constraint of the current work, there would have been no time to develop an
implementation from scratch. Third, writing portable graphics software, even relatively
simple two-dimensional graphics, remains a particularly difficult undertaking and

something in which the author has no particular training.

An appropriate platform on which an IDEA tool could be built must satisfy the

following requirements.

1. The platform must be open source, to eliminate cost, licensing, and
intellectual property issues that could delay development and early adoption
of the tool.

2. The platform must be relatively mature and reliable.
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3. The platform must be able to run on any popular hardware and operating
system (i.e. MS Windows and Linux, including Mac OS).

4. The platform must be sufficiently flexible to adapt to the needs of IDEA.

5. The platform must permit linking documents generated by other means (e.g.

MS Word, Excel, etc) and “auto-launch” appropriate applications for them.

From the many potential candidates available, Compendium, by Verizon and The
Open University UK stood out as meeting these requirements best. Originally developed
to support the Compendium methodology, Compendium has since found use in various
business and technical applications [20]. One of the most well known of these is the Jet
Propulsion Laboratory (JPL) at the California Institute of Technology, where
Compendium has been used in many innovative ways, including the coordination of
rover movement and scientific experimentation in the Mobile Agents Project for the

Spirit and Opportunity rovers [20].

Compendium can also manage files linked to it. For instance, it can prepare externally
generated files linked to it (for example, MS Word documents) for sharing with other
users and automatically start an external application when such a link is selected by a
user. It also has a WYSIWYG (“what you see is what your get”) editor to customise its
behaviour and create templates for specific application interfaces. This makes

Compendium quite easy to use.

The IDEA interface was written in Compendium, and designed to have a consistent
layout and interface between the different IDEA modules. Interface elements that are
uniform across all screens are always positioned in the same place, so users will more
quickly become accustomed to them. The “home screen” that appears when the IDEA
tool is first started is particularly important since users would typically spend more time

using it than any other page.

The home screen, shown in Figure 13, reflects the IDEA process itself (see Figure 6).
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Figure 13: IDEA Interface Home Screen

The user starts in the box at the center of the screen and then follows the arrows in a
clockwise fashion until they return to the starting point where they have the option of
performing another iteration of the loop, or proceeding onto more detailed design. Red
was selected for the starting point since people are naturally drawn to the colour, and a
new user will instinctively look here. Further examination by the user will then reveal the
overall workflow and they should quickly find themselves comfortable with the

mechanics of navigating the home screen.

Figure 14 shows the screen produced by double-clicking on the Problem Outline and
Goals icon. Note that actually Microsoft Word is running in Figure 14. While the
capacity to start other programs is typical of many software packages, there is one
important disadvantage. Since Compendium cannot know a-priori what programs might
be started in this way, it cannot accommodate information integration with those other
programs. The developers of Compendium have promised this capability is some future

version. To make up for this deficiency, the IDEA tool incorporates a large number of
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template files. While this is a suboptimal solution, it does help lessen the data entry work

that users have to perform.
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Figure 14: Problem Outline and Goals Document

The most serious problem is that users are now required to have a variety of
application programs in addition to Compendium. Fortunately, Microsoft Office sees
widespread use in the industry. There is also an open source alternative, OpenOffice,
which is nearly identical to Microsoft Office and can be used by the IDEA tool. On Unix-
based operating systems, for which Compendium is also available, OpenOffice is

required.
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4.3 Overview of the Interface

This section will provide an overview of the IDEA Software Interface and several of

on of all functions can be found in the IDEA Software

its notable features; a full descripti

Interface Users Guide contained in

As described above, the home screen of the interface is designed to resemble the
IDEA process itself. After recording the outline and goals for the current problem, the
user proceeds in a clockwise fashion through the various IDEA modules represented by

the light-blue boxes on the home screen. Each box can contain several icons that

Appendix A.

represent the tasks to be completed for that module.

Double-clicking on one of these icons opens a window that contains tools that are

specific to that task. For example,

double-clicking on the Design Characteristics icon in

the light-blue Determine box opens the following window displayed in Figure 15.
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Figure 15: Functional Requirements Window
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Clearly this window has been modified in order to determine the Functional
requirements; however, the basic layout is common amongst all task windows in the
interface. This helps to increase the comfort level of users since they will quickly learn

where to find the tools and information they need to complete a particular task.

Figure 15 is arranged as follows. The top of the window contains a large grey box
labelled “References” and contains relevant information such as data that was generated
earlier in the IDEA process, links to relevant internet sites, etc. This area is common to
all task windows, improving user comfort since relevant information can always be found

in the same place.

The lower portion of the window is dominated by a centred blue column. The icon(s)
in this column represent questions that must be answered by the designers in order to
complete the task. The icon(s) to the left represent tools that can be used to answer these
questions, while the icon(s) to the right represent where the answers to these questions

are recorded, in this case a list of functional requirements for the design.

The diagram can be read from left to right in order to determine exactly what it is that
the design team must do. For example, the top row of icons can be read as “Brainstorm
what the product must do to meet the primary objectives and record this in the list of
functional requirements”. The structure of the diagram allows complex instructions to be

Presented in a very compact and understandable form.

The IDEA interface also includes templates that can be used to run brainstorming
sessions. The template is the same for any IDEA brainstorming session. Again, this
increases comfort with the interface and allows designers to spend more time designing.

Double-clicking on a brainstorming icon opens the window in Figure 16.
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Figure 16: Empty Brainstorming Window

While the this template may simply seem to be an empty window, it is in fact perfectly
suited for conducting brainstorming in Compendium itself; that is, it is as if the user had

started a new Compendium brainstorming session.

Compendium was originally designed for recording the results of meetings like
brainstorming sessions. This allows it to create the nodes and links that are required for a
brainstorming diagram with the press of a single key on the keyboard and a single click
of the mouse. Because of this, a brainstorming template was not required, and the lack of
any implied structure can actually be of great benefit to designers since they are free to
use whatever brainstorming method is most comfortable. Compendium is also flexible
enough to help users create almost any type of diagram. The mechanics of creating these
diagrams are covered in Appendix A; however, an example of one possible completed

brainstorming diagram is presented in Figure 17.
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Figure 17: Completed Brainstorming Diagram

The above diagram closely adheres to the IBIS form specified in section 2.2.1, but
conceivably any form of brainstorming diagram can easily be created through

Compendium.

Figure 15 also reveals that the results of all brainstorming sessions are recorded in the
functional requirements list. Ideally, this list would be automatically updated with the
contents of the brainstorming diagrams, but this feature has not yet been implemented in
Compendium. Instead, the list is stored as a Microsoft Word format file and designers

must manually enter the contents of the brainstorming diagrams into this file.

While this may seem an unnecessary burden on the users, it actually has several
advantages. First, by placing all of the items in a single list, designers only have to look at

a single document to access all of their results. Second, the templates for recording
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brainstorming results also require designers to list the reasons why they have included
that item on the list. By asking users to do this, the interface forces them to provide a
rationale for their decisions, which is vital for downstream accountability. This increases
the probability of catching design problems early, which increases the effectiveness of

the design process.

Third, forcing designers to make manual records makes them think differently. For
the most part, brainstorming templates are used as a graphical tool to record the results of
brainstorming sessions. This causes designers to think graphically, skewing their
creativity in one direction. Forcing designers to write down why they have included
certain items causes them to change to a verbal thinking mode, which provides a different
perspective. Not only does this increase the possibility of catching errors early in the

design process, but it can also improve creativity and lead to more innovative designs.

Another feature of interest is the IDEA Concept Evaluation Workbook. The IDEA
process uses both pairwise comparison and decision matrices to evaluate a collection of
design concepts. Though these are conceptually simple techniques, they require a great
deal of bookkeeping. The purpose of the workbook is to automate many of these tasks in

order to reduce errors and increase the speed of concept design.
The workbook is in Microsoft Excel format and consists of three separate areas, each

devoted to a different area of concept evaluation. The first section of the workbook is

shown in Figure 18.
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Figure 18: Workbook Section One

The goals for the workbook interface were the same as for the IDEA interface itself,
namely, the interface should reduce bookkeeping, be easy to understand, and help to spur
creativity. In order to improve clarity the workbook has a number of standardized
features that are meant to reduce confusion for users. Each section includes a light-blue
box along the top that contains instructions for that section along with a light-green box
to the right with an example of the required procedure. Since these features are always in

the same location, the user instinctively knows where to look if they become lost.

To complete the first section of the workbook, designers enter the design
characteristics that they have determined in previous steps, and assign each of them a
unique abbreviation. These abbreviations are then used in the pairwise comparison

section as seen in Figure 19.
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Figure 19: Workbook Section Two

Figure 19 demonstrates one of the key advantages of using the Concept Evaluation
Workbook. Normally, the pairwise comparison chart would have to be generated by
hand; however, the workbook automatically generates the chart based on the design
characteristics. In addition, the workbook ensures that only valid comparisons are made
by greying out the cells of the chart that have no meaning. This entire structure is updated
in real time, and if the user were to return to the first page and add or remove design
characteristics, then the pairwise comparison chart will automatically update to reflect
those changes. This automation frees the design team to spend more time and resources

actually conducting the pairwise comparisons rather than wasting it with routine

bookkeeping tasks.

One weakness of the current version of the pairwise comparison chart is that it does

not allow for two design characteristics to be tied. Various fixes were attempted to
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remedy this problem; however, as of this writing, no suitable solution has been found. As
it currently stands, the design team must always select a winner from amongst each

pairing of design characteristics.

Another advantage of using the workbook can be seen along the bottom of Figure 19

and is shown in detail in Figure 20.

Ready nM

Figure 20: Workbook Section Two Lower Half

The workbook not only automatically generates the empty pairwise comparison chart, but
also performs all of the calculations required to determine the relative importance of the
design characteristics. This not only increases the speed of this process, but also
eliminates mistakes from erroneous calculations. Additionally, the workbook provides an
immediate visual representation of the relative importance of the design characteristics in
the form of a pie chart. This allows designers to know at a glance which of the design
characteristics is the most important to the design and whether the distribution of the
relative weights makes sense. Both the calculations and the pie chart are updated in real
time. This is particularly useful when multiple stakeholders are discussing exactly what

the relative weights should be since the proposed changes can be seen immediately.
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The third section of the workbook is dedicated to the WDM used to select the
“winning” concept. Typically this matrix would be created by hand; however, the
Concept Evaluation Workbook automatically creates a matrix for up to ten concepts
using data from the previous two sections. The design team merely has to fill in the
appropriate sections of the matrix using the techniques described in Section 2.3.3. An

example of a completed WDM is presented in Figure 21.
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Figure 21: Workbook Section Three

In addition to automatically generating the weighted decision matrix, the workbook is
also able to perform all of the calculation required to generate the aggregate scores for the
concepts. While the calculations are not difficult, having the computer perform them
saves time and ensures that they are performed correctly. This is especially important in

this step since the results of these calculations will determine which of the concepts
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moves on to the more detailed design phase of the engineering process. A mistake made
here could lead to the selection of a suboptimal concept that would have a dramatic

impact on the success of the project.

These values are constantly updated in real time so any changes made in the first two
sections of the workbook are immediately evident here. This can be of great advantage in
a situation where a company has a standard set of components or designs that they use to
solve similar problems. Instead of redoing the whole analysis every time they have to
choose between these components, the components and their ratings could be left in the
matrix. In most problems, only the relative weights of the design characteristics would
change due to the design problem. Because the WDM reflects changes made in the first
two sections, the ratings of each standard component would change depending upon the
weights of the design characteristics for the current problem. Designers could then
consult the matrix to see which of the standard components is the most suitable for the
current problem without having to redo the whole analysis. This saves a great deal of
time and suggests how the IDEA process can seamlessly be integrated in to existing

engineering practices at a company.

One additional feature of the Concept Evaluation Workbook is its ability to represent

the results of the WDM graphically. This is demonstrated in Figure 22.
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Figure 22: Graphical Representation of a Decision Matrix

This graph is located below the decision matrix and is constantly updated as the contents
of the matrix change. Each of the lines represents the strengths and weaknesses of a
particular design. While a WDM is good at showing this information, a graphical form
provides a different perspective. With the graph it is possible to tell at a glance how
balanced a particular concept is and whether or not it has any significant strengths or

weaknesses.

For example, a concept may get the highest total score in the WDM, but it may do so
by scoring well in the two most important design characteristics while being seriously
deficient in all the rest. The WDM would show this information; however, it can become
very easy for designers to overlook if there are a large number of concepts or design
characteristics represented. The clarity of the visual presentation lets designers see these
problems right away, and might sway them into choosing a lower scoring, but ultimately

more balanced solution.
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A third feature of note in the IDEA interface is the Trade Space Analysis tool.
Located in the trade space analysis option of the Explore module, the tool helps
designers create trade space diagrams. While the details of the tool’s operation can be
found in appendix A, the user would normally proceed by clicking on the Enter Design

Options button. This opens the design option entry window as shown in Figure 23.
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Figure 23: Trade Space Tool Option Entry

The design team can use the tool not only to 