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Abstract 
This paper describes the development of computational support tools for practically suc
cessful engineering techniques. The paper reviews the requirements for manual Quality 
Function Deployment techniques, presents them, and discusses their limitations. It ar
gues that computational support tools can alleviate most of these limitations and that 
a graph-based information representation for such techniques is an excellent choice for 
supporting both QFD techniques and their integration with other external CAD-related 
computational services. The paper presents an architecture for a computational QFD 
(CQFD) tool based on the graph-based modeling environment n-dim. It shows how this 
architecture supports most of the requirements for QFD techniques, in addition to pro
viding many additional functionalities, and briefly illustrates how the CQFD tool will be 
used. 
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1 INTRODUCTION 

Over the last years there is a constant and growing flux of studies developing intelligent 
computational tools for supporting or even automating engineering tasks. The underlying 
belief that new computational tools will provide a competitive edge is so entrenched that 
in a recent study comparing the CAD practices of American and Japanese engineers, the 
working hypothesis was that one explanation of Japanese economical success compared to 
American industries (and beside management style superiority) would be that Japanese 
CAD practices are more "advanced" than American practices (Liker et al, 1992). The 
results of this study did not support this hypothesis. Japanese engineers had less access 
to CAD tools, but they used them differently: Experienced Japanese engineers made use of 
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advanced CAD features such as 3D modeling as opposed to drafting, whereas experienced 
American engineers hardly ever used CAD tools. Thus the difference in practice was not 
due to the availability of better CAD tools but due to different attitudes towards tools 
that led to their effective use. 

Similar observations have been made about other industries or technologies (Ealey, 
1994). During a visit to Japan in 1984, a journalist found 20-years-old American-made 
equipment in one of the most efficient Toyota's car engine plants. When he asked about 
it, the answer was that when the plant was built, this machinery was the best available. 
Years later, this equipment worked more efficiently and produced better quality products 
than comparable American plants equipped with recent high technology (Ealey, 1994). 

It seems that for Toyota's engineers, machines start their life performing poorly and 
thereafter improve with the experience engineers gain with them; technology becomes 
"mature" as it becomes older and its users become familiar with its "behavior". For 
American executives, machines performance start degrading immediately after they are 
manufactured. They will invest in new technology without thinking about the overhead 
of buying and assimilating it into their organizations. Often, this strategy will result in 
poor quality performance. 

These evidences dispute a more general hypothesis that high-end technology is neces
sary for competitive advantage. In contrast, often, high-end technology is used as a pill: 
An initial hype about the technology is followed by quick use that may have some im
mediate benefits or lucky side-effects. Unfortunately, these consequences may disappear 
quickly (Ealey, 1994). The reason behind competitive advantage is clearly not high-end 
versus low-end technology, which anyway transfers easily, but the attitude towards or the 
"relationships" with the technology. 

The short relationships between CAD research and industry is scattered with techniques 
that did not mature to be practical or that were not adopted by practitioners. There are 
several exceptional projects that succeeded due to special circumstances. From them we 
may conjecture that when technology is set to replace laborious uninteresting manual 
procedures, whose cost can be clearly identified, it has a high chance to succeed. Also, if 
the behavior of a technique is obvious or could be explained easily is has a higher chance 
to be accepted (Fenves et al, 1994; Reich, 1994). Two successful examples are: 

1. the move from the manual drafting board to 2D computerized drafting and recently to 
3D modeling; and 

2. the replacement of manual strength calculations of structures by finite element analysis 
that was further adapted to solving partial differential equations in diverse fields. 

There are other examples where new CAD techniques demonstrated practical results, or 
where significant projects, notably the Boeing 777, were designed with computational 
tools that proved highly valuable; nevertheless, the majority of computational techniques 
did not make it into the mainstream of engineering use. 

In general, approaches to supporting Knowledge Intensive CAD (KIC) can be divided 
into two complementary paths. The first path explores high-end techniques. Even with 
an ultimate goal of testing them in practice, based on the previous discussion, these tech
niques involve high-risk with respect to their practical utility. The second path involves 
relatively low-end technology and consists of selecting successful manual techniques and 
improving them through computational support in an evolutionary manner that con-
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stantly maintains their practical relevance, usability, and effectiveness. The promise of 
this approach follows directly from the introduction. 

This paper presents an example from the second path: the development of computa
tional support tools for Total Quality Management (TQM). TQM studies seek to de
velop and experiment with techniques that integrate customer, design, manufacturing, 
and other life-cycle concerns early on into the design process for designing and producing 
better quality products that can compete in a world economy market. The design, man
ufacturing, or management practices that emerge from these studies are referred to by 
many names such as: total quality design/development, concurrent engineering, etc .. A 
collection of structured methods developed and used in these practices is called Quality 
Function Deployment (QFD), among which there is one popularized method called the 
House of Quality (HoQ). The popularity and success of QFD and of the HoQ is detailed 
in many recent publications (Akao, 1990; King, 1989). 

This paper focuses on the role of computational support for QFD techniques. Such 
support received significant attention in the last few years as displayed in a recent sur
vey of software tools for quality assurance or control, documenting 526 software packages 
(Brecka, 1995). By and large, these software tools provide means for data input, stor
age, manipulation, and presentation which are of practical importance. Furthermore, the 
development of these tools is not trivial, facing with complex issues of usability, inter
face design, and functionality coverage that must be solved to compete in this software 
market. Nevertheless, this paper emphasizes opportunities for computational services be
yond computerizing the manual work on QFD; services whose potential contribution to 
QFD are recognized but presently unavailable. This emphasis is analogous to 3D CAD 
systems with visualization, interference checking, volume calculation, and other facilities 
that went beyond the mechanization of 2D drafting. We intend to explore techniques, 
"intelligent" and "dumb," that can extend the scope of current QFD including the future 
reuse of designs developed with it. These additional techniques will be borrowed from the 
high-end KIC technologies as well as from other sources. Independent of which technique 
is explored, a commitment is made to maintain the practical relevance of the evolving 
QFD tools. 

Since the techniques themselves they do not have knowledge and do not design on their 
own, we have to answer why a computational support for QFD constitutes KIC. The 
answer is simple: once the techniques are used they start storing significant amount of 
knowledge about design alternatives, design decisions, priorities, competitors data, etc. 
Given the right organization, management, and retrieval facilities, these techniques could 
provide practitioners with abundance amount of information for making more informed 
use of manual QFD tools. 

The remainder of the paper is organized as follows. Section 2 introduces the QFD 
techniques we would like to support. Section 3 discusses the relation between computations 
and QFD. Section 4 discusses how an implementation of a computational QFD tool is 
approached and Section 5 concludes. 

2 TOTAL QUALITY DESIGN 

Quality means meeting the requirements whether stated or implied. Thus, quality design 
involves collecting and understanding of design requirements and producing products 
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that meet them. However, what, for example, are the requirements of a design that is 
completely new? or, who are the customers of new designs from whom requirements are 
to be solicited. These questions and others critical issues pertaining to design processes 
(Reich et al, 1992) are outside the scope of this paper. Since we focus on providing support 
for existing effective manual techniques in whatever ways they are used today we can defer 
the treatment of these issues. 

2.1 Seven (new) management tools 

There are many views about what total quality design is; yet, there is a consensus about 
the central role of one item: information quality. QFD tools are aimed at eliciting informa
tion from various sources including customers, engineers, and past product performance 
and organizing them in various ways so that they can be used for planning and design. 
QFD tools are built to represent information in simple graphical models that are very easy 
to comprehend. 

An early set of tools, referred to as the seven (old) quality control tools, assisted in 
statistical quality control (SQC). It includes: check sheets, Pareto charts, histograms, 
cause-and-effect diagrams, scatter charts, control charts and bar graphs. They all have 
proved useful for their intended tasks. As it became apparent over the years, SQC could 
control the production process but not improve design quality. Consequently, new require
ments of QFD tools were formulated to include three categories of provisions (Mizuno, 
1988). 

1. Expressiveness. 
a) Supporting the processing, representation, and communication of verbal informa

tion. 
b) Providing a structured way to organize information. 

2. Adaptability. 
a) Being flexible to accommodate the diversity of ways people may wish to use the 

tools. 
3. Communication. 

a) Being simple enough to use and understand so that they can serve as communi-
cation tools between everyone in the company. 

b) Eliminating failures or slippage by identifying all factors contributing to an issue. 
c) Easing the information exchange between process participants. 
d) Assisting in communicating and disseminating information in the organization. 
e) Encouraging the use and storage of raw, unfiltered, expressed information for 

future reuse. 
f) Fostering ideas generation and their clear presentation. 

These categories clearly show the critical role of information communication on quality 
design. We return to these three categories later when classifying the limitations of QFD 
tools and when identifying the benefits from computational support tools. 

We will refer to this set of requirements as QFD requirements. A collection of QFD 
techniques, called the seven (new) management tools (see Figure 1), evolved based on 
these requirements (Mizuno, 1988). 



Computational quality function deployment 319 

1. KJ method (affinity diagram), which is a brainstorming tool, clarifies important con
cepts by collecting and organizing diverse verbal data (e.g., ideas, concepts, issues, 
opinions, etc.) into groupings. The results can be fed into the interrelation, tree, or 
matrix diagrams. A by-product of using this method is the establishment of a com
mon terminology for a particular product. Simple problems or those requiring quick 
solutions do not lend themselves to the use of this technique. 

2. (Inter)Relation diagram clarifies the logical relationships between concepts related to 
the product. 

3. Tree (systematic) diagram is used to decompose a problem into its contributing factors. 
A problem can be a goal to attain or a product and the factors can be actions or 
components, respectively. 

4. Matrix diagram is the central tool of the seven. It clarifies the relationships between 
different facets of a design such as functions, tasks, or requirements, and identifies their 
relative importance. There are several types of matrices depending on the number of 
facets that are used. A L-shaped matrix involves two, and a X-shaped matrix four 
facets. A C-shaped matrix involves three facets in a 3D space and is therefore hard to 
conceptualize or construct on a piece of paper. 

5. Matrix data analysis calculates and displays tabular data in a graphical form. Its major 
application is in the analysis of matrix facets correlations by principal components 
analysis. 

6. Process decision program chart (PDPC) is used to uncover and display all the events 
(expected or undesired) that can happen when implementing a plan. Events are listed 
with their possible outcomes and possible countermeasures if required. This tool can 
borrow input from a tree diagram that details plans and proceed with the use of failure 
mode and effect analysis (FMEA). 

7. Arrow diagram is used to schedule or select the most appropriate plan. It is similar to 
Gantt charts and can be used for critical path analysis and for other project planning 
purposes. 

The relationships between the new tools, the old tools, and their role in various product 
development stages is shown in Figure 1. The first two tools are used in the planning stage 
where information is elicited from various sources, the next three are used for searching for 
solutions, and the last two for controlling the implementation of the plans. Clearly, other 
tools, such as Pugh's concept selection method (Pugh, 1981), can join this group and the 
existing tools may evolve to support new practical demands. The tools are very simple 
and not necessarily new. Their strength lies in their usability and understandability. As 
seen from Figure 1, the tools are best used as a group. 

2.2 The House of Quality (HoQ) 

The matrix technique has received much attention and some developed it as a central tool 
in their approach to quality design, referred to as the House of Quality (HoQ) due to its 
layout (see Figure 2) (Akao, 1990; King, 1989). The HoQ has enjoyed significant success 
in industry as a design tool especially for relating customer requirements to product 
measurable attributes. Its use involves several steps (whose numbers refer to activities 
associated with the room numbers in Figure 2): 
1) Extracting customers' voice. This step extracts users' requirements of the design. This 
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Figure 1 Relationships between the 7 new and old quality management tools. 

is done through surveys, interviews, customer complaints data, repairs data, etc .. The 
affinity diagram and the interrelation diagram can are used as tools in this step. 
2) Performing competitive analysis of products with respect to customers' voice. This step 
rates and compares different available products with respect to the requirements extracted 
in the first step. It sets up the product goals with respect to customers voice and calculates 
the relative weight of customers requirements. 
3) Expressing the engineers' voice. This step involves defining product attributes that 
translate the abstract customers' requirements to measurable values. 
4) Uncovering ''how" relations. This step identifies how product measurable attributes 
determine customers' requirements. 
5) Performing technical comparison. This step evaluates the same designs that were used 
in step 2 according to the measurable product attributes. Part of this step also involves 
checking consistency between the competitive analysis, correlations, and technical com
parison values. 
6) Uncovering trade-offs. This step identifies the trade-offs between the product attributes. 
7) Defining product goals. The competitive evaluation, technical comparison and the cor
relations between the the customers' requirements and product attributes determine the 
target goals of the design in terms of values of the product attributes. These targets 
become the input to subsequent QFD stages. 

The creation of the HoQ involves significant domain expertise. Both empirical knowl
edge originating from previous projects is required as well as technical knowledge; they 
come into play mainly in creating rooms 3, 4, and 6. When improving existing products, 
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empirical knowledge is critical and when designing new products, the role of technical 
knowledge increases. 

One of the changes to Japanese practices that was introduced by several QFD con
sultants (King, 1989) is Pugh's concept selection method (Pugh, 1981) for creating pre
liminary designs. While the regular QFD methods are geared towards improving design 
reliability and reducing cost, Pugh's method is geared towards encouraging alternative 
perspectives. 

2.3 Limitations of QFD tools 

By and large, most QFD implementations use paper and pencil as tools. Manual paper 
techniques have several general limitations that can be classified into four categories: 
1) The effort category deals with the ease of handling a tool including issues such as: size, 
editing, maintaining consistency, and performing various computations. 
Size. It is difficult to handle large amounts of data on a paper. Tree diagrams and matrix 
diagrams can become too large to cope with when the number of items grows and matrix 
diagrams for large projects can easily have hundreds or thousands of items. Users of 
existing tools attempt to cope with this limitation by aggregating issues to limit their 
number. 
Editing. Once the results of using the tools are displayed, it will take significant effort to 
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make any revision such as inserting another level in a tree diagram or adding additional 
customer requirements in room 1 of a matrix diagram since this may involve a complete 
rewrite of the paper layout. 
Consistency. A paper "suffers" any information written on it. It is the role of its users 
to make sure that the information is correct. As an example of suspected inconsistency 
consider a product that is rated 5 (in room 2) on the users' requirement compact size 
and rated 1 (in room 5) on the product attribute volume, even though they are highly 
correlated (in room 4). In addition, when using QFD tools for product design, various 
concepts are reused by different QFD tools. Users can easily fail to relate similar con
cepts in different graphical models thus lose potentially useful information or introduce 
inconsistencies into the graphical models. 
Computations. Similar to the consistency item, the users are in charge of all the calcula
tions involved in using paper methods. For example, calculations can become a burden 
especially if one wishes to investigate the sensitivity of the results to various ratings by 
the tool users. 
2) The expressiveness category deals with the nature of information that a QFD tool 
accepts including issues such as the type of information it can encode and its ability to 
capture rich design rational. 
Type of information. The existing structure of the HoQ and the related QFD techniques 
restrict the nature of information that can be coded. For example, the house permits only 
several quantitative values to be used as evaluations or correlations. However, in some 
situations, richer and more precise correlations can be established based on parametric 
analysis or theoretical relations. It may be desirable to adapt a tool to make use of such 
information when it becomes available. 
Rational. QFD tools force their users to structure the decision process and assist in keeping 
records of major decisions and parts of the processes that generated them. Nevertheless, 
if we look at QFD graphical models, there is significant amount of information that is not 
recoverable from them. For example, since the data displayed by many of the QFD tools 
is a result of group processes, the individual positions are missing and the reasons that 
led to existing choices are unavailable. 

Paper documents are linear. Thus, any information that might have been useful to 
associate with information described in QFD graphical models cannot be kept where it 
best belong. Thus, we may have difficulties in understanding parts of these models. 
3) The flexibility/adaptability category contains issues pertaining to the ease of modifying 
a technique to suite changing needs. 
Adaptability. There are two major ways in which a tool can be adapted. In one way an 
existing tool or graphical model can be modified by modifying or removing some entries or 
even by modifying the interface. In this way the model serves as a prototype while the tool 
itself remain intact. QFD tools have been adapted significantly in this way considering, 
for example, the diversity of ways in which Japanese have used them (e.g., more that SO 
types of matrices (King, 1989)). 

Observing this diversity and considering that some tools are "too" :flexible for novices 
(Mizuno, 1988), it becomes useful to include guidelines or templates that users can retrieve 
and adapt based on past uses of a tool that are similar to the design case at hand. This 
may be difficult with paper methods, but is doable with computational tools. In essence, 
previous cases of using QFD tools serve as prototypes for new usage and the new guidelines 
or templates provide a language for writing new graphical models specific to a particular 
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kind of problems. These two roles, a prototype and a language, are borrowed from n-dim 
(Levy et al, 1993) and will be elaborated later. 
4) Communication. The use of QFD techniques forces having good face-to-face (syn
chronous) communication practices because most of the tools are used in group settings. 
Sometimes, in the dynamics of group discussions, it may not be easy to distinguish be
tween different positions or to observe the similarities between others thus some informa
tion may be lost. Also, in the rational item we observed that significant information is lost 
when QFD models are used in asynchronous manner, whether for communication among 
members of the current project or for disseminating information into the organization. 

3 QFD AND COMPUTING 

3.1 Benefits of computational support for QFD 

It is clear that computer tools can alleviate some of the aforementioned difficulties or 
limitations of QFD tools. The key issue is which tools to use and how to build them 
such that they maintain the usefulness of the original QFD tools and do not induce 
restrictiveness over users. As a guideline, any computational QFD tool must as least satisfy 
QFD requirements and, moreover, demonstrate an advantage over manual techniques with 
respect to satisfying them. Let us address the provision of computational support for each 
of the difficulties in turn. 
Size. Computer tools can be used to construct large models as desired subject only to 
computer hardware limitations. They can provide facilities to focus on parts of the data 
while ignoring the rest, or for aggregating data. Note that it is not clear whether large 
models are practically useful or how to manage them effectively. However, computer tools 
by virtue of their flexibility allow users to experiment and discover themselves what is the 
modeling style that suites them best. In parallel, empirical work is needed for establishing 
recommendations about reasonable sizes of the various models. 
Editing. Computer tools can easily support modifications including significant changes to 
layout and content of graphical models. With the right information management, some 
consistency issues can be dealt with during such revisions. This issue also relates to re
usability; computer tools allow to easily copy portions of graphical models to be used for 
new product developments. 
Consistency. Computerized techniques can provide support for detecting conflicts and 
checking consistency in a graphical model, especially in the HoQ. Computer tools allow 
to better maintain consistency across different QFD tools that are used for the same 
product development. This may involve checking the existing terminology and using its 
concepts or relating new concepts to existing ones. Such consistency also improves the 
understandability and communication of information represented with graphical models. 
Computations. Computational tools can easily support the computations required in ex
ecuting QFD tools. For example, automating the computations in the HoQ can support 
quick sensitivity analysis of the target goals in room 7 with respect to the ratings in room 
3. In addition, computational support for QFD introduces opportunities not presently 
possible for invoking other tools during modeling. Later we detail some of the tools that 
may be used. 
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Expressiveness. Computer tools allow to associate various kinds of information or models 
with data displayed by the tools. Thus, for example, correlations in room 4 or 6 of the 
HoQ can be derived explicitly from equations or previous information stored in a database 
or can be expressed as formulae. 
Rational. Computational tools based on hypertext models can be introduced to attach 
information to parts of graphical models. This information can be simple or arbitrary 
complex such as complete rational models developed in IBIS-like languages (e.g., GIBIS 
(Conklin and Begeman, 1988)). 
Adaptability. In discussing the limitations of adapting paper methods and in the revisions 
item above we have already mentioned that computational tools significantly ease the 
adaptation of QFD tools. For example, since previous uses of the tools can be stored and 
categorized, different templates can be created that will be used for future relevant cases. 
Also, computer tools present opportunities for designing interfaces and functionalities that 
can be adapted to suite personal preferences or practical needs of different users. 
Communication. Current computing technology can be used to remove the same-place re
striction on communication. Conferencing tools allow participants from different locations 
to communicate. The rational item above deals with methods for improving the commu
nication of information asynchronously. Richer models with significant context must be 
used to support such different-place different-time communication (Subrahmanian et al, 
1993a). 

3.2 The role of general graph representations 

From the requirements of QFD tools and the potential benefits from computational sup
port, it follows that a computational QFD (CQFD) tool needs to: (1) provide facilities for 
storing, organizing, and retrieving graph-based information models; (2) allow attaching 
computational services to the graphical models; (3) provide support for adding expressive 
power to the available techniques; (4) include graphical user interfaces that support easy 
entry and manipulation of data and that can be adapted easily to support different users' 
preferences or different QFD tools; and (5) have facilities for fostering idea generation. 

Among the critical choices when designing a CQFD is the selection of the information 
representation scheme. If we look at the output of QFD tools, they all have graphical 
representations that we call graphical models. Moreover, all but the matrix techniques 
employ some graph representation and matrix techniques can easily be represented as 
graphs with different presentation schemes such as the one in Figure 2. 

The building blocks of these graphical models are objects that designate domain con
cepts. The objects have labels whose meaning is most often agreed upon in group dis
cussions. The links (or relations) are also domain concepts with labels whose meaning 
was built into the particular QFD tool that is being used. The type (or role) of concepts, 
whether objects or links, is also built into the QFD tool. For example, a particular product 
assembly can appear in a graph depicting part decomposition developed using the tree 
diagram tool; in this case, the role of the object representing the assembly would be the 
product structure. Subsequently, the same assembly can appear in one PDPC diagram 
detailing its functioning and in another detailing its manufacturing process. In each of 
these diagrams the assembly would have a different role. 

From the example, it is evident that the same concept can appear in several graphical 
models. Thus, a concept will have many links connected that originated from the use of 
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different QFD tools. If we lay down all the concepts with their relationships as recorded 
in the various models we will get a big general graph with many node and link types. This 
is similar to the notion of "flat space" borrowed from n-dim that will be discussed later. 
Thus, any individual graphical model contains a subset of the objects with links that are 
interpreted to have a particular role or type depending on the model they are in. The 
model provides the context for the interpretation. 

A graph is selected for information representation due to three reasons. First, it nat
urally emerges as a way of conceptualizing the graphical models of manual QFD tools. 
This supports an evolutionary adjustment of users from the manual to the computational 
tools. 

Second, there are various kinds of graph representations associated with computer tools 
that may become readily available for users of graph-based computational techniques. Two 
particular types of graph-based models we refer to are: conceptual structures (Sowa, 1984) 
and influence diagrams. 

Conceptual structures are a graphic system for representing concepts and relations that 
is general as predicate calculus. There have been studies on the use of conceptual graphs 
for various CAD-related topics such as: mapping the enterprise information language 
EXPRESS (Wermelinger and Bejan, 1993), modeling object features and constraints for 
CAD (Salomons et al, 1994), and modeling the knowledge interchange format KIF (Sowa, 
1993). In contrast to these and other capabilities, conceptual graphs do not represent 
uncertainties well. On the other hand, influence diagrams are graph-based models for 
representing probabilistic knowledge for probabilistic inference. They are extensions of 
Bayesian networks and have been used in artificial intelligence, decision analysis and 
statistics. The use of a graph representation can ease the use of conceptual graphs and 
influence diagrams as specialized models, as well as other graph-based modeling tools. 

The third reason for selecting graph representation is its correspondence with two theo
ries of design: the mathematical theory GDT (Yoshikawa, 1981) and the empirical theory 
of design as emerging from the n-dim project (Levy et al, 1993; Subrahmanian et al, 
1993b ). 

According to GDT, knowledge is represented by a topological structure consisting of 
objects and their relationships. Using this and few other assumptions, GDT proves inter
esting properties about design. Over the years, the theory evolved into an integrated mod
eling environment based on the concept of metamodel (Tomiyama, 1994) A metamodel 
is an ontology of concepts and relationships about physical phenomena. The metamodel 
is represented as a graph and is used to generate models of particular phenomena for 
simulations. 

n-dim is based on empirical studies of designers contending that design is a continual 
negotiation of constraints, terminology and trade-offs for the creation of a shared un
derstanding of the design process and product (Subrahmanian et al, 1993a). Designers 
exchange information expressed in different representational forms (e.g., pictures, text), 
in different media (e.g., paper, electronic), and in different modes (e.g., formal, informal). 
In manipulating design information designers use a variety of models (Subrahmanian et al, 
1993b). n-dim is implemented under the assumption that a general graph-based model
ing environment can capture significant portion of the models used by designers, where 
models are collections of objects and relations. Thus, the set of models is a set of multiple 
potentially overlapping classifications over the universe of objects. As this set grows, it 
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better approximates the topological structure of knowledge hypothesized by GDT (Reich, 
1995b). 

4 IMPLEMENTATION 

In the previous section we mentioned n-dim (Levy et al, 1993) as a project whose under
lying ideas have influenced the present work. This section briefly reviews some principal 
ideas of n-dim, argues that n-dim is an ideal system within which to implement CQFD 
tools, and describes the architecture of an n-dim-based CQFD tool. 

4.1 A short n-dim overview 

n-dim is a system developed to support collaborative design. It has been developed fol
lowing, and in parallel to, empirical data from collaborative engineering projects. It is 
designed to have the functional facilities for supporting such work and its implementation 
is designed to really scale up by paying careful attention to the architecture design (e.g., a 
distributed layered architecture) and the software development languages (e.g., in-house 
development of a prototype-based toolkit and language). In reviewing n-dim we will list 
in parentheses the QFD requirement that is supported by the particular n-dim feature. 

Flat Space of objects and models. An n-dim object can be anything that can be stored 
electronically. The world according to n-dim is conceptually flat: objects do not contain 
other objects. There are two categories of objects in n-dim: 'atomic and structured where 
the latter are built out of other atomic or structured objects. A model is the primary 
type of structured object: a collection of objects and their links or relationships, which 
are themselves objects (satisfies (lb,3a) ). 

It is quite possible to have the same link type mean totally different things in differ
ent contexts; we view the meaning of links as something to be negotiated by users of 
the system and evolve over time. n-dim provides a set of synchronous and asynchronous 
communication mechanisms for doing so. 

Once constructed, models in n-dim become regular objects; thus, the same object or 
model may participate in many other models. The simplicity and generality of model 
structures enable the capture of rich context of a given object. 

Roles of a model. Models play two primary roles in n-dim: instance/prototype and 
language. In its role as a prototype, a model may be copied to serve as initial conceptual
ization for new models. In addition, every model can be viewed as representing a class of 
models in a generative sense; that is, the set of links and objects used in the model become 
the vocabulary, and the (embedded) rules of composition become the syntax and scope 
of semantics for building other models. In this sense, a model serves as a language. All 
objects refer to another model as their modeling language, and are said to be in that lan
guage. The only kinds of objects and links that can be put in a model are those mentioned 
in its language, and only legal compositions of these objects and links can be created. A 
model viewed as a modeling language can be thought of as a grammar. 

Clearly modeling languages can be created for generating any syntactically correct 
graph-based model including the models of the 7 management tools and the HoQ. The 
conceptual separation between models' structure and presentation allow viewing the mod-
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els in their natural way (e.g., viewing the HoQ as in Figure 2 and not as its underly
ing graph). Similarly, modeling languages can be constructed for generating conceptual 
graphs, influence diagrams, or the metamodel that were discussed before. 

Communication. n-dim provides a variety of communication mechanisms: synchronous 
and asynchronous. The synchronous is not conceptually difficult compared to the asyn
chronous. Asynchronous communication is supported by maintaining the context of dis
cussions in addition to supporting history or rational maintenance modeling languages 
like IBIS (3c, 3d). 

For example, when a group negotiates over an issue, a member of the group can alter a 
model and make it persistent and exchangeable by publishing it. Another member can then 
follow by copying the model, making revisions and publishing it again. n-dim maintains 
pedigree of information in revision models through which the evolution of the model can 
be easily traced. 

External tool encapsulation.. n-dim allows to encapsulate external tools written in di
verse programming languages and use them in models. One such tool is a natural language 
processing (NLP) tool that can build terminological structures from a corpora of text (la, 
3c) (Reich et al, 1993). This tool can be of significant help for operating the affinity dia
gram tool. Other candidate tools for encapsulation include inference engines for conceptual 
structures or influence diagrams, or simulations of qualitative physics graphs derived from 
the metamodel. 

n-dim has other facilities such as searching for information in models (3b,3d), ability 
to incorporate any information that can be transferred to electronic media in its models 
(3e), and synchronous communication means (3c). n-dim is made to sustain evolutionary 
development and adaptation by different users (2a), although operationalizing it is a 
challenge for n-dim as well as for any CQFD tool. Finally, a brainstorming tool has been 
built in n-dim that supports conducting sessions across the network (3f). Consequently, 
n-dim satisfies the requirements from QFD tools. 

4.2 An architecture of a CQFD tool 

Figure 3 shows the architecture layers of an n-dim-based CQFD tool. All but the top layer 
are n-dim layers (Levy et al, 1993) demonstrating the great advantage of using n-dim as the 
implementation vehicle. With little attention to lower layers and only concentrating on the 
first and maybe second layers, we can obtain a flexible tool that runs on a heterogeneous 
environment and provides additional functionalities such as communication or distribution 
for free. 

This should not be construed as if n-dim is the key to building CQFD. The key issue 
is how to make a computational tool usable, practically effective and appealing so it is 
adopted for use by present users of QFD techniques, or that it is adopted as a QFD tool 
by newcomers to QFD and is used to their advantage. n-dim seems to be a perfect match 
for the needs of CQFD, however, other implementations may be possible as well. 

4.3 Using a CQFD tool 

A CQFD tool provides a way to integrate all QFD tools with additional computer services. 
In the planning stage (see Figure 1), various textual data can be analyzed by an NLP tool 
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Figure 3 An architecture of CQFD. 

to assist in the creation of terminology by the affinity diagram. The clusters of the terms in 
the affinity diagram can be presented as in the manual QFD technique with an underlying 
representation of a graph. Relation diagrams can be constructed by incorporating the 
objects from the affinity diagram; by searching for models of similar objects, products, or 
physical phenomena in the system's database and incorporating them; or by generating 
new objects. Figure 4 presents a relation diagram created in the process of designing a 
wine cork remover. 

In the conceptual design stage, the user can retrieve models of products that are con
nected to similar terminology through the graph, as well as browse other relevant inter
relation diagrams. If no such model exist, new tree diagrams can be created. Figure 5 
depicts the n-dim definition of a modeling language for constructing function, structure, 
and behavior systematic diagrams. The language allows for creating graphs where entities 
are connected to other entities by the sub relation. A diagram can include entities that 
are either function, structure, or behavior entities, without mixing these types in one dia
gram. With this language, the user can construct the function and structure diagrams in 
Figure 6(b) and (c), respectively. Later, the user may generalize the diagrams as shown 
in Figure 6(a) and (d), and subsequently, design a new modeling language. 

The collection of all objects or models stored in the graph can be used for constructing 
the HoQ matrix. Here, similar to the use of the affinity diagram, the user interacts with 
a presentation method different from the underlying graph representation. An existing 
template is retrieved that already includes the various calculations associated with the 
HoQ. This can speed up calculating output values whenever their input is complete or 
modified. 

During the work with the HoQ, or even when creating the relation or systematic dia
grams, designers may wish to explain their reasoning for future reference by using IBIS 
models. Figure 7 depicts room 1, 3, 4, and 6 of a HoQ, with an example of an IBIS model 
for representing a tradeoff in room 6, and a correlation in room 4. Note that for support
ing the value of the correlation (i.e., 9 strong), a part of the relation diagram with few 
modification has been used. According to n-dim flat space principle, the concepts used in 
this model are the same objects as those appearing in the relation diagram in Figure 4. 
This is instrumental in maintaining the consistency of objects across different models. 
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In the implementation stage, the arrow and the PDPC diagrams are created using 
their modeling languages which are similar to the systematic modeling language in Figure 
5. At any point during the above process, the user can leave a particular model and 
inspect or generate other models. The system meanwhile updates the underlying flat graph 
representation with new objects and links. We already mentioned that the database (or the 
graph) can be searched for objects, but moreover, if an object already exists in the graph, 
the user can inspect the models in which the object participates to learn more about it 
and not merely use it in subsequent models. This provides rich context for understanding 
previous models of products. 

The underlying graph can be used also for mapping between existing data to new 
models for performing computational services. This mapping may be required because 
n-dim or CQFD tool models can be informal with open ended meaning, whereas, models 
for computational services must have concise interpretation. 

Finally, the user can observe during inspection of several products that their designs 
used particular types or alterations of QFD tools. Thus, the user can evolve new modeling 
languages for this specific type of products. In the same way, new QFD tools may be 
created from informal models that previous users created and that were found practically 
useful. 

Once the HoQ is complete by one designer or several houses have been completed by 
several designers, potentially across the network, several procedures can be used for check
ing consistency of the HoQ data and establishing consensus between several designers. For 
example, Figure 8 shows that the house of designer 1 has some potential inconsistencies. 
The tool highlights that product 3 is ranked high on the keep cork intact requirement, 
low on the tool positioning function, yet, the tool positioning moderately influences the 
keep cork intact requirement. Also, the tool can highlight mismatches between houses 
of different designers.For example, the tool highlights entries in room 4 of the house of 
designer 2 that are different from those in the house of designer 1; different grey levels 
denote different severity of mismatch. These mismatches suggest the designers to discuss 
them, potentially by analyzing the IBIS models that underly the choices these designers 
made. 

There are additional opportunities for incorporating KIC tools in a CQFD tool. For 
example, case-based reasoning and knowledge acquisition tools can be consulted in elicit
ing customer requirements, engineering functions, existing products (Reich, 1995a). These 
tools can be integrated into the CQFD tool by leveraging on n-dim's capability of encap
sulating external tools. 

4.4 Related work 

There has been little work done on supporting QFD with techniques beyond the spread
sheet level. Several studies have dealt with this issue to a limited extent. One system, 
called Design Scribe (Bradley and Agogino, 1991), is a connected collection of several 
graphical models including: a simple form of QFD, functional diagrams, form-function 
decomposition diagrams, morphological matrices, concept evolution diagrams, and parts 
of methodical design diagrams. The system is implemented as a hypercard and is directed 
towards recording these models as a form of design history. Another hypertext imple
mentation merely provides a usable interface to the technique (Wolfe, 1994), although its 
developer discussed attaching several other computational services. 
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Figure 8 Consistency checking and consensus establishment 

A third study deals with incorporating mathematical models in the roof of the HoQ 
(Ramaswamy and Ulrich, 1993). Much more complex models can be incorporated such 
as qualitative physics knowledge and simulations. The critical issue is whether such tech
niques restrict the way users currently use the HoQ; thus, the utility of these computa
tional techniques is an empirical question. That study also advocates for using generalized 
graphs for representing both the HoQ and the mathematical model information. 

5 SUMMARY 

This paper establishes that the development of computational support tools directed pri
marily towards supporting manual information intensive tasks is an important undertak
ing for KIC research. Specifically, QFD as a collection of design support tools can enjoy 
from computational support beyond the spreadsheet-like level. Computational tools can 
ease the effort of using QFD tools, improve the expressiveness of information they record, 
improve their adaptability to new needs, and better support the communication of QFD 
graphical models. 

Through the use of an underlying graph representation, QFD graphical models can 
better share information between themselves and with other computational services de-
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veloped on graph structures. In this way, CQFD can easily incorporate IBIS-like design ra
tionale models and interface with computational services developed for conceptual graphs, 
influence diagrams, or qualitative physics models. 

The paper describes an architecture based on n-dim that provides the infrastructure for 
embedding various graphically-oriented QFD tools. The use of n-dim adds many additional 
attractive properties such as a distributed environment, information management in a 
database, and communication facilities. 

We emphasized that many individuals and organizations adapted QFD methods to suite 
their own needs and preferences and that the usability and practical utility of CQFD 
tools are the critical aspects in their development. Presently, we are in the process of 
implementing a simple CQFD tool with an IBIS-like rational capture method. This tool 
will be used in a design project course and will provide insight about the usability of CQFD 
tools before embarking on a full integration with n-dim. From experience with other QFD 
tools, we already know that even such tool leaves much information unrecorded. The use 
of n-dim will allow us to incrementally improve our CQFD design. 

If we view this document as a conceptual design of a CQFD tool, then we should 
attempt to cast this design within a QFD framework. This involves using QFD tools 
to organize "customers requirements" from the literature and potential users and using 
the 7 tools, the HoQ, and other tools such as IBIS-based design rational capture, to 
translate these requirements into a design. This process will check the validity of the 
present conceptual design and will determine the priorities for satisfying the goals or 
requirements in developing a CQFD tool as will be set in room 7 of the HoQ. 
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