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E ngineering design often involves a very complex set of relationships among a large number
of coupled problems. It is this complex coupling that leads to iteration among the various
engineering tasks in a large project. The design structure matrix (DSM) is useful in identifying
where iteration is necessary. The work transformation matrix model developed in this paper is
a powerful extension of the DSM method which can predict slow and rapid convergence of
iteration within a project, and predict those coupled features of the design problem which will
require many iterations to reach a technical solution. This model is applied to an automotive
brake-system development process in order to illustrate the model’s utility in describing the
main features of an actual design process.
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1. Introduction

Manufacturing firms today face tremendous pressure to
improve product development performance. Particular
attention is paid to the time it takes to develop a new
product or to redesign an existing one. Accordingly,
there has been much written about product develop-
ment performance and improvement (Clark and Fuji-
moto 1991, Wheelwright and Clark 1992, Smith and Re-
inertsen 1991, Whitney 1990, Blackburn 1991, Rosenthal
1992). One approach to improve product development
is to recognize that product development is often quite
procedural and repeatable; therefore the process can be
modeled in much the same way as we might for a man-
ufacturing process that we wish to improve.

PERT charts, often created by managers to depict
product development, describe the process as a pro-
gression of series and parallel activities; however, cou-
pled and iterative product development processes are
in fact quite common (Kline 1985). Understanding de-
sign iteration is therefore fundamental to accelerating
and improving product development practices. This pa-
per presents a model of design iteration that can provide
useful insights in this regard.
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Examples of design iteration are not difficult to find
in practice, yet are scarce in the published literature. At
MIT, we have conducted a number of studies to docu-
ment design iterations in industrial practice within the
automotive and electronics industries (Chao 1993, Os-
borne 1993, Cesiel 1993, Marshall 1991). Also, Clark and
Fujimoto describe several cases where engineers trade
essential technical information and thereby create re-
work for one another with each transfer (Clark and Fu-
jimoto 1991). Some researchers describe design iteration
in terms of interactions between design activities (Whit-
ney 1990) or in terms of negotiation among technical
specialists (Bucciarelli 1994).

There are two ways to accelerate an iterative devel-
opment process: 1) to execute faster iterations, or 2) to
conduct fewer iterations. Both approaches are impor-
tant to consider. Faster iterations are achieved through
several means, such as the use of engineering models
or information technology. Fewer iterations may be ex-
perienced when the coupled development activities can
anticipate each others’ results, or when extraneous ac-
tivities are removed from the iterative portion of the
process.
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Figure 1 Sample Design Structure Matrix
ABCDETFGH

A Set Specifications ®

B Design Concept X

C Design Shutter Mechanism X ® X X X

D Design Viewfinder XX X X

E  Design Camera Body X[{X X ® X

F Design Film Mechanism XX X X@

G  Design Lens Optics X ®

H  Design Lens Housing X X ®

Models of design iteration can provide valuable in-
sight into the iteration process. The parallel iteration
model presented here provides managers with infor-
mation as to which activities in a complex and coupled
process may be contributing the most to the iterative
development process. Solutions to the iteration problem
can also be developed using these models. Solutions
may include adding resources, restructuring the pro-
cess, providing new engineering automation tools, re-
defining the problems, limiting the scope of the devel-
opment effort, reassigning tasks, etc.

Several researchers have recently begun to develop
models of design iteration. Ha and Porteus (1995) pre-
sent a model of coordination between two coupled de-
velopment activities. They address the frequency of de-
sign reviews at which times information is transferred
between the activities. Ahmadi and Wang (1994) de-
scribe a model of an iterative design process which is
used to decide the composition and relation of design
teams and to calculate the total amount of time needed
during a design process. Hoedemaker et al. (1996) dis-
cuss iteration and rework as caused by project com-
plexity due to the inefficiencies of interfaces between
parallel tasks. Their models analytically show some of
the theoretical limits to the concurrent engineering par-
adigm. Ford et al. (1993) describe a system dynamics
model of the product development process. They show
the effects on product development time and quality of
various managerial inputs. Also, Krishnan et al. (1996)
have created a model of overlapped development activ-
ities. Their model shows how to find the proper timing
of the information transfers from upstream to down-
stream tasks in order to minimize total lead time. Fur-
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ther, we have developed a distinct model of sequential
design iteration (Smith and Eppinger 1996). The se-
quential iteration model allows computation of the total
lead time for a group of tasks where each task has a
probability of creating rework for the other tasks. Each
of these modeling efforts is an important contribution
in this new and emerging area of management science
because each model is able to explore a different facet
of design iteration. The complexity of design iteration
prohibits any one model from yet capturing all ob-
served behaviors nor answering all questions of mana-
gerial interest.

Our work complements the above research by ex-
ploring the process of design iteration in greater detail.
The model in this paper is concerned with ““parallel it-
eration,” an extreme case where a number of develop-
ment activities are underway at one time. Each activity
generates information which may cause the others to
repeat all or some part of their own work. In this situ-
ation, we consider the repetition of activities to be de-
terministic and the entire set of activities converges to
the design solution at once. We are able to analyze a
large engineering design process and determine which
subsets of tasks require the bulk of the expended effort
during the iteration process.

We begin in the next section by introducing the de-
sign structure matrix as a method for modeling engi-
neering processes. We then show how iteration can be
modeled by extending this representation and we de-
velop an analytical interpretation based on the eigen-
structure of the matrix model. Next we apply this tech-
nique to the design of automotive brake systems. We
conclude the paper with a discussion of this method’s
utility and limitations in understanding engineering de-
sign processes.

2. Modeling Engineering Design
Processes

Engineering design is the process whereby a technical
solution is developed to solve a given problem. There
have been several attempts to give formal structure to
the design process, such as those of Alexander (1964),
Pahl and Beitz (1988), and Suh (1990). This stream of
research characterizes good design practice in general
terms, but does not describe what makes some design
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problems more difficult than others. Our work extends
the literature of design process modeling by providing
additional richness to the descriptions of design proce-
dures so that the more iterative portions ofidesign prob-
lems can be identified and strategies can then be devel-
oped to facilitate the effective execution of these difficult
aspects.

The design structure matrix (DSM) serves as the basis
for our formal analysis and will be briefly reviewed
here. (For a more detailed overview of the DSM method
and its applications, the reader is referred to Steward
(1981) and to Eppinger et al. (1994).) The philosophy of
the DSM method is that the design project is divided
into individual tasks, and the relationships among these
tasks can be analyzed to identify the underlying struc-
ture of the project.

It has been suggested that studying the relationships
between individual design tasks can improve the over-
all design process, and is a powerful way to analyze
alternative design strategies (von Hippel 1990). Earlier
work developed a modeling formalism which shows
how different aspects of a design problem are related
(Alexander 1964). Alexander describes a graphical
technique where the functional needs of the technol-
ogy are nodes, and interactions between the needs are
arcs. His idea is to segment the graph into subsections
which have relatively few interactions across bound-
aries. These graph segmentations give rise to technical
subsystems which should separate the technical needs
into independently solvable problems. The DSM
method is similar to Alexander’s technique, but the
nodes are now specific design tasks and the arcs are
directed and indicate information flows between tasks.
The nodes in the graph are arranged in a square matrix
where each row and its corresponding column are
identified with one of the tasks. Along each row, the
marks indicate from which other tasks the given task
requires input. Reading down each column indicates
which other tasks receive its output. Diagonal elements
do not convey any meaning at this point, since a task
cannot depend upon its own completion. For example,
Figure 1 shows a design structure matrix describing a
simplified camera design procedure. In this process,
task G requires input from tasks B, D, E and F, task B
requires input only from task A, and task A needs no
input to begin.
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The DSM can be used to identify orderings of tasks
and to identify difficult aspects of the design process.
Some or all of the elements of the matrix can be made
sub-diagonal (such as those corresponding to tasks A,
B, G, and H in Figure 1) by reordering the tasks of the
matrix using a partitioning algorithm (Steward 1981,
Rogers and Padula 1989, Gebala and Eppinger 1991).
An entirely sub-diagonal matrix indicates that there ex-
ists a sequence where all tasks can be completed with
all input information available. Such a sequence may
contain both tasks which must be done in series, and
tasks which may be done in parallel. The information
in a sub-diagonal design matrix is then similar to that
expressed in a CPM (critical path method) or PERT
(program evaluation and review technique) chart.

More typically, due to the complexity in modern en-
gineering design, the matrix cannot be reordered to
have all matrix elements sub-diagonal (such as tasks G-
F in Figure 1.) In these cases, there is a cyclic flow of
information in the design process and standard CPM/
PERT techniques are not applicable because of the pres-
ence of such cycles. Likewise, a sequential progression
of the design tasks is not possible. Tasks where neither
a purely sequential nor a parallel ordering is feasible
are coupled in such a way that some alternative process
for resolving the design interactions (such as iteration
or negotiation) must be used. For this reason, iteration
is a typical feature of engineering design projects
(Hubka 1980). The 4 X 4 sub-matrix in Figure 1 depicts
a design problem defined such that the tasks are suffi-
ciently complex and interrelated so that iteration will be
necessary to complete the tasks.

It is useful to note that there is an established set of
models which allow looping within a PERT modeling
framework. This set of models is known as GERT (gen-
eral evaluation and review technique). Taylor and
Moore (1980) discuss the application of GERT to R&D
projects. However, direct analysis of any but a simple
GERT network is difficult, so simulation is typically
used to evaluate a project (Neumann and Steinhardt
1979, p. 172). It is the intention of our modeling effort
to provide an analytically tractable model of the design
iteration process, even for large projects. It is hoped that
by preserving tractability it will be possible to observe
the relationship between the structure of the problem
and the development time of the project. Because GERT
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