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his paper presents a model describing sequential iteration, one of the fundamental solution

processes experienced in complex engineering design projects. The model is based upon the
design structure matrix representation and assumes that each individual design activity is of
deterministic duration with probabilistic repetition, where the repeat probabilities are defined
by the strength of the task coupling. Using the model, we are able to compute the expected
duration of the iterative solution process, and to suggest an initial ordering of the coupled design
tasks to minimize the expected duration. We conclude the paper with a discussion of limitations
and several extensions to the sequential iteration model.
(Product Development; Product Development Time; Engineering Design; Management of Engineering

Design; Design Iteration)

1. Introduction

A firm’s product development process can be a source
of competitive advantage in many industries. Engineer-
ing organizations today are working to reduce product
development time and to improve product quality
through concurrent engineering, design for manufac-
turing, and other modern practices (Clark and Fujimoto
1991, Clausing 1994, Nevins and Whitney 1989, Smith
and Reinertsen 1991). Product development teams to-
day are also considering a growing number of concerns,
such as production complexity, resource consumption,
future upgrades, maintenance, recycling, etc. The de-
mand for consideration of such a wide range of issues,
many of which are outside the traditional knowledge
base of engineering designers, has led to today’s prac-
tice of using multifunctional teams in product devel-
opment.

A product development project therefore involves a
complex set of activities that may require coordinating
the work of hundreds or thousands of engineers, man-
agers, technicians, and other professionals. The work of
any one design task can affect many other development
decisions throughout the organization. As product de-
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velopment teams add more functions to their design
processes and simultaneously attempt to reduce devel-
opment time, there is a danger that the increased num-
ber of opinions contributing to the effort may actually
slow the development process (Eppinger 1991). Coor-
dinating design decisions has therefore become a crucial
responsibility of engineering management.

In studying engineering design, it has been observed
that a complete design process is divisible into discrete
design decisions (Marples 1961, von Hippel 1990). Each
decision is made in consideration of previous decisions
and is subject to change based on later results. In par-
ticular, downstream design analysis may find that any
previous decision is unworkable and would need to be
repeated.

Iteration is a feature of design processes that lends
itself to modeling. Design iteration is the repetition of
design tasks due to the arrival or discovery of new in-
formation. Iteration occurs in product development for
several reasons. An upstream activity may need to be
repeated when the downstream task discovers some
sort of error or incompatibility. Similarly, downstream
activities may be repeated when modified information

0025-1909/97 /4308/1104$05.00
Copyright © 1997, Institute for Operations Research
and the Management Sciences



SMITH AND EPPINGER
Sequential Iteration in Engineering Design

is passed along from upstream, perhaps as a result of
correcting an earlier error or possibly reflecting a
change in the project direction.

In this paper, we model the process of sequential iter-
ation, which involves the execution of a coupled set of
tasks, one task at a time. Tasks are repeated whenever
errors are discovered, and the iterative solution process
ends when no further problems are encountered. In our
studies of industrial projects, sequential iteration is one
of two fundamental types of iteration that we have ob-
served. The alternative type, parallel iteration, involves
executing many tasks simultaneously and then repeat-
ing them all together until a solution is reached. Parallel
iteration is treated in a separate paper (Smith and Ep-
pinger 1997). Many real iteration processes fall along
this spectrum from fully parallel to fully sequential it-
eration. We must begin by modeling and understanding
the extreme cases.

It is our goal to build a useful, robust, and analytically
sound model of the engineering design iteration pro-
cess. Building such a model is difficult as there is un-
certainty inherent in the timing and work flow of any
development project. The timing of technology inno-
vations cannot be accurately predicted, and even rou-
tine engineering functions exhibit variable timing. Fur-
thermore, the flow of engineering tasks to be performed
cannot be completely specified prior to undertaking the
project, as the path of work arising due to unforeseen
problems is unknown. Nevertheless, process modeling
can play a useful role in planning and managing com-
plex design projects. At the very least, engaging engi-
neers and their managers in the construction of a model
of their own process behavior forces them to develop
some consensus as to what the important design tasks
are, and how they will relate to the other tasks (Graham
1985). Even if the model’s predictions do not corre-
spond to the project’s actual progress, participants may
still benefit by understanding the key performance driv-
ers of the overall process.

This paper reviews previous work in model-based
design process analysis and then presents a new an-
alytical framework for sequential design iteration.
The model presented here allows the prediction of ex-
pected execution time for an engineering develop-
ment project. The model suggests sequencing guide-
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lines that can be used to lessen expected development
time.

2. Design Process Modeling

In order to model an engineering design procedure, we
break the total design process into smaller tasks and
determine the structure and interrelationships among
the tasks. Some of the tasks require technical informa-
tion which is produced as the result of other tasks.
When a design process is decomposed into tasks, it is
possible to identify and analyze information depen-
dencies between tasks and to use those dependencies
for further analysis. It has been suggested that studying
the relationships between individual design tasks is a
powerful way to analyze alternative design strategies,
and thus can improve the overall design process (von
Hippel 1990, Eppinger et al. 1994).

Researchers have recently developed several models
of iteration in the design process. Krishnan et al. (1997)
analyze the effect of overlapping sequential tasks,
where no iteration would nominally exist. However,
when these tasks are then overlapped in the interest of
shortening the total time, iterations occur. Ha and Por-
teus (1995) describe the effects of changing the timing
of design reviews on the total length of the development
process. Ahmadi and Wang (1994) describe a model
that is used to suggest how a project should be divided
and staffed in order to use resources efficiently. Com-
mon to all these design process models is the use of
information transfer among tasks to represent task cou-
pling.

The recognition that interdependent decisions must
be made to satisfy a technical goal has long been
adopted in several engineering fields. Network analysis
techniques have been used in chemical engineering (Ke-
hat and Shacham 1973) and computer science (Warfield
1973) to analyze the decision making process. While this
stream of research has long recognized complexity in
technical decision-making environments, and applica-
bility of this type of analysis to improve engineering
design was later recognized by Steward (1981), an an-
alytical framework has not been developed for the pur-
poses of analyzing alternative design processes involv-
ing iteration.
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Early design process models depict how the various
aspects of a design problem are related by assuming
that information relationships are symmetric (Alexan-
der 1964, Lewis et al. 1973). On the other hand, Stew-
ard’s models use directed arcs that can describe asym-
metric information dependencies. We have found that
asymmetric information needs are natural in a devel-
opment setting, and the inclusion of asymmetry in the
modeling framework is helpful in order to capture the
iterative characteristics of a design project.

Steward’s original design structure matrix (DSM)
representation is used to compactly display the struc-
ture of design problems in terms of relationships among
the technical parameters. We have developed an ana-
lytical extension to DSM that allows computation of
overall timing for coupled development activities, pre-
sented here in the form of an iteration model.

An example design structure matrix with seven tasks
is shown in Figure 1. Specified tasks are arranged in a
square matrix where every row (also its corresponding
column) is identified with one of the tasks. Along each
row, the marks indicate from which other tasks the
given task requires input information. Diagonal ele-
ments do not signify any dependence, since a task can-
not depend upon its own output. For example, in Figure
1, task C requires input from four other tasks, task D
requires input only from task C, and task A can be ac-
complished with no input from the others.

Since a task-based DSM represents the informational
requirements of the development process, such a model

Figure 1 Example Design Structure Matrix

A B1B2B3B4aC D

System Design A

Component1 B1
Component2 B2
Component3 B3
Component4 B34

X X X X

Prototype c X X X ®
Testing D X ®
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can be used to sequence tasks and to identify organi-
zationally challenging aspects of the design process.
This process is called partitioning the matrix; several al-
gorithms for partitioning are available, as reviewed by
Gebala and Eppinger (1991).

An entirely subdiagonal matrix would indicate that
all tasks can be completed sequentially and /or in par-
allel. The information in this type of DSM is then similar
to that expressed in a PERT or CPM chart. If the time of
each task is known, then it is possible, through standard
project management techniques, to identify the duration
and personnel requirements for the engineering design
project (Nicholas 1990).

More typically, due to the complexity in engineering
design, the matrix cannot be reordered to have all ma-
trix elements subdiagonal. These cases involve a cyclic
flow of information in the design process and standard
PERT or CPM techniques are not applicable because of
the presence of such cycles. Since a sequential comple-
tion of the design tasks is not possible, an iterative pro-
cess for solving the design problem must be used. Fig-
ure 1 contains an example ordered matrix, where the
coupled tasks (B1, B2, B3, and B4) are identified as a
coupled block (sometimes called a loop or cycle). This
is typical of output from application of a partitioning
algorithm. In this paper, we focus on analysis of such
coupled blocks in which iteration occurs.

Steward specifies a way to alter the precedence rela-
tionships to avoid cycles by making a minimum num-
ber of changes to the elements of the DSM. Steward'’s
shunt diagram method identifies which marks in a cou-
pled block should be removed (torn) in order to form a
subdiagonal matrix. This method presumes that the so-
lution to an iterative problem is to find the best guesses
or assumptions (the tears) to make before beginning the
coupled set of activities. Instead, in this paper, we will
explicitly model the iterative solution process in order
to find the best starting sequence.

Several researchers have been working to apply and
extend the design structure matrix framework so that it
captures the complexity of engineering design. Rogers
(1989) has developed an expert system that can
perform the analysis described by Steward, while
Sobieszczanski-Sobieski (1989) has combined the
framework with a mathematical description about the
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