




















actually great precision: Toyota provides only the degree
of constraint in which it is confident, avoiding future
changes. The philosophy may represent a new model
that explains Toyota’s success.

Next we give examples of set-based concurrent engi-
neering in practice to provide insight and evidence for
our conclusion that Toyota follows a different design
strategy, and suggest ways in which the philosophy may
be implemented. We outline the major milestones in
the Toyota vehicle development process, describe a case
study on body and die design at Toyota, and give several
case studies of Toyotas suppliers. We also provide con-
trasts with point-based design in other companies.

Vehicle Development at Toyota

The major milestones in Toyota’s generic development
process are depicted in Figure 4. The timing of an actual

grates the work of all parts of the company, compelling

. A-pillar (the column between the windshield and front
. doors) would be sketched with dimensions, a cavity for a

wire harness, the location and dimensions for the rubber
door seal, etc. The engineers also include larger planning
issues, such as where the wire harness ought to run and
about how much space it requires, and even the stamping
and assembly order of interior panels.

Once the engineers for each functional group’s K4
have conferred and reached agreement with the appro-
priate groups, the K4 is widely circulated for as many as
eighty signatures. This process allows for a great deal of
intensive communication and negotiation across func-
tional groups and with outside suppliers when the design
structures are still fluid and there are no major invest-

. ments in time-consuming CAD dartabases.

K4 finalization occurs approximately two months after
concept approval. At this point, a substantial portion of

- the design has been decided (though many important is-
Toyora program will vary somewhat depending on how
much of the vehicle is new and changing and even on
the particular chief engineer running the program. Also, -
some Toyota sources described two prototype stages, -
while others described three, which may also vary by
project. The important point is that the fundamental
structure of projects is quite similar and structured
around key milestones rather than detailed breakdowns -
of activities. At each milestone, a physical product inte-

teamwork. Team members begin preparation for mile-
stones whenever they need to. The vehicle development
cycle begins with an evaluadon of the current model,

customer reactions to the current product, and predicted
market conditions. In the concept, the shusa describes
the target customer, vehicle characteristics, important
competitive features, performance targets, qualitative de-
scriptions (e.g., “fantastic styling”), etc. Approximately
thirty-two months before mass production, the most
promising styling sketches are selected to be made into
1/5 scale models; a subset is chosen for full-scale model-
ing. Finally, about twenty-six to twenty-seven months
before production, the final theme is approved. This is
generally when the auto industry starts to report devel-
opment cycle times.

While the stylists are exploring various styling alterna-
tives, other functional groups such as interior body design
and body engineering are working on what Toyota calls
design structure plans (in Japanese, kozokeikaku, or K4 for
short). The K4 is a document that each functional depart-
ment prepares to work out the main features of their de-
signs. The document contains many sketches and draw-
ings with dimensions. For example, a cross-section of an
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sues remain open), and engineers begin detailed drawings

he "ambiguity” in Toyota's
specifications fo suppliers
is actually great precision:
Toyota provides only the degree
of constraint in which it is confident,
avoiding future changes.

* based on the K4 (the K4 itself is not updated). Since the

K4 begins before management has selected a final body
styling theme, in some cases, two K4s are developed si-
multaneously (e.g., one for sashless doors and one for
full-panel doors). The K4 can then help inform the final
selection of a full-scale clay model.

Throughout these stages, Toyota communicates with
its suppliers. During concept development, it gives sup-
pliers feedback on parts in the current model, and the
suppliers provide information on their new technical de-
velopments to Toyota. During this time, Toyora also ini-
tiates a negotiation process with suppliers for target set-
ting and eventual specification. We discuss the negotiation
process in greater detail later.

Following theme approval, Toyota functional groups
issue K4s, and work begins on the first vehicle proto-
type. They hone targets, exchange CAD dara internally
and with suppliers, and order component prototypes
from suppliers. Partial prototypes may be made to test
specific features. Based on test results from the first pro-
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Figure 4 Toyota's Generic Development Process and the Supplier’s Role
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totype, the second prototype is developed and built, ap-
proximately one year before the start of production.”
Next Toyota conducts two stages of production trial
runs and then ramps up into full production.
Throughout our description of Toyota and its suppli-
ers, we have emphasized the set-based nature of product
development. But we do not mean to imply that Toyota
is widely exploring all possible design options for all parts
of the vehicle simultaneously. Toyota has a reputation as a
conservative company for good reason. Getting a high-
quality vehicle on the marker very quickly is a top priori-
ty, and Toyota realizes that excessive experimentation will
make this impossible. So it intentionally uses a “rapid
inch-up” strategy to keep many of the subsystems and
components essentially the same, while selectively inno-
vating.” Engineers who want to make major changes
must provide hard evidence through data that the new
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design is a major improvement over the existing design.
Many of the design decisions we have described as set-
based are, in fact, incremental fine-tuning for the sake of
fit and finish, marginal performance improvements, or
weight/cost reductions.

With this framework in mind, we now discuss several
detailed case studies.

Styling, Body Engineering, and
Die Development

After many sketches and drawings of possible designs,
Toyota makes from five to twenty 1/5 scale clay models,
all different.” (Of course, twenty is the extreme. Even five
models exceeds the average three models that many U.S.
and other Japanese automakers produce.) The team stud-
ies the drawings and models based on customer input

WARD ET AL. 51
























Third, set-based communication’s reliability elimi-
nates a major incentive to delay work. With a point-
based approach, members of the team may delay getting
started because their information is subject to change.
Toyora’s suppliers know the amount of design tolerance
in their specifications at any point in the process and
therefore know to what extent they can commit them-
selves. This may be a major reason why Toyota can
allow parts of a team to get started when they want,
rather than forcing them to follow a rigid schedule.

Finally, set-based communication can increase trust in
working relationships. If a supplier knows, early on, about
a planned solution before there is enough data, it knows
the plan will probably change. But if the supplier has a lot
of information and is informed in advance about the set
of possible changes, trust will build in the partnership.

2. Set-based concurrent engineering allows for greater par-
allelism in the process, with more effective, early use of sub-
teams. In the conventional model, planning the manu-
facturing process before the product is defined makes
lictle sense. But in the set-based paradigm, the manufac-
turing processes that might apply to the set of possible
products can be planned, early on. Thus innovation in
the manufacturing process may drive innovation in the
product design, as described in Whitney’s discussion of
the Nippondenso jikigara designs.”” The manufacturing
team can focus on a new part of the product design
space and assume that the product will be designed as
much to fit the new manufacturing system as the manu-
facturing system ro fit the new produc.

3. Set-based concurrent engineering bases the most critical,
early decisions on data. The earliest decisions about de-
signs have the largest impact on the ultimare quality and
cost, but these decisions are made with the least data.*
Powerful engineering analysis tools, such as finite ele-

ment analysis, are difficult to apply until the design has

been detailed. Consequently, major changes made later
in the design process are expensive, and many organiza-
tions try to reduce them by instructing engineers to “do
it right the first time.” This is equivalent to telling them
to try harder and be more careful, not particularly useful
advice. Toyota explores the space of possible designs be-
fore making important decisions.

4. The ser-based process promotes institutional learning.
Designers are notoriously resistant to documenting their
work, party because they sense documentation is gener-
ally useless. Describing the process of changes leading to
a design’s final configuration is equivalent to providing
directions to your current location. Since the next de-
sign uses the current design as a starting point, the di-
rections will be useful only if the team backtracks.
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Conversely, the Toyota process helps team members

form mental maps of the design space, since a larger
fraction of the space is systematically explored. For ex-
ample, the lessons-learned books at Toyota are updated
to reflect Toyota engineers’ experiences with the manu-
facturability of various body designs. From the start,
body designers know which angles can be manufactured
and which are difficult to make, without even talking to
manufacturing engineers. Hence, Toyota team members
start with a far better picture and then refine it through
further exploration.
5. Set-based concurrent engineering allows for a search of
globally optimal designs. Nippondenso, far from following
a “rapid inch-up” process, routinely pursues radical de-
sign breakthroughs. Rapid inch-up can find only “local
optima” — the best possible design based on the current
fundamental concept. Set-based concurrent engineering,
conversely, explores many concepts in depth and can po-
tentially find better solutions based on radically new
concepts. It also allows a company to pursue radical im-
provements with a fair degree of safety: if one idea does
not work out, another is likely to.

Further Research

Each advantage of set-based CE described earlier represents
a hypothesis — thar there is a causal relationship between
Toyota’s success and its use of set-based CE. An important
task for further research is therefore to demonstrate this
causal link more carefully. Unfortunately; such causes are
difficult to show in complex organizations. In a separate
survey of U.S. and Japanese auto parts suppliers, we found
that the set-based approach is associated with more con-
current engineering experience, use of quality function
deployment, and interdependent parts development.”

We also found thar set-based design is more prevalent
among Japanese than U.S. companies. Evidence of a re-
lationship between set-based methods and concurrent
engincering is encouraging, assuming that companies
learn from experience what works well. But we have yer
to show a relationship between set-based concurrent en-
gineering and hard performance outcomes.

We also do not know enough about how set-based
concurrent engineering is or should be performed. Toy-
ota’s approach is not well defined or documented; re-
searchers may have to construct much of the methodol-
ogy of set-based concurrent engineering and test it in
other companies, before formulating a complete theory.

Implications for Management

Toyota has introduced a new model into development
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