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Defining the Engine Design Process

JEFFREY C. LOCKLEDGE & FILIPPO A. SALUSTRI

SUMMARY  Shortening design lead times while maintaining product quality requires careful
planning of the design process. This paper describes a technique used at a major automobile
manufacturer to create a simple, flexible process to do just that for their engine design group.
The design organization’ communications nfrastructure was tailored to assure that design
information was reliably transmitted through the orgamzation. The mechanism used to achieve
this accounts for (a) both component and system perspectives, and (b) the unpredictable nature
of the flow of design information by treating unpredictability as an acceptable, even desirable,
state of afthirs.

1. Introduction

In modern engineering enterprises, there is constant pressure to shorten lead times
while improving product quality and cost-effectiveness. Different enterprises choose
different strategies to achieve these goals. One leading automobile manufacturer chose
the strategy of redefining its design process. The authors have undertaken to assist the
company by using design theoretic ideas to develop a tool to help the company’s Design
Engineers (DEs) manage engine design information more efficiently. This paper
describes how the authors investigated the company’s existing design process, identified
areas for improvement, and synthesized mechanisms to achieve those improvements.

While the car manufacturer currently designs world-class engines, they felt a need
to reduce their time to market. As part of this overall effort, they identified their engine
design process as one for examination and improvement. The activities described herein
were undertaken by the authors as part of this larger restructuring of the overall engine
design, testing, and manufacturing process. The authors focused on the following
stages of the process: the initial steps in identifying a desired engine to be designed
(needs analysis), coordinating the initial design (conceptual design), and the day-to-
day design process (design information flow). The goal was to reduce the initial design
time by applying cutting-edge processes discussed in the literature. The modifications
that were needed to tailor the proposed solution to the particular requirements of the
engineering company were of special research interest to the authors, as it is hoped
they shall be to other researchers as well.

2. Investigation of the Existing Design Process

The first stage of this project was a study of the existing process for the design of major
engine components. There are five such components: the engine block, the crankshaft,
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the cylinder head, the combustion chamber, and the camshaft. These components,
more than any others, define the engine’s performance, cost, and manufacturability.

A recently completed engine design program was identified by the car company as
a case study. The DEs who worked on the major components of the engine in the case
study were interviewed by the authors, both individually and in small groups. Each DE
was thus interviewed at least twice. The first interview established what the DEs
perceived as their individual roles in the design process, and provided an understanding
of that role independent of interactions with other DEs. The second interview probed
the relationships that the DEs perceived between their roles.

On the basis of the interviews, a picture of the existing design process began to
emerge (see Fig. 1). The process begins with an overall engine design concept developed
jointly by Systems Engineers (SEs) and members of the marketing group. This concept
is then examined by the DE in charge of designing the engine’s crank. The substantial
history and expertise of the car manufacturer had led them to consider that the viability
of an engine is largely determined by whether a suitable crank could be designed to fit
in the volume allocated to it. If this is possible, the engine is deemed feasible and the
full, detailed engine design process could be initiated. If the crank could not be designed
to fit, the design concept required modification.

The detailed design is initiated with a meeting that includes all the relevant parties:
the DEs for the five primary components, the SE, manufacturing and casting engineers,
and finance officers. During this meeting, the assembled personnel would attempt to
iron out basic design parameters, such as the number of cylinders, cylinder angle, the
location of the cylinder center points, the style and number of cams, and the location
of the crank bushings. After this meeting, the design team members each begin working
on their components. The inevitable discrepancies that arise between the components’
designs are resolved through informal communication between the DEs. Formal
communications during weekly design meetings are used to verify progress and resolve
any remaining design discrepancies. The results of this process are released designs of
the components, which, when taken together, comprised an approved engine design.

3. Problems Identified in the Existing Design Process

Based on the data gathered during the interviews, the authors were able to identify
several problems within the existing engine component design process. Some of the
problems were organizational in nature, while others were technical, relating to the
actual engines being designed. The problems are summarized in Table I and are now
discussed.

The first identified problem is that the detailed design is not accomplished using a
step-by-step process, a fact the authors initially found perplexing. However, further
discussions with the DEs revealed that a simple step-by-step process would quite likely
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TABLE 1. Design problems identified

e The macro design process appears chaotic

e Unstructured communication leading to missing information
e Lack of software standards for communication
e Terms with multiple definitions

e Emphasis on components rather than systems

e Lack of design for manufacture

be intractable due to design process complexity arising from (1) the enormous number
of possible initial conditions, and (2) the inability to determine when inputs will be
delivered from one stage of the process to another.

The process necessary to develop an engine design is highly dependent on the initial
performance goals and features designated for it. One general process would be followed
to design an overhead cam, four-cylinder engine expected to generate 120 horsepower,
but a very different process would be used to design a V8 push rod engine expected to
generate 300 horsepower. This is more significant than is immediately obvious. Because
the components of the engine are highly interrelated, redesigning any part necessitates
redesigning many others and, of course, verifying the validity of those changes.
Developing a new process for each possible combination is clearly not cost effective.

Further exacerbating this problem is the unscheduled nature of completion of many
aspects of the design. Developing new designs is a creative yet heavily constrained
endeavor, so performing it on a timetable is often difficult. DEs must be sure the
component they are designing will interface and interact with others around it, and the
needed information is often in a state of flux.

After an initial design for a component is generated, the DE in charge tries to
validate it by having it tested. Whether the tests are in vivo or computer based,
performed in-house or by an external laboratory, there is frequently an amount of
variation in timing; an in-house test may require the use of a testing facility that is in
much demand, causing delays; external test organizations may also not deliver results
within a given time frame; and computer tests often join a queue of others to be run
on specialized hardware of limited availability. If components must be prototyped in
order to be tested, the construction of the prototype introduces another source for
variation.

Additionally, upper management may change the direction of an engine design
program that has already begun. These changes are often in response to market changes
that occur after a program is initiated. Given the current typical lead time for a new
engine design, changes of this kind are almost unavoidable. These situations are so
common that the engineering community within the automaker has developed behaviors
for coping with them: engineers often design several variations of particular components,
called ‘protects’, since DEs are protecting themselves against possible changes in
direction. This practice is different from the organizationally accepted practice of
deliberately designing a series of alternatives as practiced at Toyota and set out in
Ward [1].

In short, the series of events composing the engine component design process are,
at the macroscopic level, so complicated as to appear chaotic, even though at the
microscopic level there is consistency in certain portions of the process. A DE knows
in very general terms what process is to be followed in designing a component, since
the design is determined as a series of interrelated influences. A change to the value of
one input parameter means that certain other parameters will need to be changed and
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verified. This is also true at the macroscopic level, but there the influences are much
less well understood.

There are those in this design community that claim that trying to force a specific
structure on the process will crush the creativity from it. This is a viewpoint that is
quite common in North America—the validity of which is virtually impossible to
establish—but has emerged, in this case, from a community who has clearly had
experiences to suggest it is true. This implies that even if it were possible to determine
a single, prescriptive process to design the engine, it might be unwise to do so.

Another problem identified by the authors regards the availability and the accessi-
bility of information pertinent to an engine design program. Our interviews uncovered
several cases where the values of important parameters calculated by one DE were not
communicated to other DEs working on related tasks. In some cases, this was because
critical information was missing. In other cases, DEs with required information were
simply not aware of those individuals that needed the information. In still other
instances, DEs made their calculations unaware that other, more recent information
was being held by other individuals. Fortunately, these missed opportunities for
communication did not result in design errors thanks to safeguards put in place by the
design organization; however, they did result in delays and missed deadlines for engine
program milestones.

There were also situations where a DE knew that critical information was available,
but was unable to access it. This was due to incompatibilities between the software
used by different DEs or a lack of knowledge on the part of DEs on how to access the
information electronically. In these cases, one DE would ask another for assistance to
access the information. Although this is a suitable solution for a rare occurrence, the
frequency of such situations led to disruptions of some DEs’ schedules. With this being
the case, the most common forms of information transfer among DEs were found to
be (a) word of mouth, (b) handwritten notes exchanged between DEs, and (c)
unstructured e-mail.

This problem was exacerbated by occasional misinterpretation of terms: a given
technical term that means one thing to one DE might mean something slightly different
to another. In a team-based environment, such as at this company, the results could be
disastrous. Most insidious were those cases in which different definitions of terms were
almost, but not quite, identical. For example, the ‘block deck height’ is a key parameter
defining the total engine height. Whether this parameter included the thickness of the
gasket between the block and the cylinder head depended on which DE was asked for
a definition. This inconsistency of terminology arose due to each DE building his/her
own mental model of the engine to make up for the lack of clearly explicated structural
and functional interconnectivity of engine components and systems.

While the inability to access the information and the inconsistent definition of terms
were problems, the primary difficulty arose from the unstructured nature of the
communication and the resulting missed opportunities for accelerating the design cycle.
If a structure for communication within the process had been available, the DEs could
have been assured that their calculations were based on the best available information
and would have been available for use as quickly as they were produced.

Another problem found by the authors was that the understanding held by the DEs
about engine components and functional systems is often ill-defined. For example, the
DE responsible for a cylinder head and the DE responsible for the corresponding
engine block did not have a distinct concept of the combustion chamber as a system
that they shared; rather, they saw combustion as an external force acting on the
components they were attempting to design. This made reasoning about the designs
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themselves very difficult and caused significant confusion, especially in design meetings.
Furthermore, although particular interest was paid to the ‘first-order’ relationships
between components at the initial stages of an engine program (and rightly so), deeper
information about relationships needed for later stages of design development was
rarely expressed explicitly. Little or no information was available at all regarding the
systems themselves.

This is not to say that the DEs treated the engine designs without resource to
systems engineering. On the contrary, the company has such a long history of work in
this area that certain knowledge about engine design has become ingrained in the DEs,
and deeply embedded in the general design process used, without ever having been
explicated. The problem with this situation is that although the DEs all know what
they are doing, they can find it very difficult to communicate that information to others;
engine design has become, in a sense, instinctive and dependent on corporate culture,
rather than being rational and dependent on verifiable data. Again, this decreases the
efficiency of the overall design process, which slows development time to the point
where DEs can frequently feel overworked and rushed.

Yet another problem regards the interface between the DEs and the manufacturing
engineers responsible for casting, machining, and assembling the designed parts, or
for interacting with subcontractors filling those roles. A common complaint of the
manufacturing engineers during our interviews with them, was that the DEs rarely
invited their input regarding the manufacturability and assemblability of an engine
design; and those occasions when their opinions were solicited occurred too late in the
design process. This resulted in sudden ‘panic situations’, in which an engine design
would have to be reworked near a deadline because the manufacturing engineers caught
errors in the design that had theretofore gone unnoticed. This problem is a classic one:
over-the-wall design with manufacturing issues relegated to the final stages of a design
process. The problem is particularly onerous in a large automobile manufacturing
environment, where, by the DEs’ own admission, manufacturing issues have first-order
effects on the final engine quality and cost. All of the DEs were aware of the concept
of concurrent engineering, and believe they adhere to the practice. In fact, it was found
that the DEs who routinely sought the opinion of manufacturing engineers in their
design work had been manufacturing engineers themselves.

4. Development of a Solution

As is evident from the preceding discussion, the fundamental problem is one of
information accessibility and availability, at the level of the engine itself and of the
processes used to synthesize the engine designs.

The authors are not the first to attempt to improve the engine design process at the
company, but previous attempts have met with only limited success. Extensive discus-
sions were held to try and determine the reasons for this. The response was almost
unanimous: each solution produced ‘just another eye-chart’. By this, the DEs meant
that the solutions were so complex and prescriptive that it became impossible to
grasp the system/technique/methodology in its entirety, leading to fragmentation and
uncertainty. Because of this, the authors decided that a new solution must be general,
simple, and easily represented on a single chart or graph without being complex or
difficult to follow. Furthermore, prescriptive solutions were to be avoided to increase
flexibility: as new information about engine design becomes available, and as new
technologies and methodologies are introduced, the system must be adaptable enough
to allow their incorporation.
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It was also agreed that, at least initially, the solution would not dwell on the fine
details of engine design, but rather treat only major components that contribute
significantly to the primary function of an engine (to be a motive force of the automobile,
and to drive the various ‘accessories’ such as air conditioning, electrical systems, etc.).
Disregarding fine detail was expected to increase confidence that (a) the solution could
be applied to many different engine programs, (b) the fundamental nature of internal
combustion engines, taken to be uniform throughout all such engines, could be
represented in a unified manner, and (c) an initial version of our solution could be
developed quickly.

The authors began with a technique developed by Pimmler and Eppinger [2], in
which a matrix is used to represent relationships between components and assemblies,
much like Steward’s Design Structure Matrix [3,4]. This technique was selected
because the matrix format is a very dense way of representing information, which helps
the solution from becoming ‘just another eye-chart’. However, Eppinger’s approach
does not take into account how functional systems relate to one another and to physical
components. The matrix was therefore modified in two ways. First, in order to represent
functional as well as structural relationships, the authors used columns in the matrix
for major components, and rows for major functional systems and subsystems (refer to
Fig. 2). Elements of the matrix thus represent interactions between a functional
system and a component. Matrix elements marked ‘X’ represent system/component
interactions that are first-order factors of importance to the engine DEs. The elements
were filled in, using information gained from our interviews, and verified in follow-up
meetings with the DEs.

Additionally, a secondary matrix was formed above the primary one. The secondary
matrix was added to take into account interactions between components and manufac-
turing functions. The manufacturing matrix was kept separate from the primary design
matrix to indicate that although manufacturing is a fundamental matter, there remain
important distinctions between design and manufacturing.

The authors call the complete matrix in Fig. 2 “The Design Process Matrix’ (DPM).
It captures, in general terms, all the meaningful relationships between both systems
and components in the engine design process as it was related to the authors during
the interviews.

5. Using the Design Process Matrix

The purpose of the design process matrix is to clarify dependencies of information flow
in an engine design process. Rather than prescribing a single process for engine design,
the design process matrix describes relationships between components so as to suggest
a precedence of engine design tasks. The authors expect that the DEs will then naturally
develop processes that take advantage of the information flow as described by the
matrix. Furthermore, by describing a process only implicitly, in terms of information
flow, rather than explicitly and prescriptively, we believe the solution will be more
flexible. This is important in light of possible future changes to the kinds of information
available and the introduction of new engine design and manufacturing technologies.

Finally, the mapping from systems and components to the actual engineers who are
responsible for their design is not given in the DPM. Again, this is for flexibility: some
DEs were found to be knowledgeable about the design of several different components,
others of only one.

Assigning personnel to a particular engine program depends on who is available,
the duration of the project, the expertise of the candidates, etc. Team composition, and



Defining the Engine Design Process 115

Raugh Pat !

Manufacturing | Forming XXX XXX XXX XXX XXX (X
Mechining | XXX X XX XX XX XXX XX XX
Asserrtly PP XX XX XX
i. 3' ’>~§ ;

| 12l5E B e
% 5280 s | |8
a|<lal 585 . |5
<28 8o 2 ¢ | al
oo &85 E B S5 18l &
T =|*=| Q| &l Q C| = ! B O
SREEEEEEE S8l EEo |
g |52 83|52=E |5 ES3 3382
g g2 B|R - & 25 |83l a0 ol 8
RS .
HEEE HEEEEREEERREEEE
ol @ O £| | I O| S| OO C|alO| & || T | | <

Systemn Subsystem - ! ‘_

bubricaion | Defivery XX X XX XX X (X XXX i,
Relum X X : X XX

Coding XXX XX X XX L

POV X XX X1 | XXX X "

Carhustion | Air intake XXX X X X X
Bhast XXX X X X
Carbustion X XX X X
Fod Delhery| | [X |X X
Certrd XX X X X

Foner Sidics ad

Conersit | Dynarrics XX X X (XX X| X
Carvbustion .

Conirdis XX X
Accessary ! _ . ; :
Drive X |x x| i Ix X|

FIG. 2. The design process matrix. PCV, positive crankcase ventilation.

indeed the criteria for team selection, can change from one program to the next.
However, the common thread is the task itself: to design an engine. Thus, the DPM
can be used to identify areas where expertise is needed, but does not guide managers
in allocating human resources for team formation; such allocation of resources is
beyond the scope of the current work.

The authors also see the matrix as a means of describing the effects of a change to
a design that is caused by actions taken in accordance with a design process. Rather
than prescribing a step-by-step design process, the matrix allows a design process to
emerge naturally from the information flow. The flow, in turn, is based on the
requirements of a particular engine program, on the general nature of engine design,
and on the capabilities of the DEs and the design enterprise. Changes in the functions
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TABLE II. Responses and actions for first matrix question

Response Resulting action
Not an issue No further action required
Might be an issue Respond with:

e likelihood of a problem
e impact of a problem if one exists
e date for notification of resolution
An issue Negotiation with other stakeholder DEs

TaABLE III. Responses and actions for second matrix

question
Response Resulting action
Yes, it could DEs responsible for other systems will have to

be notified of the response to the change
No, it could not No other DEs will be notified

to be provided by the engine are manifested as changes in the functional systems in the
DPM; changes in the structures used to achieve those functions are manifested as
changes in the components in the DPM. When a change to a component is needed to
advance the design, the DE responsible for the component can scan that component’s
column in the matrix to identify systems whose performance could change as a result.
Alternatively, a SE needing to notify component DEs, who are stakeholders of changes
to a particular system, can scan across rows of the matrix to determine which
components are pertinent.

A component DE who becomes aware of a design change then needs to answer two
questions:

(1) Will this change cause a problem in my design?
(2) Could my response to this change cause problems in systems related to my own?

Table II shows the possible responses to the first question and the corresponding
actions that need to be taken.

It is important to note that it remains the responsibility of each DE to determine if
a change in some other component or system is pertinent to that DE. Table IIT shows
the possible response to the second question and the actions that will be required
should those responses be given.

The first question is asked to determine how work flow should proceed. If a DE
finds that a change will not affect his component(s), the DE can continue work without
interruption. If a change is found to definitely cause a problem for another DE, the DE
requesting the change should negotiate with the DE for whom the change is a problem
until a solution is reached. In these cases, the course of action is relatively clear.

In many cases, however, it is not immediately clear that a problem definitely results
from a change; rather, a DE may only be able to say that it is possible or even probable
that there is a problem. The best course of action here is not obvious. Depending on
the probability of a sufficiently severe problem occurring, the DE requesting a change
may choose to delay work on the task in question until a better determination regarding
the problem can be made (see Fig. 3). If the chances of a problem arising are slight,
the DE may continue working in the hope that the problem will not arise. In these
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cases, where the impact of a design change is not immediately known or quickly
calculable, it is essential to ensure sufficiently simple and effective communications
between the stakeholders. But the best protocol for these exchanges of information will
vary with the personal capabilities and professional styles of the stakeholders. To impose
a single protocol would likely stymie effective communications. The authors believe
that the best possible solution is to provide only a framework for that communication
to occur, and to allow particular protocols to emerge with time. This framework could
use the DPM to identify possible information flow paths between stakeholders.

The second question is used to determine the extent of the concern caused by a
change, over the design as a whole, i.e. to identify all the stakeholders interested in the
implications of any given design change. If the DPM were simply used to find all the
components affected by a change to one component via the systems that the components
share, all components would quickly be included. This obviously defeats the purpose
of the approach, which is to ensure that only and exactly the right DEs are informed
of only and exactly the best available information regarding a problem.

Rather, the authors require a check be performed at each stage of the use of the
DPM. For example, assume a change is initiated by the engineer in charge of the
exhaust manifold assembly. By referring to the DPM, we see that the exhaust manifold
assembly is an element of two systems: the air intake system and the exhaust system.
The systems engineers in charge of those systems are notified of the change. If the
change is seen by the SEs as likely altering the overall performance of their systems,
they must address the change in some suitable manner; if system performance is seen
to be insensitive to the change, they may ignore the change notice. In either case,
however, the SEs must communicate the change notice to engineers involved with all
the components of their systems. So, for the air intake system, the SE would inform
the engineers in charge of the cylinder head, the exhaust manifold assembly, the valve
train, the camshaft, the positive crankcase ventilation assembly, and the engine gasket,
about the original change (as well as associated manufacturing personnel). Other DEs,
such as those in charge of the crank or the piston, need not be notified. Each of these
DEs would in turn have to evaluate the impact of the change on their components.
This may require interaction with other engineers; again, the DPM guides a given DE
in determining to whom he/she should speak. If addressing the change in any one of
these components results in another change, the procedure must be repeated. As the
engine design process moves towards a complete design, changes will continue to occur,
but their severity will become less and less until (hopefully) no change will propagate
past the initial DE. Assuming no constraints are violated at this point, the design may
be considered complete; further work will be carried out only to further optimize the
design past the design requirements.
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The significance of this procedure is that it empowers the individual DE with the
responsibility for determining if a change occurring elsewhere in a system must be
treated for a particular component; this centralizes the decision-making process for the
effect of a change on a component at the resident expert for that component: the DE.
Furthermore, by introducing checks at every step in the process to determine if a
change needs to be propagated to other systems or components, it is expected that DEs
and SEs will only learn of changes that are of immediate importance to them; other
changes, which do not affect them, will simply be filtered out by the procedure, thus
lessening the information management burden on the engineers.

The specific protocol to be followed in addressing a change is highly dependent on
the nature of the change and, in particular, on the number of components potentially
affected by the change. In some cases, a change can be addressed by a single engineer;
other changes may require interaction between a few designers that can be carried out
informally; and some changes may have such far-reaching implications as to require
coordinated meetings between large groups of engineers. It is not clear from the data
gathered from the interviews that any process exists to determine which protocol is
preferred; nor is it clear that such a process would be desirable. The flexibility to
establish a variety of different protocols ‘on the fly’, depending on the requirements of
a particular design program, on the levels of expertise and on the interpersonal
relationships between stakeholders is seen as an important advantage, and that any
inefficiencies arising from the ad-hoc nature of the protocols is more than offset by this
flexibility.

In any event, the DPM remains useful as a guide to direct the flow of information,
independent of the process employed for any particular design program.

Currently, the DPM has been specified for only a very high (abstract) level of
function and structure. The relationships between components and functions indicated
in Fig. 1 actually occur between much lower-level entities. Due to the ‘pilot-project’
nature of the work conducted so far, the authors have not had the opportunity to
examine the deeper, underlying structure of the DPM. Nonetheless, Section 7 presents
a discussion of how such an exploration would proceed. Discovering finer detail in the
DPM will have important effects on the kinds of actions that can be taken in response
to changes in a design; it will also significantly enrich the kinds of information that can
be represented in the DPM.

To expedite development of a solution for the manufacturing firm, the authors
chose not to develop a software system that implements the DPM, even though this is
an obvious route to take. Software development projects are substantial undertakings
in and of themselves, especially in environments such as those that exist in major
automobile manufacturers, with multiple computing platforms and vastly different
levels of computer ‘literacy’ in the user community. If a software system were pursued,
and some aspect of the underlying model needed to be changed, a large part of the
programming effort would be wasted. By choosing a pen-and-paper implementation
for the initial stage of the project, the expense of the prototype system is minimized. If
the pen-and-paper solution meets with sufficient success, then a computer-based
implementation can be developed, based on the fully implemented underlying model.
The representatives of the automobile manufacturer who worked with us on this project
were quite happy with this approach.

The particular implementation approach selected was to construct a form for each
system and component in the DPM, the general format of these forms is shown in
Figs. 4 and 5, respectively. If a change to a system is found necessary, then a System
Change Notification Form (Fig. 4) is prepared by the SE supervising that system. The
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SYSTEM CHANGE NOTIFICATION FORM

SYSTEM: STAKEHOLDER: DATE : #51-C358
Exhaust J. Galt 3/7/98

CHANGE: REF CNC #S51-005
R&D adviges that percentage of exhausl recirculated through
engine mast be 2.5, not 1.5, to maintain regquired emission

corltrol levels.

NOTIFY:
DESIGN COMPONENT REASCON
Cylinder Head Verify recirculation port will

accommodate increased mass flow.

Intake Manifold Assy

Exhaust Manifold Assy Verify exhaust draw will accommodate
increased mass flow.

Valve Train
Camshaft

Engine Gaskets

FIG. 4. A sample System Change Notification Form.

text which appears bold in Fig. 4 is provided with the form. The remaining text is filled
in by the SE. Each system in the DPM has its own form, and each such form
enumerates the components potentially affected by changes to the system. The SE
writes a detailed statement of the nature of the change to the system in question. In
the ‘reason’ column, the SE notes actions he/she believes ought to be taken by the
engineer in charge of each affected component. If no entry is given in the reason
column for a certain component (say, the intake manifold assembly in Fig. 4), then
there is no expected effect of the change on that component. Note that the form does
not specify how actions are to be carried out in response to a change, but rather only
what the system needs are. Note also that the actions to be taken by DEs are phrased
in terms of overall system performance and validation, not in terms of particular
component changes that may result from the system change defined by these forms.
For example, in Fig. 4, the cylinder-head engineer is instructed to ‘verify recirculation
port will accommodate increased mass flow’. Whether this change results in changes to
the cylinder head itself is a matter for the DE in charge of its design; the SE’s
instructions are systems oriented, not component oriented.

When the form is complete, it is sent to DEs of the affected components only (in
this case, the cylinder head engineer and the exhaust manifold engineer).

Similarly, Fig. 5 shows a sample Component Change Notification Form. The form
shown is for a change to the cylinder head in response to the systems change in Fig. 4.
Note that the actions to be carried out in Fig. 4 are in the form of systems-oriented
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COMPONENT CHANGE MNOTIFICATION FORM
COMPONENT : STAREHCLDER: DATE: #C1-042
Cyl Head <. Trader 9/7/98

CHANGE: EEF CHF #51-035

Extzust recirculetion port expanded to 3 om frorm 1 mm.

NOTIFY:

SYSTEM REASON

Lubrication/Delivery
Lubrication/Return

Cooling Verify cooling for increased mass flow

of hot exhaust.

PCV

ICE/Intake Verify mass flow calculations
ICE/Exhaust Verify mass flow ca_culatiocrs
ICE/Combustion Verify power/torgue reguirements are

satisfied
ICE/Fuel Delivery
ICE/Control
Power Conversion/S&D

FEAD

FIG. 5. A sample Component Change Notification Form.

statements, not referring specifically to other components. This is because it is not
clear that the DE for one component always has suitable expertise to comment on
recommended changes to any other component. Change form ID numbers (near the
top right of the forms) are used to track a history of changes.

It is essential that each form be written exclusively from the point of view of the
stakeholder. For example, in Fig. 5, the cylinder-head update request is to verify that
the recirculation port will accommodate an increased mass flow. This is what is needed
from the point of view of the stakeholder of the system change notification; what is not
needed—or desirable—is a procedure to be followed by the cylinder-head engineer. By
describing only what must be done, we hope to provide more procedural flexibility to
all the DEs.

6. Current Status of the Project

The proposed DPM has been approved by the automobile manufacturer; a final report
detailing its structure and use is currently being prepared by the authors. If the report
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meets with the approval of both the DEs and management, the authors will be requested
to implement the matrix using the forms described. It is also possible that if an
implementation is carried out which meets with success, the system may be propagated
to other segments of the automobile manufacturer’s enterprise besides engine compo-
nent design. It is unclear at this time what the final disposition of the work will be with
the subject organization. Nonetheless, the authors feel it is a relevant contribution to
the study of design and have presented it here for consideration by the design
community.

7. Future Work
7.1. Automating the Process

Although a pen-and-paper implementation may be sufficient, it is clearly not as effective
as a computer-based implementation. If the pen-and-paper implementation meets with
success, the system described will be re-implemented using World Wide Web techno-
logy. Web browsers are available in versions that will run on all major computing
platforms available at the automobile manufacturer’s offices, and, in conjunction with
the Java programming language, provide a very high-level programming system ideally
suited to rapid and efficient exchange of information over computer networks.

Java would be used to implement and maintain an internal representation of the
DOM. Then, as each stakeholder accesses the system, it will automatically generate the
appropriate system or component change notification form. The identification number
of each form would be assigned and maintained by the system itself. The DPM itself
would not be directly visible to the user. The system would access a database of names
of DEs and what roles they play in each of possibly many engine design programs.
Once a form is completed by a DE and submitted to the system, it will be routed
automatically to other relevant stakeholders, based on the information in the ‘notify’
section of each form. A trace would be kept of the creation and delivery of each form;
from this historical information, the evolution of a particular engine design can be
tracked. Such data would be useful for a variety of reasons, such as internal auditing,
project scheduling, and workflow management. Additionally, this information would
be used by the current authors to gauge the performance of the system, and its
acceptance by our targeted user community.

It is also possible that various semi-intelligent, automated checks may be imple-
mented within the system. For example, a system change may require a change to a
component, which could in turn require a change to the original system. This gives
rise to the possibilities of non-converging cycles. Since it is anticipated that there could
be hundreds or even thousands of change forms generated in a full engine design
program, it is unlikely that a human DE could easily diagnose this situation. However,
it would be relatively easy for the system to automatically examine the history traces of
change forms during off hours (say overnight), identify any problems that may exist
(such as the aforementioned cycles) and report its finding to the relevant stakeholders,
either by an electronic mail message, or by a separate form associated by the system
with the change forms in question.

7.2 Extending the DPM

The most obvious and important shortcoming of the DPM as presented here is the
lack of detail in the matrix. This is due to (1) the time constraints on the project, (2)
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the requirement that the solution be small and simple, and (3) the pilot nature of the
project on the whole. However, the authors are already undertaking the expansion of
the depth of the representation we have developed.

In particular, the authors are focusing on explicating more precisely the nature of
the relationships between functional systems and structural components. This would
provide a clearer picture of the flow of information between DEs and between groups
of DEs. In this section, the authors briefly introduce how such a deepening of the
matrix will be carried out.

For each system or component, the relevant stakeholder (DE) must carry out
certain design tasks. We consider these design tasks as parameterized ‘black boxes’.
That is, each DE can and should be allowed maximum possible flexibility to develop
his/her own best design. The authors’ primary concern is to facilitate each DE’s job by
providing a way to track what information is needed, and when that information is
needed, but not in sow that information is used by a particular DE. Thus, each task
conducted by each DE is a black box, the interior structure of which is not the point
of this paper, but which has been explored elsewhere [5].

Each task requires certain inputs and produces certain outputs. The output par-
ameters of one task of one DE become the input parameters of a task of some other
DE. A certain subset of all the outputs of the combined tasks of all the DEs working
on one engine program defines the engine design itself.

There are two types of input and output parameters. One type of parameter relates
directly to the engine design itself. For example, the valve lift height is required by the
DE of the cylinder head; it is one of his input parameters. The valve lift height is an
output parameter of the DE in charge of the design of the valve train. Without the
valve lift height, the DE of the cylinder head cannot complete the cylinder head design
(at least, insofar as the currently implemented design procedures are concerned). This
suggests, in essence, a causal relation between the cylinder head and the valve train.

There are two important points about this type of parameter that are relevant to the
development of our information model. Firstly, the causality that exists between two
parameters of this type may be cyclical, i.e. the valve train DE may be unable to
establish a valve lift height without knowing certain parameters of the cylinder head,
which in turn cannot be designed until the valve lift height is supplied. In this case,
‘iteration’ is used to converge on an acceptable design for both the valve train and the
cylinder head, starting from an arbitrary design state. It is current practice at the
automobile manufacturer to use data for some previously designed engine with similar
characteristics as a starting point. In this case, both valve train and cylinder head DEs
would begin their calculations with a ‘best guess’ drawn from the previously designed
engine, and then iterate towards a solution.

The second point derives from the first. As the iterative design continues, a point is
reached wherein a solution is identified, i.e. convergence of the iterative process is
reached to within some defined limit, beyond which further iterations will not contribute
significantly to the improvement of the design. The question is to determine that limit.
The authors consider there to be two conditions that must be met in order for the
iteration to end.

(1) All constraints must be satisfied. This relates to the second type of parameter,
which is now discussed.

(2) Any further change in a design parameter will not affect any system or
component to which that parameter is related.

For example, a change in the block deck height of the engine of 1 inch would very
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likely require alterations to the valve train; however, a change of 0.1 mm would probably
not require any changes to the valve train.

It is the responsibility of each DE to explicitly define the ‘granularity’ of change of
each parameter he/she requires as input. For example, the DE in charge of the valve
train would have to determine in some way that a change of, say, any more than 1 mm
in the block deck height would require an alteration to the valve train. If the block deck
height changes by only 0.1 mm, then the valve train DE need not take any action. The
authors note that the granularity of parameters provides a mechanism for ‘damping
out’ changes: if the valve train DE does not respond to a 0.1 mm change in the block
deck height, then no other DE using input parameters provided by the valve train DE
will have to change his/her components/systems.

The notion of granularity is currently unused in the design arena at the automobile
manufacturer; thus, the authors are unaware of how the value of the granularity of any
given parameter might be calculated, although we suspect strongly that the DEs have
a good experiential ‘feel’ for what these values should be. We are currently investigating
possible mechanisms for determining the values for granularity by starting with the
DEs experience, and seeking more precise estimates through more formal means.

The second type of parameter takes the form of a constraint of some kind. For
example, the block deck height of the engine cannot exceed a given value. These
parameters are normally (a) not under the control of any one component DE, and (b)
are fixed throughout the course of the design program. The authors take these constraint
parameters to be ‘axiomatic’ truths that must be satisfied by any reasonable engine
design. They are part of the ‘environment’ in which the design must be developed.
This type of parameter does not exhibit cyclical causality with other parameters, nor is
there any measure of granularity available: the constraints are either satisfied or not. If
a complete deadlock occurs, wherein a constraint simply cannot be satisfied, higher
levels of the organization must become involved to resolve the problem; this matter is
not treated as it goes beyond the scope of the authors’ current work.

Finally, it is noted that granularity can be built into the computer-based change
notification forms discussed earlier. When a change notification is issued, the change
can be defined in terms of the change in value of one or more parameters. As this
information is propagated to other stakeholders, the system would compare the
magnitudes of the changes to the granularities associated with each of those parameters
by each stakeholder. A change whose magnitude is less than that defined by the
granularity, as set by the stakeholder, could automatically be filtered out (although a
note of that fact would be logged by the system for record-keeping purposes). In this
way, one DE who changes his/her component need not worry about whether the
change is worthy of propagating to other DEs; the system will do that job for them.

8. Conclusions

This paper presents a discussion of applying research concepts in design theory to a
real-world application. It has described organizational design difficulties encountered
in a major automotive manufacturer and their results on the organization. A mechanism
to address these difficulties has been developed and is currently being incorporated by
the manufacturer, while the authors continue to pursue further enhancements to the
techniques.

The representatives of the automotive manufacturer have shown enthusiasm for the
methodology developed. While not rigidly structuring the design process, the method
provides a guide that will help ensure that design information finds its way to those



124 ¥ C. Lockledge & E A. Salustri

individuals who need to be aware of it. This precisely meets the organization’s perceived
needs. Utilization of the authors’ extensions to the current method will depend on the
current method’s value in reducing design cycle lead times and its ability to maintain
or improve product quality.
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