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This paper establishes a concept for Product, Process, and Methodology (PPM)
systematization to handle both structural complexity (often referred as hard complexity)
and computational complexity (also referred as soft complexity) in product realization. A
systematization methodology is proposed to handle both these complexities through a
four-stage process: Planning, Systematization, Solution and Unification. Planning is the
first stage where system specification is defined. Systematization is a systematic
decomposition of the problem into a set of discrete sub-problems. There are three kinds of
systematization that can be employed in product realization: Methodology systema-
tization, Product systematization and Process systematization. During the Solution stage,
a number of computational alternatives, solution strategies or topological options for
handling soft complexity are obtained for each sub-problem, and the best solution is
selected. Unification is an aggregation or a reconstruction of an overall product solution
from various alternative solutions to the sub-problems.

A branching and bounding methodology has been employed here first to branch the
complex product and process into ‘sub-domains’ and ‘loops’ and later bound these loops
back into sub-domains and then further bound those sub-domains back into an integrated
product development system. The branching and bounding methodology provides the
product development teams the ability to refine successively the ‘goodness or fitness’ of a
baseline product concept as teams proceed from one nested loop to another. PPM
systematization is a convenient way of organizing the process necessary for a new
product realization or for developing future product upgrades. Copyright © 2001 John
Wiley & Sons, Ltd.
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INTRODUCTION

The product environment in modern manufac-
turing is very complex. It consists of many
components of products, processes, and services
(Fleischer and Liker, 1997), including informa-
tion technology (IT) services (hardware and
software) (Bajgoric, 1997). The design of an
automobile, for example, involves 2000-3000
parts, and calls for thousands of designers and
engineers making millions of design decisions
over its life cycle (Clark and Fujimoto, 1991).
None of these parts are designed and developed
in isolation from each other. The combination of
new and old practices, such as old-fashioned
habits, new life cycle environment, human
factors, ergonomics, environmental changes,
and mounting safety and international regula-
tions, has also increased the complexity of
product development efforts (Kamath and Liker,
1994). The complexity, as defined by Galbraith
(1973), results from five main sources. They are
inherent product complexity (Krishnan, 1993),
process complexity (Magrab, 1997), organiza-
tional complexity (Checkland, 1981) (such as
team cooperation and communication), compu-
ter and network complexity (Bajgoric, 1997), and
a maze of specification complexity (Dong, 1995)
including international regulations and safety
(Fleischer and Liker, 1997).

Over the past several years the diversity,
variety and complexity of New Product Intro-
duction (NPI) have grown manifold —from ‘very
simple’ to ‘very complex’, while at the same time
the time-to-market aspect has shrunk (Prasad,
1996). The changing market conditions (such as
global manufacturing, global economy and new
technological innovation) (Clark and Fujimoto,
1991) and international competitiveness (Kamath
and Liker, 1994) are making the time-to-market a
fast shrinking target. Today, an automobile, with
complexity several times higher than before, can
be manufactured in less time (often less than
three years) (Clark and Fujimoto, 1991). The
same product, about half a decade ago, used to
take over five years to bring into the marketplace,
whereas, the complexity of such products 10
years ago—by today’s standard —could be char-
acterized only as ‘very simple’ (Kamath and
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Liker, 1994). The hardware workstation market is
another good example. With new innovation in
chip technology, workstation computer compa-
nies have continually shortened the time
between new product introductions. In 1985,
when a new computer central processing unit
(CPU) was introduced, it was quite innovative—
but was nowhere close to today’s standard in
complexity. Every 18 months thereafter, a new
CPU twice as complex was introduced, with
twice the performance at roughly half the price.
In 1988, four-times complex and four-times faster
CPU was introduced at a quarter of the price in a
12-month period. In 1990, the development cycle
for a new 16-times faster CPU was introduced in
only a six-month time span, nearly at 1/16 of its
1985 price (Fleischer and Liker, 1997). Such
trends go on. The average development time
for a compact disc (CD) player, today, is nine
months; that for a personal computer is 14
months (Parsaei and Sullivan, 1993). Amongst
the web of such complexities, it is easy to over-
look that customer requirements are also con-
stantly changing. The customer is also becoming
more sophisticated. Each time a company fulfills
the customer’s requirements in a product, the
level of customers’ expectations also moves up a
notch (Clausing, 1994). They demand cus-
tomized products more closely targeted to their
personal, social and cultural tastes (Tsuda, 1995).
Checkland (1984a) identifies three types of
situations for hard complexity problems. A type 1
situation is characterized by interconnections,
which are part of the regularities of the universe.
Decomposition of the product, process and work
and their breakdown structures are examples of
type 1 complexity. A type 2 situation is character-
ized by interconnection logic, which derives from
the functions they perform. A type 3 situation is
dominated by the meanings attributed to their
(product, process and work) perceptions by
autonomous observers. Global manufacturing,
global economy and international competitive-
ness are examples of a type 3 situation. There is
also an example of soft complexity (Checkland,
1984b, p. 65) in product realization since a group of
problem solvers in concurrent engineering also
generate soft complexity (Ho and Sculli, 1995). The
contribution made in that paper for managing
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complexity is grounded on both hard and soft
complexity. An open system view of organization
(Checkland, 1981 and 1984a) recognizes that any
type of complexity (for example, product, process,
enterprise, IT services (Bajgoric, 1997), or a set of
specifications) is a system, which has elements
(both hard and soft complexity types) that influ-
ence each other, and the set in the complexity
influences and is influenced by the broader
environmental context (Checkland, 1984b).
Figure 1 compares the process of product
design, development and delivery (PD’) with a
process of fluid flow analogy through a maze of
pipes (Prasad, 1996). Each pipe of an assembly
represents a part or an information build-up
activity in a conventional PD® process. A serial
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engineering process involves a number of con-
nected parts or repeated activities of an assembly,
such as plan, redo, download, upload, iteration,
retrieve, store, which must be performed in the
proper sequence. The ‘fluid’ flowing through the
pipes denotes ‘information’ flow of a PD® process.
The ‘fluid pressure’ is equivalent to need for
‘information build-up.’ Straight pipes represent the
activities or parts to be designed. The ‘cross-
section’ of each pipe represents the correspond-
ing ‘design parameters.” A typical conventional
decision-making step is illustrated in Figure 1 by
a pipe elbow or an end coupling. Similar to how
an end coupling changes the direction of the
fluid flow, decision making in the conventional
serial process changes the steps or parts required
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Figure 1.
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An analogy for a serial PD’ process
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for subsequent information build-up. The length
of each pipe in the assembly denotes the time it
takes to complete or build the necessary informa-
tion for the next serial step of a PD® process. Each
design decision is a trade-off affecting many
other design parameters. Such a traditional
breakdown of design tasks, even though it
resembles a hierarchical pattern, is repetitive
and inefficient (Kusiak and Wang, 1993). Deci-
sion-making in the conventional process there-
fore can be very difficult and total lead time
could be very large considering the magnitude,
types, and complexity of the products and
processes (Checkland, 1984a) that need to be
addressed (Ulrich and Eppinger, 1994). These
complexities are often compounded by the
presence of the following factors (Suri, 1988):

o Large interconnected components: There is a high
stake on decisions that must be made simul-
taneously. In modern manufacturing, where
materials, parts and information all move
rapidly through the plant (Hardwick et al.,
1990), a small change (say a material change)
at the design end of a PD® process can have a
significant impact on the production end. This
is likely whether or not parts are stamped,
machined or injection moulded. Most

Figure 2.

Copyright © 2001 John Wiley & Sons, Ltd.

changes, static or dynamic, must be managed
in real time (Stark, 1992):

A Production

ADesign = Large (a factor of 100 or more)

(1)

e Limited resources: Most modern manufacturers
have downsized their resources (7Ts, namely
talents, tasks, teamwork, techniques, technol-
ogy, time, tools (Prasad, 1996), as shown in
Figure 2) to a bare minimum (Clark and
Fujimoto, 1991). Resources are shared
amongst the internal and external work-
groups to contain costs. Repetitive demand
of shared resources increases the burden of
managing them efficiently:

{T} <{Tmax} (2)

Where the set {T}= [talents, tasks, teamwork,
techniques, technology, time, tools] and {Tmax}
is the allowable stretch of {T}.

e Geographical distributions: Manufacturing is
global; it is distributed over a network of vast
geographical areas. For example, a part may
be designed in Detroit, manufactured in

Domain of
Influence

Technology

7Ts: seven influencing agents of CE
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Kentucky, and assembled in Korea or Mexico.
Thus, the costs of travel, transportation, relo-
cation, communication, currency exchange
and labour agreements are some of the
additional parameters that are factored into
the cost equation (Daft, 1995):

Cost = f [Travel, Transportation, Relocation,

Communication,...,etc.] (3)

e Many goals and objectives: In most large
companies, there are sets of independent goals
and objectives, F,;, developed by each inde-
pendent department or unit. Not all of these
goals and objectives are in agreement with the
enterprise goals, mission statements or its
vision, F,;, assuming the latter exists (Hales,
1993). There is often no constancy of purpose
between these independently specified goals.
The situation gets worse if there is more than
one strategic business unit (SBU), each having
its own set of independent vision or mission
statements. If we define

Goals that may be in conflict = U (F,;, F,j) (4)

where u stands for a unit, and e stands for an
enterprise. The symbol U means ‘union’, then
goals that are good candidates for constancy
of purpose are those for which intersections of
F,; and F,; are non-zero.

Constancy-of-purpose goals = N (Fui, F.i) (5)

The symbol in Equation (5), N, means ‘intersec-
tion’. The terms u and i in F,; take a value of

1 < u < number of SBUs

and
1 < i < number of unit goals.

The subscript j in F,; takes a value of
1 < j < number of enterprise goals  (6)

INTEGRATED PRODUCT DEVELOPMENT
PROCESS

Beyond concurrency, integration of distributed
PPO (product, process and organization) seeks to

Copyright © 2001 John Wiley & Sons, Ltd.

offer better life cycle alternatives and realization
potentials (Bajgoric, 1997). A taxonomy (Prasad,
1996) establishes a methodology of systemati-
cally organizing the process necessary for new
product realization (Magrab, 1997) and for
developing future product upgrades (Pahl and
Beitz, 1991). Although this process taxonomy is
useful for formulating and decomposing the
system (Kusiak and Wang, 1993), it does not
take the CE workgroups to the next step, i.e., to
synthesize or optimize the design system with
respect to the identified constraints. Taxonomy
characterizes the design system problem into a
well-structured set of decomposed tasks. This
converts the integrated product development
(IPD) process into a topology of networks
showing how tasks are interconnected (Harr et
al., 1993). However, the taxonomy does not show
how the network of tasks will be solved. This is
referred to in this paper as ‘soft complexity’ issues.
Well-structured tasks are amenable to a variety
of solution techniques such as analysis, simula-
tion, sensitivity, optimization, mathematical pro-
gramming and other weak numerical techniques
(Prasad and Emerson, 1984). There are two types
of complexity in a design problem: one is
structural complexity (Smith and Browne, 1993)
also called ‘hard complexity’ (Checkland, 1984a);
the other is computational complexity (Brandi-
marte and Villa, 1995; Prasad, 1984a, 1984b),
which is also referred as ‘soft complexity’ (Ho
and Sculli, 1995). The two are not the same
concept (Checkland, 1984b). Hard or structural
complexity is resolved through problem descrip-
tion, interconnections (Checkland, 1984a), etc.,
whereas soft or computational complexity is
resolved through problem solving (Smith and
Browne, 1993). When formulating a problem, a
basic trade-off must be carefully considered
between the need for representing the problem
faithfully and the need for formulating a com-
putationally tractable model (Brandimarte and
Villa, 1995). Models and structuring techniques
help design workgroups to reduce the structural
complexity of the tasks and provide a structured
roadmap that accompanies problem-solving
steps (Prasad, 1985). With predetermined com-
putational models, workgroups simply enter the
specifications and the model forward-solves to
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provide the results. This process is very similar
to a spreadsheet. In synthesis or design optimi-
zation, unlike the spreadsheet, the model or
work group can back-solve entering the desired
result and making the synthesizer find suitable
input specification values. Artificial Intelligence
(AD based techniques are demonstrated to per-
form well in a closed environment (well-struc-
tured symbolic or rule-based domain) that uses
weak methods of problem solving (Stefik, 1981).
There are few commercial tools that can accept a
set of mathematical equations, which are pre- or
user-defined, and analyze or synthesize the
problem on a need basis. However, most tools
require the problems to be explicitly defined or
have their characteristics explicitly known
(Masud and Dean, 1993).

Most books on optimization, for example,
concentrate on how to solve an optimization
problem if it can be expressed in a mathematical
form (such as a linear or a non-linear function of
design variables (Lootsma, 1994; Prasad and
Magee, 1984). Such formulations are often of a
closed type. The workgroups often find no
difficulty in arriving at a suitable solution since
all the necessary information about the problem
is given or known. Work groups also know when
they are finished with the problem and generally
know if it can be solved correctly. The most
general statement of optimization problem
(Nembhauser, 1994) posed is to:

Find a vector of design variables ve D that
minimizes or maximizes

a set of value characteristics (referred as
objective functions), VC; (v) (7)
while satisfying a set of constraint equations:
Cij(@ =0 8
D is the design space in which the solution lies.

IPD FORMULATION AT A SYSTEM LEVEL

If we employ optimization as a basis for formula-
ting the above IPD problem, the most general
statements will have the following four parts:

1. A transformation system: In most cases this is
a part of the problem definition and, there-

Copyright © 2001 John Wiley & Sons, Ltd.

fore, hidden. In books, this is often identified
in an explicit form (Brandimarte and Villa,
1995):

[Tl = [O] ©)

Where T stands for transformation and O
stands for output. Both are characteristic
matrices and v is a vector of design variables.
Such explicit forms define the problem—how
the objective functions and how the con-
straints are related to design variables.

VC; = f(v) (10)
Cij = g(v) (11)

The transformation system ties the optimiza-
tion model of the product with objective
functions, optimization constraints, and
design variables in some mathematical or
conceptual forms (see Figure 3)

2. Objectives: The objective is a function or

criterion that characterizes the aspect of
design to be improved. The problem of
multi-criterion optimization is to minimize
or maximize a set of merit functions (Prasad
and Emerson, 1984) simultaneously:

VCi(v); fori=1,2,...40Cmax (12)
For example, the design of a machine tool
involves many aspects, such as transmission,
control system, hydraulic components, power
utility and body frame. This is a case of
configuration optimization. Configuration
optimization is the process of first identifying
the best from a group of configurations, and
then embodying the configuration to provide
the highest possible technical merit values,
such as performance, reliability, durability
and economy (Nemhauser, 1994).

3. Design variables: These represent those input

parameters of a problem that are subject to
change. The design variable is usually a
vector, where

0= [{Usizing } ; {vshape } ’ {vtopology } ) {vknowledge }] ’
(13)
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Figure 3.  Relationship between transformation state attributes and optimization model variables

There are four classes of design variables
commonly used (Prasad, 1996):
o {Usizing) — sizing variables
@ {Ushape} — shape variables
o {Diopology! — topology variables
® {Uprocess) — process variables. These involve
changing the rules concerning the part’s
forming or processing needs, which have
an effect on changing the part’s size, shape,
topology or functions themselves.

4. Constraints: These are the response parameters
(state variables) of the model used to evaluate
the design based on the criteria that limit how
it should function or behave. They are usually
specified in an equality or inequality equation
form (Navinchandra et al., 1993):

Cij(v)=0; for j =1,2,... Cmax (14)

Often such constraints also include limits on

design variables:

{Vmin} < {U} < {Vmax} (15)

Copyright © 2001 John Wiley & Sons, Ltd.

{Vimin} and {V,ax} Vectors denote lower and
upper bounds on design variables.

This completes the definition of an optimization-
based IPD formulation. Books on optimization
seldom focus on the transformation system
(Brandimarte and Villa, 1995). Impressive pro-
gress has been reported in the applications to
real-world problems (Nemhauser, 1994). They
assume it to be given or explicitly known.
However, most physical problems cannot be
modelled purely in an explicit form (Prasad and
Magee, 1984). For example, in a minimum
structural design problem, the transformation
system exists in a finite element model or a
similar form. The relationship between con-
straints (such as stress and deflections) and
objective functions (such as weight) is tied to
the stiffness matrix of a finite element ana-
lysis (FEA) model. Consequently, in most
cases, design trade-offs are made tacitly and
implicitly. An implicit statement of a problem
ata system level is shown in Figure 4. The solution
of the problem is governed by (Prasad, 1996):
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Figure 4.  Definition of a global IPD solution

(a) minimizing a set of functions;

(b) maximizing another set of functions; and at
the same time

(c) desensitizing some parameters of the pro-
blem.

Most product designers in industry are not
familiar with how to express the transformation
system as an optimization model, explicit or
implicit, so that the problem can be optimized
(Prasad, 1985). An open-ended optimization

Copyright © 2001 John Wiley & Sons, Ltd.

problem usually takes longer to solve in iteration
than a closed-form problem (Brandimarte and
Villa, 1995). Mathematical modelling of manage-
rial problems does not produce universal laws as
in natural sciences, but tentative representations
of relationships which are felt to be relevant to
the analysis of a given problem, in a particular
period of time, and in a particular context
(Lootsma, 1994). Teams must evaluate the
formulation, the validity of the assumptions,
the credibility of measures of merits (MOMs) and
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other criteria, the mechanics of analysis, and the
reasonableness of decisions. Modelling is the art
of selective simplification of reality (Brandimarte
and Villa, 1995) Here, formulation goes beyond
its mathematical sense to modelling of the
elements of design variables, constraints and
objectives, as workgroups move from one stage
of product realization to the other. One of the
important considerations in product realization
process is an output modelling. Performance
modelling is one type of output modelling.
Analysis or simulation is not the only mechanism
to capture outputs of a transformation system.
Genetic algorithms are being explored with
computer-aided design systems to generate
designs in a generate-and-test approach called
‘conceptual interpolation.” In conceptual interpola-
tion a number of conceptual operators provide a
genetic basis for generating interpolate designs.
In genetic algorithms, interpolate designs exist in
generations. Within each generation, designs can
mate and produce offspring according to some
measure of their value characteristics (a fitness
function). The conceptual operators amplify the
power of design work groups by allowing them
to work at higher conceptual levels. Other
techniques, such as use of fuzzy set theory, Al
approach and ‘simulation-based generate and
test’” approach, are commonly used to alleviate
formulation or trade-off difficulties (Saaty, 1978).
For example, if a set of fuzzy goals is modelled
according to the life cycle issues of the product,
goals can be interpreted as a set of criteria
(Masud and Dean, 1993). A premise of fuzzy
set theory is that the overall preference of a
product design alternative is represented well by
aggregating the individual goals with respect to
the criteria (Parsaei and Sullivan, 1993). In this
context, a variety of fuzzy set connectives can be
used to form the framework on which the
aggregation process of product realization goals
can be based. Using this or similar methodology,
future design evaluations are based on accumu-
lated knowledge. If any of the elements of the
fuzzy set or optimization model are incorrectly
specified or are inappropriate, the resulting
design would be incorrect, too. Thus, it is
normally not sufficient to have a sound mathe-
matical basis or to have the world’s best

Copyright © 2001 John Wiley & Sons, Ltd.

algorithm. Formulating the transformation sys-
tem and identifying a consistent ‘fuzzy set or
optimization model” at each step of this trans-
formation is critical to efficient product realiza-
tion (Brandimarte and Villa, 1995). Formulating a
transformation system involves finding a suita-
ble trade-off between the need for faithfully
representing the manufacturing system and the
production scenario, while keeping data and
computational requirements as low as possible
(Brandimarte and Villa, 1995). A rational predic-
tion to product realization requires building in a
sound analytical or algorithmic methodology or
a computer-based procedure at each step of this
transformation. A right blend of knowledge and
common sense is needed in order to build a
methodology or a procedure, solve it, validate it,
and successfully exploit the results. Systematiza-
tion or system modelling in this paper has a
different meaning than system engineering pro-
cess (Hales, 1993) for project management. The
systematization concepts presented here are
conceptual in nature and aim at helping the
product realization process. They are not aimed
at stating universal law, or to help in under-
standing systems behaviour problems.

METHODOLOGY SYSTEMATIZATION

A product realization process usually involves a
large number of design and analysis activities
that need to be managed. The quality or depth of
information about a design solution evolves
during this realization process (Zhang and
Zhang, 1995). Before any methodological decom-
position, it is not possible to process the design
constraints of a sub-assembly or an individual
part since, at that point, many of its details are
unknown (Navinchandra et al., 1993). It has long
been recognized that problems, no matter what
their size or complexity, can best be solved by
working through a sequence of steps (Warfield
and Hill, 1972). Steps systematize the methodol-
ogy of problem solving which, in turn, helps to
prevent adverse situations. Researchers now
recognize systematization as a fundamental
approach to understanding and controlling the
interaction between the constituent elements

Syst. Res.18, 523543 (2001)
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(Ulrich and Eppinger, 1994). Group technology is
an example of ‘systematization’. Another impor-
tant reason why designers work hierarchically is
that an individual person or a workgroup is not
able to process large numbers of constraints
simultaneously (Hales, 1993). Systematization
offers a powerful tool to reduce the inherent
complexity of the problem domain (Checkland,
1984). Methodology ensures that everything
possible will be done to apply the 7Ts resources
(Prasad, 1996) in the most effective manner. One
such act of systematization in product design is
to apply decomposition—branching the design
into loops, activities and tasks (Magrab, 1997).
Stefik (1981) describes further motivations for
decomposing design and manufacturing acti-
vities:

e The apparent structural and computational
complexity (Checkland, 1984b) of a design
and manufacturing problem is often reduced
as a result of decomposition (Kusiak and
Wang, 1993).

e If the decomposition is done with a view to
minimizing interdependence, while the acti-
vities are split into tasks, each discrete task can
then run in parallel (Ulrich and Eppinger,
1994).

e The problem is reduced to a series of self-
contained smaller activities or tasks. For
example, most of the details of a subsystem
are irrelevant when the design problem is
dealt with at the system level.

e The talent and expertise of designing sets of
decomposed problems can be divided among
the area specialists (Stark,1992). Each member
of the workgroups can be assigned to work on
each decomposed set concurrently (Zhang
and Zhang, 1995).

e This enhances concurrency of the product
realization process (Magrab, 1997).

There are many levels of abstractions in system-
atization. In problems as complex as IPD,
systematization starts with product/process
management (Harr et al., 1993). Previously, a
loop concept was introduced to manage the
interactions between different life cycle phases.
Each loop consisted of five major components: a
‘baseline system,” inputs, outputs, constraints,

Copyright © 2001 John Wiley & Sons, Ltd.

and requirements (Prasad, 1996). In general, the
solution to problems of this type can be appro-
ached by a four-stage systematization process as
shown in Figures 5 and 6:

e Stage 1. Planning: This is the stage when
system specification is defined. Partial order-
ing of intermediate goals is identified and a
view to early determination of gross features
is conceived.

e Stage 2. Systematization: There are two kinds of
systematization: methodology systematiza-
tion and product and process systematization.
Systematization is the

— systematic decomposition of the problem
into discrete sub-problems;

— decomposition of product and process spe-
cifications into different levels of abstrac-
tions;

— description of this abstractions in terms of
the functional and/or physical elements;

— identification of the interactions that may
occur between these elements; and then

— aggregation of the discrete constituents
back into their high-level original defini-
tions.

e Stage 3. Solution: After Stage 2 is completed, it
is followed by solutions to the series of sub-
problems, specifications or constituents. In
this stage, a number of alternatives or options
are obtained for each sub-problem, and the
best solution is selected.

e Stage 4. Unification: The fourth stage is aggre-
gation or reconstruction of an overall product
solution from the various solution alternatives
to the sub-problems. Unification is an impor-
tant step in solving IPD problems while using
the decision-making process. Unification may
involve system optimization and may consist
of a higher level of decision making and com-
plex reasoning. Unification helps eliminate the
constraint violations and yields to refining the
product for interface considerations.

The above four-stage process highlights the
major steps to be undertaken in tackling an IPD
problem. The process can be regarded as a
continuous cycle. Systematization is an impor-
tant step in yielding a faster and better solution.
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It reduces search and makes product realization
more efficient. If the decomposition were not
discrete, the sub-problems would neither be
compatible nor necessarily complementary. The
sub-problems will suffer from excessive inter-
dependence. There will be a large number of
constraints and design variables that are com-
mon to these sub-problems. One or two iterations
of the above four-stage process would not lead to
a ‘good’ solution. Several of the constraints
would be in conflict. It may require an exces-
sively large number of iterations. In such cases,
decomposition may not have many real benefits.
Real benefits are obtained when the four-stage

Copyright © 2001 John Wiley & Sons, Ltd.

process results in significant saving in time and
effort, compared to solving the original system
problem (Nemhauser, 1994) as a ‘large-scale global
optimization problem’.

Branching and Bounding Methodology

A branching and bounding methodology has
been used here to first branch the product and
process sub-domains into loops, later bound these
loopsinto a ‘sub-domain’ and then finally enfold it
back into an IPD system. The notion of branching
allows for the exploration of ‘possibilities’,
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whereas bounding provides a way for the
concurrent workgroups to judge the outputs
(Prasad, 1997).

e Branching: Branching of each domain into
loops is carried out uniformly (see Figure 7).
A consistent representation is used through-
out the branching and bounding process. In
each group, the ‘baseline system’ can be
further branched into independent sub units,
which can better serve the needs of these
loops. The three loops—feasibility synthesis,
design synthesis, and process planning syn-
thesis—provide a basis for satisfying product-
oriented requirements giving rise to the so-
called product-oriented loops (see Figure 8).
The other three loops—process planning
execution, production synthesis and operation
synthesis—provide a basis for satisfying
process requirements giving rise to the so-
called process-oriented loops (Figure 7). The
second-level and third-level breakdowns of
the product-oriented loops are also illustrated
in Figure 8. The constraints in each of the
individual loops provide a basis for determin-
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ing the ‘goodness’ of a candidate baseline
system.

e Bounding: This provides a mechanism to

evaluate the goodness of a baseline candidate
system with respect to meeting the common
set of requirements. During the bounding
phase, the system computes the ‘goodness
value’ based upon the constraints that are still
not satisfied up to that stage. The common
product and process constraints in the two
half-domains provide a basis for determining
the ‘goodness’ of the total system (Figure 7).
The system value—a cumulative index on the
measure of violations—envisions the trade-
off possibilities or further exploration of the
problem domain. This may require a compar-
ison of each synthesis loop’s outputs to the
system’s goals and objectives, refinement or
reallocation of requirements, re-evaluation
of lower-level objectives or reconfiguration of
goals. Bounding occurs through the use
of concurrent function deployment, design
function deployment or similar techniques
(Evbuomwan and Sivaloganathan, 1994), for
simultaneous consideration of a series of
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competing requirements and objectives dur-
ing an IPD process (Zhang and Zhang, 1995).

The branching and bounding methodology
provides the ability to refine successively the
‘goodness or fitness’” of a baseline concept
(Prasad, 1996) as one proceeds from one nested
loop to the other (Figure 7). The domain of
product realization process is, however, evolu-
tionary. During a loop, the design or concept
formulation is not fixed, rather it reflects CE
teams’ understanding of the design problem and
environments spanned by its specification sets.
As the satisfaction of the specification continues
during a loop, the work groups learn more about
the forthcoming baseline model and output
(solution) state as new aspects of its behaviour
inherent in the formulation are revealed. As a
result, work groups may gain new insight into
the behaviour of the model (and the solution
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output state). This may have an effect in
reformation of a new set of specifications or
changing the baseline system concept. This
process of learning and reformation can continue
until one or more of the following conditions are
met (Magrab, 1997):

e The incremental change in behaviour of the
baseline system concept due to change in
inputs becomes insignificant (produce no
change in outputs).

e The requirement sets are empty; no more
requirement is left to be satisfied.

o The incremental satisfaction of the constraints
becomes contradictory or results in a concept
that is too costly or cannot be manufactured.

It is important to be able to use the prescribed
evaluation criterion for each candidate baseline
system in order to guide the redesign process as
the product evolves from problem or customer

Syst. Res.18, 523543 (2001)

Product, Process and Methodology Systematization

535



RESEARCH PAPER

Syst. Res.

The Needs

Short term
| Market
Research

Mission
Definition

Benchmarking
Teardown

Competitive
Analysis/
)\ Evaluation

ustomer Needs
Product Reqts.

Feasibility Synthesis Loop

Problem

Conceptual
Design

“

Definition

Conf. Layout
Design

Detailed
Design

Product Design Synthesis Loop

‘.

Process Synthesis Loop (Planning)

Product-oriented
Loops

Figure 8. Concurrent elements of product-oriented loops

needs to an artifact instance. Each branch and
bound procedure inherent within each loop
provides a mechanism to select an increasingly
good design or concept. Any intermediate trial
design based on such bounding procedure is
subject to iterative rework, or can potentially be
discarded. This is quite natural. This has always
been the case in the conventional process too
when someone chooses to design a part from an
incomplete or uncertain data. So what is different
with a taxonomy-based CE process? Without the
taxonomy (ability to classify the PD® process),
one is forced to instantiate all possible configura-
tions and check the compliance with respect to
all possible value-characteristic requirements
(Magrab, 1997). It may not be possible to carry
out this instantiation process every time taking
account of the inherent complexity of the
product. Another alternative is to ignore many

Copyright © 2001 John Wiley & Sons, Ltd.

possible configurations, or consider a subset of
inputs, requirements or constraints one at a time
(Stefik, 1981). This often results in a series of
design concepts that are suboptimal in some
way.

PRODUCT AND PROCESS
SYSTEMATIZATION

Concurrency can be exploited by differentiation,
followed by systematization—organizing the
information in a hierarchical way (Figure 9). In
most product systems, there are complex inter-
actions among many of its constituents: sub-
systems, components, parts, materials, features,
etc. Product systematization is a technique for
handling a larger class of problems, or a product,
by decomposing and then concatenating the
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results of its behaviour through a smaller set of  a process can be decomposed into activities. A
problems or hierarchical organization (Krishnan, = group of activities aggregated into a high-level
1993). Examples of an automobile, an aircraftand  activity group is called a scenario. By system-
a helicopter are shown (Prasad, 1996). Similarly,  atization of process in the early stages of product
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development, the work group can compare
various scenarios. Concurrency can be affected
by studying the dependency of the decomposed
set or scenario. If one is able to reduce the
dependencies among the decomposed sets or
scenarios, concurrency can be increased. Con-
currency can also be increased, and interdepend-
ency reduced, if one is able to maintain
precedence between the consecutive decom-
posed sets or scenarios. Since the effect of main-
taining precedence between tasks is reduced
interdependence, the degree to which concur-
rency can be affected depends upon the mode of

Copyright © 2001 John Wiley & Sons, Ltd.

product decomposition into constituents or
process decomposition into activities. Figure 10
shows an example of two scenarios of the same
process. The process shown in scenario X has
been decomposed into five activity-groups, A-E
as shown in scenario Y. Such scenarios are said to
be ‘serially decomposable’. The constraint equa-
tions between the scenario Y activities can be
solved serially, yielding the value of one new
activity for each constraint evaluation. When a
set of constraint equations are not serially
decomposable, other ordering methods are used
(Navinchandra et al., 1993) to avoid solving a
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large set of equations simultaneously. Activities
within a group can run in parallel. There are two
parallel activities in group A, four in group B,
and three in groups C, D and E (see Figure 10).
The activities within Groups A-D can be over-
lapped if the dependencies of the interfaces are
not very strong. As differentiation proceeds,
emphasis changes to interfaces between the
decomposed sets: between system and subsys-
tems, between subsystems and components,
between components and parts, and between
the constituents themselves (see Figure 9).
Besides some recent works on multi-level opti-
mization and decomposition, the field of assem-
bly, or system, is still new and growing. There
are three possible ways in which product and
process systematization can occur.

Through Problem Structure Recognition

Many researchers look for commonalities
between the structures of the organization or
the structures of the problem, or both (Galbraith,
1973). An engineering design can be divided into
logically distinct modules that describe a portion
of that design. This concept is known as
‘modular design.” similarly, requirements and
constraints (RCs) for each module can be broken
down into manageable components. The idea is
similar to what is done in software design. The
computer program is divided into subroutines
or procedures, which may be represented in
pseudo code or an actual code. In modular
design, we have modules of design that relate
to each other. Alternate designs are created by
giving values to their design modules. Each set of
values given to a design module is called a
version. Design session is a process of designing
parts, and the version is an output of a design
session. Versions of design modules can be
related to one another in many ways. Several
versions relate to a perspective, several perspec-
tives relate to an assembly, several assemblies
relate to a product. For example, there may be
versions of the same design module belonging
to the same product, or describing the same
assembly, but from a different perspective
(Hardwick et al., 1990).
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Through Decomposition and Partitioning
of Problems

Concurrency can be exploited by viewing the
product as a complex system which can be
decomposed or partitioned into a series of
subproblems, each with its own set of RCs. Each
subproblem can be solved in parallel with a
subset of the RCs from the original problem and
the results brought back to satisfy the coupling
from the remainder of the RCs. The complexity
of the products and the processes forces the
work-groups to look for their breakdown struc-
tures and exploit any inherent independence so
that the identified sub-problems can be solved
somewhat independently from each other. Pro-
duct decomposition thus simplifies the complex-
ity of the original problem that would otherwise
have to be alternatively dealt with. The original
problem would have required consideration of
all the requirements and constraints at one time.
The use of smart modules alleviates this com-
plexity by capturing the RCs in the form of
product structure decomposed into smaller siz-
able chunks. It contains rules for reconfiguring or
changing the product structure when there are
new inputs.

Through Product or Process Organization

Products, in mechanical design, are divided into
systems, subsystems, components, parts, and
materials (Figure 9). In electrical design, circuits
are divided into smaller subcircuits. Typically,
most designs can be divided into perspectives
as well as into configurations (or mock-ups)
(Prasad, 1996). The focus of CE teams, during the
initial realization process, is on the holistic
elements of the PD” process design. The intent
is to design the configuration (conceptual mock-
up) first, before the perspectives are addressed.
In automobiles, aeroplanes or helicopters, for
example, perspectives might include aerody-
namics, weight, strength, aesthetics, vibration,
noise, etc. In mechanical design, a part might be
described as a function or as a drawing; and in
electrical design, a circuit might be described as a
schematic or as a physical layout. It is important
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Table 1.

Organization by table

Part number Cost Price Lead time BOM routing Planner code
ABC123 $30.00 $23.00 2 Months SAE1030 Drill, Machine
ABC456 $67.00 $45.00 1 Week Titanium EDM

to note that such decompositions are not discrete.
They are divided on the basis of:

e degree of independence;
e degree of compatibility;
e ability to provide complementary functions.

By decomposing a product into its constituents,
and a process into its activities in such a way that
their inherent dependencies are minimized, the
level of concurrency can be maximized.
Independence means that the strong interactions
occur within an individual constituent or an
activity itself. The weaker interactions occur
across its decomposed constituents or activities.
Pahl and Beitz (1991) and Suh (1990) used such
concepts in modelling the functional require-
ments of product design. If the constituents or
activities are inextricably related, such product
or process divisions are not good. They are
neither inherently compatible nor necessarily
complementary.

Through Part/Activity Classifications

Classification is a basic concept. Once informa-
tion is categorized, it can easily be found or
tracked. A classic example is a periodic table. By
categorizing the metals by their molecular
weights, an understanding of physical laws of
action and reaction is simplified. Another classi-
cal example of this is the library. All books in a
library are categorized. This makes it easy to find
a book on any topic, even though there are
millions of books stored on the shelves. Manu-
facturers commonly keep track of thousands,
even hundreds of thousands of parts, yet the vast
majority of companies do not have a classi-
fication system. Classification is one of the basic
scientific methods that can be used to understand
a true product mix.

Copyright © 2001 John Wiley & Sons, Ltd.

Methods of Classifications
Two most common methods of classifications
are:

(a) Organization by tablet: In this method of
classification, the variation of each item is cap-
tured in a tabular form (see Table 1). The advan-
tage of this approach is that the table provides
many different forms of sorting possibilities. For
instance, a column of the table can be sorted
based on a specific criteria. However, it results in
a large number of possibilities (e.g., part number)
if each item is varied independently.

(b) Organization by Properties: Generic properties
provide a logical group of common character-
istics (e.g., size, color, finish, tint) of a part, whose
individual properties differ only in amount or
types (e.g., cost, price, lead times) A template is
defined for each property, which uniquely
defines its characteristics using a set of condi-
tional rules or equations. Using this template, a
specific selection or variation for a property is
configured and evaluated as in Pugh (1991). The
template serves as a master database from which
specific versions are generated on demand.
Creators can control names, descriptions and
placement of properties. In addition, one can link
properties, thus allowing a way of grouping that
makes most sense. There is no need to store all
possible variation of the properties as in the table
in the previous example.

Once someone starts to understand the pro-
duct-mix that a company possesses or markets,
they can also begin standardizing the design and
process plans. Group Technology (GT) classifica-
tion provides an important organizational struc-
ture for process data. An article written by E. M.
Fisher, in Datamation Magazine, included this
quotation from B. Chandrasekharan, ‘classifica-
tion (of data) is perhaps the most universally
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applied generic task. By classifying, an expert
relates a single situation to a larger group of like
cases. Instead of remembering what to do in each
individual instance, you need only to remember
what to do in each class of situation.” The two
techniques for classifying objects are discussed in
the following subsections.

Classification Techniques

(a) Through group technology: Group Technology
(GT) is one of the oldest, yet most powerful,
classification techniques known to the manufac-
turing community. For manufacturers, GT cate-
gories are based upon a combination of the
following:

e the part's design geometry (what the part
looks like);

e functional descriptions (what the part does);

e manufacturing processes (how to make the
part).

GT classification techniques: Over the last two
decades, many different techniques have been
adopted in applying GT to manufacturing. The
goals, however, have always been consistent.
The basic methods of classifying parts are:
monocodes, polycodes, and hybrids.

1. Monocodes are hierarchical systems that build
relationships between features and attributes.
For example, valves can be divided into
subgroups, or types of valves (i.e., butterfly,
gate, etc.). These subgroups (types) are related
to the main group (valves).

2. Polycodes are not based on direct relationships.
An example of this is an ‘attribute,” such as
material, which can be applied to all groups
regardless of what the part is—whether it is a
valve or an electronic circuit card assembly.

3. Hybrid system effectively combines Monocode
and Polycode techniques. The team only has
to enter, maintain and update the logical
relationships that are needed in an entire hier-
archical system. Hence, it is easier and faster
to implement or change a hybrid system.

Group technology classification and coding
schemes can also be used as a basis for a design
retrieval system. This way, a GT retrieval system

Copyright © 2001 John Wiley & Sons, Ltd.

can provide a unified classification scheme
for both design and manufacturing situations.
However, GT provides more benefits to the
manufacturing community than what design
standardization provides to the design commu-
nity. With GT, both parts and assemblies can be
categorized. It is easy for anyone in the company
to retrieve and utilize the historical information
originally used to make or assemble a part. The
benefits are real. This is because, irrespective of
the techniques used, productivity improvements
have been realized by utilizing the company’s
existing information, even without building any
database or employing an experienced work

group.

(b) Through design standardization: Standardiza-
tion is another form of classification used by
design teams to improve the consistency of parts
being designed (Hales, 1993). Like GT, with
design standardization, workgroups can fre-
quently find and reuse existing designs rather
than redesigning the same part. Even when the
existing designs are not exactly right, design
standardization allows work groups to locate
similar designs that can be used as a starting
point or for knowledge gathering. This can
dramatically reduce the total design effort.
Further, it is not necessary to recheck the design
for all X-ability considerations since the stan-
dards ensure compliance with respect to many
features that are in common. Thus, this standar-
dization allows a concurrent team to share qui-
ckly proven design alternatives with other work-
groups (Zhang and Zhang, 1995), and redesign
the rest more quickly. From a CE perspective,
both approaches of classification provide a means
of standardization. GT is a tool primary known
for manufacturing standardization. Parts whose
features are the same need not be reanalyzed or
redesigned. Similarly, if a manufacturing process
plan is obtained for a part, no further work is
required. The process plan stays the same for the
entire group of similar parts. Standardization
provides substantial benefits:

e eliminates unnecessary duplication of parts;
e controls excessive proliferation of new parts
and manufacturing processes;
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e reduces set-up time, work-in-process inven-
tory;

e reduces scraps, while improving the quality of
parts.

GT classification and design standardization are
prerequisites for concurrent product design
(Zhang and Zhang, 1995). With the help of these
tools, the problem is broken down into family of
subproblems, taking all active design and man-
ufacturing requirements into consideration.
Breaking down the problem into sub-problems
makes it easier to solve, because it is easier for
someone to deal with and understand a set of a
hundred parts than thousands of parts.

CONCLUDING REMARKS

The paper presents a number of product,
process, and methodology (PPM) systematiza-
tion techniques to reduce the inherent complex-
ity of the product development process. A
taxonomy-based CE process for systematization,
proposed in the paper, simplifies the problem
domain into a smaller number of concurrent sets,
which are easy to deal with and solve. The four-
stage PPM methodology explained in the body of
this paper helps to manage the specifications
towards an integrated product development. It
balances the optimal use of 7Ts (talents, tasks,
teamwork, techniques, technology, time and
tools) resources against the risk of changing the
concepts through iterations and loops while the
product is being evolved.

The four-stage methodology can be applied to
any new product introduction scenario, or to any
problem set having a deviation from its initial
specifications. This can also be used to tackle a
continuous improvement opportunity. PPM sys-
tematization ensures that everything possible
will be done to apply the 7Ts resources in the
most effective manner.
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