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This paper describes a method for improving commonality in a highly customized low
volume product line whose members were originally developed one at a time to meet
specific customer requirements. Rather than focusing on redesign of the entire product
line, which can often be cost prohibitive, the method is part of a strategy to redesign a
limited set of component parts that have the highest potential for cost savings. The
method involves a four-step methodology: (1) determine an optimal component solution
for each member artifact of an existing market segment grid, (2) test the feasibility of
using each optimal component as a platform for the other artifacts, (3) formulate an
optimization problem around the feasibility statistics whose solution is a product platform
portfolio, and (4) solve the optimization problem for the platform portfolio that can span
the existing market segment grid most cost effectively. The proposed method is applied to
an example involving the redesign of actuator mounting yokes for an existing set of valves
that are used in nuclear power plants. The methodology shows promise for determining a
product platform mix that maximizes cost effectiveness yet meets performance
requirements. �DOI: 10.1115/1.2829889�
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Introduction
Commonality is recognized as an effective way to achieve

conomies of scale and scope, and product families have been
uccessfully employed by various companies such as Sony �1�,
lack & Decker �2�, Lutron �3�, and Airbus �4� to address the
hallenge of providing variety for the marketplace while maintain-
ng commonality between products. A product family is a group of
elated products that share common features, components, and
ubsystems, yet satisfy a variety of market niches. The set of
ommon parameters, features, or components that remain constant
rom product to product within a given product family is referred
o as the product platform. The product platform provides the
asis for the product family, which is derived through the addi-
ion, substitution, or exclusion of one or more modules from the
latform �5–9� or by scaling the platform in one or more dimen-
ions �10–14�. In product platform design, it is common to map
verall design requirements into an appropriate market segmenta-
ion grid �2�, as shown in Fig. 1. The grid allows for identification
f potential leveraging opportunities for the product platform to
atisfy effectively a variety of market segments. It is traditional to
mploy horizontal, vertical, and beachhead approaches as illus-
rated in Fig. 1 to enable effective platform leveraging both within
nd across different market segments.

A company’s product line could be based totally or in part on a
roduct platform portfolio, which is a collection of product plat-
orms that covers the entire market segment grid. A design process
entered on a product platform portfolio could result in a cost-
ffective product development system that can provide the variety
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that the market demands. An agile manufacturing system com-
bined with a well-designed portfolio can efficiently and proac-
tively change to meet future demand.

In most research, the product platform portfolio and the design
and platform variables are established prior to detailed design;
however, there has been research involving optimization prior to
detailed platform design �15�. Some research endeavors to distin-
guish between design variables, which change with each family
member, and platform variables, which are constant within the
family �16–18�. For instance, D’Souza and Simpson �16� employ
a nondominated sorting genetic algorithm �GA� to optimize the
balance between commonality and performance. Effectively, this
optimizes the extent to which the design variables cover the tar-
geted market segments. de Weck, et al. �19� present a method to
determine the optimal number of product platforms to maximize
overall product family profit with simplifying assumptions. The
method is demonstrated for a hypothetical automotive vehicle line
that is required to fill seven market segments. The portfolio can
vary from one to seven platforms: The seven-platform case corre-
sponds to no leveraging while the single platform case corre-
sponds to the maximum leveraging possible. The method com-
putes the profit for each portfolio from the set of seven, and
chooses the one that yields the highest profit as the optimal one; a
three-platform portfolio is determined to be optimal for their ex-
ample. Fujita and Yoshida �20� advocate the simultaneous design
of multiple products. Assuming a modular architecture, they pro-
pose a simultaneous optimization method for both module com-
bination and module attributes of multiple products. The method
considers cost, profit, commonality, and similarity, and hybridizes
a GA and a mixed-integer programming method with a branch-
and-bound technique, and a constrained nonlinear programming
method. This is an extension of other work �21� where optimiza-
tion of module combination and module attributes is treated sepa-
rately. In other research, product family selection is optimized

based on a performance loss function �22�, or optimization is
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Downloa
ased on combining business and engineering decisions �23�. In a
aper involving modular architecture artifacts, a GA-based
ethod is used to optimize module sharing and creation of new
odules �23�. In the work by Hernandez et al. �24�, the goal is to
inimize the impact of commonality on performance using the

oncept of space of customization.
Development of the method proposed in this paper is motivated

y the need to improve commonality in a highly customized low
olume product line whose members were originally developed
ne at a time to meet specific customer requirements, as it can be
ifficult to achieve and maintain commonality. When a product is
nique, it results in high development and production costs that
re difficult to predict, and in long and uncertain production times.

manufacturer of these products may eventually develop a qua-
istandard product line, but since the line is designed one custom
roduct at a time, the full spectrum of product offerings is rarely
eviewed to ensure that it is optimal for the business �25�. Focus-
ng on custom products can result in “a failure to embrace com-

onality, compatibility, or standardization” �26�, leading to a pro-
iferation of products and parts with increasing costs and
verhead. The failure potential increases by degree for highly cus-
omized product lines and is even greater for small firms.

Redesign of a “one-at-a-time” product line can be cost prohibi-
ive, especially for a small firm. However, what may be justifiable
s a strategic redesign of a limited set of component parts that
ave the highest potential for cost saving. A component part rede-
ign effort can employ the product platform approach, and when
pplied across the market segment, a component platform portfo-
io results.

This paper presents a method for optimizing a component plat-
orm portfolio so that market segment grid platform leveraging is
aximized. It assumes a product line already exists that fits into

n existing market segment grid, and the objective is to redesign
ndividual components that are common to all members of the
roduct line but lack commonality between the members. The
ethod does not rely on the traditional leveraging strategies �hori-

ontal, vertical, and beachhead�, as no constraints are imposed on
he leveraging strategy. The goal is to minimize manufacturing
ost by minimizing the number of component platforms required
o span the market segment grid without sacrificing product per-
ormance or customer perceived variety, but this can be challeng-
ng because it involves a trade-off between minimum cost and

aximum performance. An important precursor is a design
ethod that can determine component design parameters that op-

ig. 1 Market segmentation grid and platform leveraging strat-
gies †2‡
imize performance for a single artifact from the market segment
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grid. The proposed method is described in detail in Sec. 2 as a
four-step process. In Sec. 3, an example involving the design of
yokes on nuclear grade valves is presented that follows the four
steps. Section 4 gives closing remarks and discusses the example
problem results and potential future work.

2 Proposed Method
The preexistence of design artifacts that make up a market seg-

ment grid is assumed. The artifacts should have a common com-
ponent, each of unique design that is to be designed or redesigned
with the goal of maximizing commonality throughout the market
segment grid. Improved commonality is achieved through the de-
sign of component platforms, where each platform forms the basis
for common component design for a group of artifacts. Then,
several platforms are required to address all components in the
grid, and this collection of platforms is defined as the component
platform portfolio. The ultimate goal is to determine the compo-
nent platform portfolio that optimizes the commonality and per-
formance of the family in the market segmentation grid.

As a precursor, we assign an ordinal �i� to each artifact in the
market segment grid. Then, the grid is symbolized by an array �S�
with n members, and the elements of S contain sequential num-
bers from 1 to i to n. At a minimum, a design strategy must exist
that can be implemented on artifact i to determine optimal critical
component design parameters �Xi

*�, which yield an optimal objec-
tive function �Fi

*�. Description of the four steps in the proposed
method follows.

Step 1: Determine an optimal component solution for each
member �i� in the market segment grid. Each solution consists of
an optimal objective function �Fi

*�, an array of optimal design
variables �Xi

*�, an array of design value constraints associated
with performance �Pi�, and an array of constraints �Bi� associated
with the upper and lower bounds on Xi. The Xi

* array and the
means to reformulate the constraint equations Bi and Pi are saved
for subsequent steps. The method assumes that the optimal prod-
uct platform portfolio consists of a subset of the resulting optimal
designs. This step mimics the two-step approach first advocated
by Nelson et al. �27� and then refined by Fellini et al. �14,28� who
first optimize the individual products—to determine what the best
possible performance is for each product when there is no
commonality—before optimizing the family of products �i.e., their
commonality�, which is performed in Steps 3 and 4 of our
method.

It is not necessary that the resulting designs are globally opti-
mal, as this can be difficult to achieve and prove in general prac-
tice because of problem complexity such as ill-behaved function-
ality or quickly changing market needs. Rather, what is required
are feasible designs along with a method for assessing feasibility
of design variable constraints and performance constraints. For
instance, it is acceptable to start with existing artifact component
designs as long as the method exists or is developed and the
existing designs are feasible. Generally, the goal of any engineer-
ing design problem is to obtain and employ the best available
solution, and in this paper, the term “optimal design” is considered
synonymous with “the best available solution.”

Step 2: For each optimal component, test the feasibility of using
it as a platform on each market segment grid member. Assuming
that the bounds and performance constraints are in standard form,
i.e., the value of the constraint function is less than or equal to
zero when the constraint is satisfied, an optimal component �com-
ponent j� is a candidate component platform for a market segment
member �member i� when Eq. �1� is satisfied.

Xj
* � �Xi�Bi�Xi� � 0 and Pi�Xi� � 0� �1�

Given the n market segment members and the corresponding n
optimal components, �n2−n� tests are required, where n−1 com-
ponent feasibility tests are associated with each of the n market

segment members. Notice that testing a component against its
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wn source member is not required as its feasibility is assured in
dvance. Then, any one test involves inserting each component’s
ptimal solution design variables Xj

* into each market segment
ember i’s constraint equations Bi and Pi, and assessing whether

he constraints are satisfied. That is, Step 2 involves testing
hether Xj

* is a feasible solution to member i’s optimization prob-
em for all j not equal to i.

The best approach that results in efficient feasibility testing is to
xamine each member �i� in turn so that each optimization prob-
em from Step 1 is reformulated just once. In order to further save
omputing effort, we test each component �j� in two phases. In
hase 1, we test only the bound constraints �Bi�, and in Phase 2,
e test the remaining constraints �Pi�. The two-phase testing pro-

edure can save effort because bound constraint equations are
ypically simpler than performance constraint equations, which

ay involve complex analyses. For instance, performance con-
traint evaluation may require solving a complex finite element
odel to determine some physical parameter such as a stress

evel, a flow rate, or a frequency response to name just a few. It is
ikely that the required number of more expensive tests �Phase 2�
s only a fraction of the required number of Phase 1 tests, which is
−1. Then, despite the �n2−n� required tests, the method has
otential for successful application on problems with a large num-
er of artifacts. Similar two-phase approaches are used in other
isciplines when the computational expense of some analyses is
igh. In the aerospace community, for instance, lower fidelity
odels that are inexpensive to compute are first used to reduce the

esign space or identify a “reasonable” design space before invok-
ng higher fidelity models that are much more expensive to com-
ute to perform analyses in that reduced region �29,30�.

Step 2, Phase 1: Bound Feasibility Test. In Phase 1, the bound
onstraints are tested for feasibility without regard for perfor-
ance feasibility, and this postpones reformulation of the com-

lete optimization problem until needed during the Phase 2. For
ach artifact, n−1 bound tests are required, and what results is a
ollection of bound-feasible candidate component platforms. Let
he resulting number of bound-feasible candidates equal nB, then
his number can range from 1 �i.e., only the artifact’s own plat-
orm is feasible� to n �i.e., all candidate platforms are bound-
easible�, but it is probable that the resulting number is signifi-
antly less than n.

Step 2, Phase 2: Performance Feasibility Test. In Phase 2, only
he bound-feasible candidate component platforms from Step 1
re tested for performance constraint feasibility. Although evalu-
tion of performance constraints may involve costly computa-
ions, the effort is reduced since Phase 1 testing has eliminated
ound-infeasible candidates. Performance constraint equations
eed to be formulated only once for each artifact, and each bound-
easible candidate test is a load case that is solved for performance
easibility. What results is a further reduced set of candidates, let
t equal nP, that are both bound feasible and performance feasible,
nd nP can range from 1 �i.e., only the artifact’s own platform is
easible� to nB �i.e., all bound-feasible platforms are also perfor-
ance feasible�. Notice that if nP equals 1, any product platform

ortfolio must include this artifact’s component platform.
Step 3: Formulate an optimization problem to identify the com-

onent platform portfolio. From the previous step’s result, we
onstruct arrays of candidate platforms �Cj� for each optimal com-
onent �j�, then each Cj contains the grid member ordinals �i� for
hich the component �j� satisfies constraints. Then, the compo-
ent portfolio platform design variables �XP� consist of n ele-
ents, one for each component �j�. The value of a portfolio plat-

orm design variable �Xj
P� equals the index into the component’s

j array. Each element of XP is bounded from one to the size of
j. The design variables define which component is used as a
latform for each grid member such that the n used platforms are

P
iven by C�X �.
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The goal in the optimization process is to minimize the cost of
implementing the resulting component platform portfolio without
jeopardizing its ability to meet performance objectives. In general
then, achieving this goal involves a trade-off between cost and
performance, and the method assumes that a single trade-off met-
ric �T� can be formulated that adequately measures this objective.
Given the assumption from Step 1 that the component platform
portfolio consists of a subset of the optimal artifact component
designs, T can be expressed as a function of the used component
platforms given by C�Xp�. The generalized optimization problem
is thus stated as follows:

Minimize T�XP�
�2�

Subject to the upper and lower bounds on XP

The majority of product platform design methods assume that
maximizing commonality is a reasonable surrogate for minimiz-
ing cost �31�. If this assumption is employed, then any of the
commonality indices available in the literature �see Ref. �32� for a
recent review� can be used for the trade-off metric �T� when a
more sophisticated metric or cost model is not available. In fact,
Khajavirad and Michalek �33� recently argued that the common-
ality index �CI� introduced by Martin and Ishii �26� captures the
tooling cost savings of component commonality better than other
commonality metric. If we use this index as our starting point,
then an effective trade-off metric �T� for our problem is N—where
N is the number of unique ordinals in C�Xp�—since we are deal-
ing with a component platform �i.e., a single component that is
standardized across as many market segments as possible�. For
instance, if C�Xp� equals �1, 2, 1, 3, 2�, then N equals 3, and our
objective is to thus minimize N in order to maximize commonality
and reduce the number of unique component instances needed to
span the market segmentation grid. Future work should verify this
assumption about maximizing commonality when a suitable cost
model is available, and we are aware of no such studies in the
literature that have made this comparison.

Step 4: Solve the optimization problem. Finding a solution re-
quires a zero-order algorithm such as the simulated annealing
�SA� algorithm or the GA, which is capable of addressing integer
design variables. Given the optimal solution �T*�, the components
to use as platforms are given by the unique ordinals in C�Xp*�,
and the platforms to use for each grid member is given by C�Xp*�.

The solution to Eq. �2�, which is denoted as T*, can have two
extremes depending on the trade-off metric employed. If T is
taken as CI as discussed in the previous step, then the solution,
N*, denotes the number of component platforms needed to span
the market segmentation grid. The other extreme occurs when T is
so biased toward performance constraints that no commonality is
achievable. In this case, the resulting component platform portfo-
lio is defined by C�Xp*�= i for every artifact i, which is referred to
as the null platform �27� in that there is no suitable level of com-
monality within the product family for the market.

3 Example Problem
Implementation of the four-step process is demonstrated using

an example involving the design of yokes in a market segment of
nuclear grade valves. Before demonstrating the portfolio optimi-
zation process in Sec. 3.2, the fundamentals of valve operation
and valve design are discussed.

3.1 Valve Fundamentals. Valves are common components in
nuclear plant piping systems, and many of them are custom built
to respond to specific design and accident scenarios. The example
considers a targeted market segment consisting of automatically
actuated gate valves such as those shown in Fig. 2. Gate valves
are used to isolate flow, and they can accomplish this better than
most other valve types because �1� they are reliable due to their

simple design, �2� they require less actuator force while closing
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gainst flow, �3� they introduce minimal flow resistance while
pen, and �4� differential pressure across the gate aids in sealing
ff flow.

As an example, Fig. 3 shows a flex wedge gate in the closed
osition. Flow isolation and sealing are achieved through bearing
ontact between the gate and the seat ring that is welded into the
alve body. The actuator provides thrust to the gate and must
rovide enough force to overcome frictional and flow induced
rag and to wedge the gate into the seat. Once closed, differential
ressure can develop, which forces the gate against the seat on the
ownstream side of the valve. Then, both differential pressure and
edging forces are available to affect a seal between the gate and

eat. Often, differential pressure alone provides adequate seat
earing stress to seal. Due to design symmetry, a flex wedge gate
alve is bidirectional in that it can isolate flow moving in either
irection.

The actuator can be manually, electrically, pneumatically, or
ydraulically energized, and its function on a gate valve is to open
nd close the valve by raising and lowering the stem. The yoke is
ne of the valve components that often requires modification to
espond to specific customer requirements such as loading associ-
ted with an anticipated seismic event, sensor or control installa-
ion, and mounting and support for the specific actuator size and

ig. 2 Typical gate valves „courtesy of flowserve Corpora-
ion…: „a… Size 6, Class 900 flex wedge, „b… Size 8, Class 150 flex
edge, and „c… Size 4, Class 150 double disk
Fig. 3 Flex wedge gate valve sealing

31403-4 / Vol. 130, MARCH 2008
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type. As shown in Fig. 4, the yoke consists of top and bottom
mounting flanges joined by two legs. This example has a transi-
tion neck between the legs and the actuator mounting flange.

In our previous work �34�, we developed a product platform
portfolio for the yokes that mount the automatic actuators on the
nuclear grade gate valves using the product platform concept ex-
ploration method �PPCEM� �35�. The step-by-step application of
the PPCEM is demonstrated through the creation of product plat-
forms consisting of modular, scalable valve yoke cross sections
for use on the gate valves. First, the market segmentation grid is
constructed based on past sales data that sets a target range of
valve designs for the yoke redesign. A set of design parameters is
established that reasonably meet the past requirements of the tar-
geted segment to benchmark against the redesigned yoke cross-
section platforms. Parameters include actuator weight and center
of gravity, yoke construction material, yoke height, actuation load,
seismic load, allowed natural frequency of vibration, allowable
stress criteria, and operating temperature. In addition, a yoke cast-
ing pattern modular architecture has been proposed, as shown in
Fig. 5.

In subsequent work �36�, we introduced a prototypical web-
based specification system for the yokes. The platform leveraging
strategy was refined, more platforms were created, and a body
component was included to demonstrate how an entire valve ex-
ternal structure can be addressed.

Figure 6 shows the resulting leveraging strategy, which em-

Fig. 4 Solid model views of a typical yoke

Fig. 5 Modular platform pattern concept for yoke cross sec-

tions †34‡
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loys horizontal leveraging on two characteristics �size and class�.
n addition, horizontal leveraging is employed across two types of
ate valves: the flex wedge and the double disk. Note that this
everaging strategy was chosen simply by judgment, without con-
ideration of optimal cost effectiveness.

This previous work forms the basis for the market segmentation
rid and the platform design strategy employed in the example in
ec. 3.2. Here, we add one size �Size 12� and one class �Class
500� to the grid, and apply the proposed method in an attempt to
chieve optimal leveraging. In addition, the underlying platform
ptimization problem is refined such that platform solutions are
btained that better satisfy design criteria optimally. It is impor-
ant to realize that �1� a bottom-up platform approach �34� is em-
loyed in that an existing valve line is redesigned to improve
ommonality, and �2� the subject valve line involves low volume
emand yet can involve very diverse design requirements.

Then, the artifact addressed in this example is the valve, and the
ommon, but uniquely designed, component is the yoke leg for
ach valve. The existing artifacts contain yoke legs with variously
haped cross sections, and it is desired to design the legs based on
he common shape shown in Fig. 7. The figure shows the design
ariables, a, b, and c, that affect critical performance, including
alve fundamental natural frequency of vibration and yoke leg
tress. The valve market segmentation grid is defined by type,
onsisting of double disk �DD� gates and flex wedge �FW� gates,
ressure class, which relates to the allowable working pressure of
he process fluid, and size, which relates to the connecting piping
ominal size.

A realistic goal is to design the top and bottom interface flanges
or attachment of a component platform yoke to multiple artifacts
n addition to the design of yoke leg cross sections. This could be
ccomplished by incorporating a flange design cost model into the
rade-off metric resulting in a balance between the cost of inter-
acing a component platform with multiple artifacts and the sav-
ngs from component reuse. However, to demonstrate clearly the
our-step method without unnecessary complexity, we only con-

Fig. 6 Previous market segmentation grid leveraging †34‡

ig. 7 Generalized yoke leg cross section defining design

ariables a, b, and c
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sider commonality from yoke leg cross-section reuse. As noted
earlier when describing Step 3, we assume that maximizing com-
monality minimizes costs, and therefore, the example portfolio
optimization problem of Eq. �2� simplifies to minimizing N sub-
ject to the bounds on Xp. Despite the simplification, the resulting
solution gives interesting insight regarding maximum achievable
commonality, and is a valuable and necessary first step toward a
real-world solution.

3.2 Example Product Platform Portfolio Optimization.
The example uses Microsoft Excel™ to perform calculations and
store platform design parameters and a Microsoft Access™ data-
base to track optimization statistics. A single workbook contains a
spreadsheet of parameters for each member of the market segment
grid, and other workbooks contain macros used to access perfor-
mance and to conduct the optimizations. Table 1 is a pivot table
from the database that lists grid-defining parameters and shows
the ordinals that define the valve artifact members. As can be
seen, the grid consists of a total of 60 different valves.

Step 1: Optimal yoke leg cross sections. Each artifact’s yoke leg
cross-section size �defined by the design variables a, b, and c� was
optimized using Excel’s solver add-in. We desire the resulting
cross-section dimensions to be of a specified precision, i.e.,
lengths in 8th in. increments and angles in 5 deg increments, and
the integer programming capabilities of the Excel solver add-in
make this possible. The optimization problem for a single artifact
i �i=1, . . . ,60� is stated as follows:

Minimize Fi = �Ai�Xi� + �f1,i�Xi� + f2,i�Xi�� − ��1,i�Xi� + �2,i�Xi���
�3�

Xi = �ai,bi,ci�
Subject to

P1,i = �1 − f1,i�Xi�/fmin� � 0

P2,i = �1 − f2,i�Xi�/fmin� � 0

P3,i = ��1,i�Xi�/Smax − 1� � 0

P4,i = ��2,i�Xi�/Smax − 1� � 0

B1,i = amin,i − ai � 0

B2,i = ai − amax,i � 0

B3,i = ai + bi − rmax,i � 0

Xi � 0

i = 1, . . . ,60

The analyses relating each of the design variables �ai ,bi ,ci� to

Table 1 Sample of market segment grid artifact ordinals

Type Class

Size

3 4 6 8 10 12

DD 150 1 2 3 4 5 6
300 7 8 9 10 11 12
600 13 14 15 16 17 18
900 19 20 21 22 23 24

1500 25 26 27 28 29 30

FW 150 31 32 33 34 35 36
300 37 38 39 40 41 42
600 43 44 45 46 47 48
900 49 50 51 52 53 54

1500 55 56 57 58 59 60
the cross-sectional area Ai�Xi�, natural frequencies f1,i�Xi� and
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f2,i�Xi�, and yoke leg stresses �1,i�Xi� and �2,i�Xi� have been pub-
ished elsewhere �34� and are therefore not repeated here. For
ach artifact, the natural frequency constraint, fmin, is 33 Hz, and
he maximum allowable stress limit Smax is 26.25 ksi. Meanwhile,
he bound constraints on the design variables Bi ensure proper fit
f the yoke on the corresponding artifact and vary as summarized
n the table in Appendix A. Fit is governed by the size and type of
onnection such as a flanged or clamped connection, and the op-
imized yoke must conform to the artifact’s existing connection
esign.

By solving the optimization problem for each artifact, a set of
0 candidate component platforms results, one platform for each
rtifact, and any resulting product platform portfolio is a subset of
hese. The goal of each optimization is to minimize yoke leg
ross-sectional area, which effectively minimizes raw material
ost. The presence of the performance parameters in the objective
unction forces the solution to satisfy the performance constraints
s close as possible to their limits by effectively adjusting the
ross-section’s two-dimensional radius of gyration for required
trength with minimum area, which matches the intent of an ex-
ert valve designer. In addition, yoke design consistency is intro-
uced among the 60 artifacts in that all optimized yoke cross
ections have a common shape, and this increases the leveraging
otential of instantiating a single candidate platform yoke for sev-
ral artifacts.

Step 2: Feasibility testing. For any given artifact, only the can-
idate yoke component platforms that satisfy performance and
ound constraints for that artifact are feasible platforms for instan-
iation on that artifact. In Step 2, each of the 60 candidate yoke
omponent platforms is tested for potential �i.e., feasible� instan-
iation on each of the 60 artifacts. As proposed in the method, the
esting is conducted in two steps.

Step 2, Phase 1: Bound feasibility test. During the optimization
rocess in Step 1, optimal yoke leg parameters �ai, bi, and ci� and
ound constraints �B1,i, B2,i, and B3,i� for the 60 valves are stored
n a database table for use in this step. For the first test phase, each

ember is tested in turn for bound constraint feasibility with
ross-section parameter input equal to the optimal parameters
rom all other members. Each member requires 59 tests �the mem-
er’s own optimal parameters are feasible by definition�, and so a
otal of 3540 tests are required �=602−60�. If the bound con-
traints are satisfied, then that cross section represents a candidate
latform, and a “1” is assigned to a test result variable; otherwise,
0” is assigned. A star “�” is assigned to the test variable for a
ember’s self-parameter test. For each member, test results are

tored in a character string of length 60, and the sequential row
pon row combined results for the 60 valve members yields a
quare matrix of dimension 60, with 1’s or zeros off diagonal, and

Table 2 Five examples of Step 2 testing for A
applicable, and rmax=7.308 as noted in Appen

Component ordinal, i 1

Component design
variables, Xi

a 5.5
b 0.625
c 0.5236

Artifact
constraints,
B1–3, P1–4

Step
2a

B1 −2.058
B2

B3 −1.183
Step
2b

P1 −0.371
P2 0.0507
P3 −0.7236
P4 −0.8667

Test result 1
tars along the diagonal. Although many tests are required �3540�,

31403-6 / Vol. 130, MARCH 2008
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this substep takes little time because reformulation of the optimi-
zation problem is not required.

Step 2, Phase 2: Performance feasibility test. In Phase 2, each
candidate �i.e., those corresponding to a 1 from the matrix� is
tested to determine if the performance constraints �P1,i– P4,j in
Eq. �3�� are satisfied. Because performance constraints are in-
volved, reformulation of the optimization problem is required, but
only once for each artifact. Although, the reformulation can be
time consuming, the test needs to be conducted over only these
candidates—not every entry in the matrix. If the candidate meets
the constraints, then the test matrix entry is marked with “2.”
Once complete, the final candidates are those marked with 2.

For this example, the resulting matrix is shown in Appendix B.
Note that of the 3540 required Phase 1 feasibility tests, only 1250
tests are required during Phase 2; thus, only 35% of the candidates
need to be evaluated with the more expensive analyses in Phase 2.
Phase 2 testing yields 734 feasible candidates �those marked with
either 2 or ��.

Table 2 shows five examples of Step 2 feasibility tests for Ar-
tifact 15, which corresponds to the Size 6 Class 600 DD gate
valve according to the numbering scheme from Table 1. These
sample tests correspond to the boxed and shaded region shown in
Appendix B. The table includes data to verify the given bound
constraints, but notice that constraint B2 is not applicable for this
artifact �i.e., design variable a is unconstrained in the upper limit�.
As can be seen, candidate component Platforms 2 and 5 fail to
meet the bound constraints, and thus these two candidates are no
longer considered. Evaluation of the performance constraints for
the remaining Candidates 1, 3, and 4 involves determining valve
extended structure natural frequencies and yoke leg stress levels
�see Ref. �34� for more details on these analyses�. Although the
stress and natural frequency calculation details for the remaining
three candidates are not given, the table shows resulting perfor-
mance constraint values, which adequately demonstrates the
methodology. The table shows that only component Platform 3
meets all four performance requirements and earns a 2 in the
matrix as the final test result. As can be seen, the testing process is
straightforward, and further details are not really needed to illus-
trate the novel aspects of the proposed four-step method.

Step 3. Optimization problem formulation. The most innovative
part of the proposed four-step method involves optimization prob-
lem formulation, and adequate details are provided so that inter-
ested readers can replicate the results. The optimization requires
building candidate platform arrays from the matrix in Appendix B.
Using the first row as an example, 14 cross sections satisfy all
valve Ordinal 1 constraints; therefore, 14 is the size of the C1
array as well as the upper bound on XP

1. As another example, the
last matrix row 60 has four feasible cross sections such that the

P

act 15. For artifact 15, amin=3.442, amax is not
A.

2 3 4 5

2.625 3.5 4.75 3.125
0.75 1.125 0.625 1
.5236 0.5236 0.5236 0.6109

0.817 −0.058 −1.308 0.317
Not applicable

3.933 −2.683 −1.933 −3.183
Not
quired

−0.2697 −0.1798 Not
required−0.2354 0.3177

−0.5194 −0.5452
−1.012 −0.7415

0 2 1 0
rtif
dix

0

−

re
upper bound for X 60 is 4, and the candidate array �C60� is �29, 30,
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9, 60�; notice that the valve’s own cross section is included �60
n this case�, which should always be a condition.

The first three columns of the table given in Appendix C give
andidate arrays and the maximum allowed XP values for each
rtifact, which is the complete input required to set up the plat-
orm portfolio optimization problem. As discussed previously,
inimizing N is the objective �to maximize commonality�, where
is computed as the number of unique members of C�XP�, where

�XP� defines the component platform ordinals used to span the
arket segments. The next step is to solve the optimization

roblem.
Step 4. Solving the optimization problem. The optimization is

olved using a SA algorithm that is presented in Ref. �37�. The
tarting temperature was 10,000, the temperature reduction frac-
ion was 0.7, the number of temperature reductions was 5, the
umber of search cycles per temperature reduction was 120, and
he convergence criterion was set to 0.0001. The SA algorithm
onsistently converges to a feasible solution, but the resulting op-
imal number of component platforms �N*� varies from 7 to 12.

ore than 50 different runs were performed before declaring N*

7 the maximum achievable commonality. The nature of this in-
onsistency requires additional investigation; however, it does not
iminish the utility of the proposed four-step method since all of
he solutions offer improved commonality over the existing prod-
ct line �i.e., from 60 different yoke legs for each artifact to 7
omponent platforms�.

In addition to the inconsistency, use of the SA algorithm is
omputationally expensive, but the expense is offset by the sim-
licity of the example portfolio objective function. One run for
his example takes about 10 min on a 1.8 GHz PC running Win-
ows XP Professional™ and requires about 1,500,000 function
alls, which could be reduced by using less conservative param-
ter settings in the SA. For comparison, the number of function
alls required by an exhaustive search equals the product of all the
pper bounds of the XP array, which, for this example, is greater
han 2.7E+58 evaluations based on the maximum XP column in
ppendix C. Additional work is needed to reduce the number of

unction calls by the SA algorithm, in particular, and for solving
his optimization problem, in general. Parallel computing tech-
iques could also be employed as the problem is easily parallel-
zable for different market segments.

The last two columns from the table in Appendix C give two
*=7 optimal solutions, where the optimal XP array and the cor-

esponding used platforms C�XP� are given. In addition, Tables 3
nd 4 contain pivot tables on the left that graphically define the
olutions, and the numbers in the tables correspond to the unique
ource component platform ordinals and descriptions listed on the
ight. The tables help reveal patterns: For instance, both solutions
mploy Platforms 30, 37, and 47, which are shown shaded, and
latform 30 can be used in at least ten different artifacts, which
epresents a significant gain in commonality.

Table 3 Component platform portfolio Solution 1

ype Class
Size

Ordinal Cross Section Qty3 4 6 8 10 12

D 150 23 37 48 29 48 30 23 10-900-DD 7
300 29 29 29 23 47 23 29 10-1500-DD 11
600 37 48 29 47 30 30 30 12-1500-DD 10
900 23 37 29 23 23 30 37 3-300-FW 9
1500 37 23 30 30 29 30 44 4-600-FW 3

W 150 37 37 48 48 47 29 47 10-600-FW 8
300 37 37 29 48 48 47 48 12-600-FW 12
600 37 44 48 47 47 48
900 44 44 48 47 30 30
1500 48 47 29 48 29 30
In addition to the multiple solutions noted earlier, the corre-
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sponding platform ordinals can vary widely between solutions;
however, all of the results are feasible. A good reason for the
varied results is this: Given that a certain platform is suitable for a
given valve, that valve’s cross section may be suitable for the
platform’s valve and also for many of the valves that use the
platform. In other words, the platforms can have a “reflexive”
property in that it may be possible to switch a used platform for
the platform of one of its users. At first glance, some of the lever-
aging apparent in the solutions does not seem viable. For instance,
use of Platform 48 �from the Size 12, Class 600 FW gate valve�
on Valve 55 �the Size 3, Class 1500, FW gate valve� seems dis-
crepant; however, this is a verified possibility. A reason for the
discrepancy is that the underlying valve artifacts are currently
lacking in commonality, as no smooth transition in yoke mounting
parameters exists among valve sizes, pressure classes, or types.

4 Closing Remarks
The proposed four-step product platform portfolio optimization

method shows promise for determining a component platform mix
that maximizes commonality within an existing product line. The
given example involving redesign of a single component that is
used by all members of an existing product line is the first attempt
at employing the proposed method. The example involves an ex-
isting market segmentation grid that is fully populated, and the
entire grid is addressed; however, the method can be applied to a
partially full grid as well. For instance, the procedure could be
used to redesign a component that is common to only a portion of
the artifacts in a market segmentation grid, and these artifacts
could have random placement within the grid. Although the
present method may be limited to problems similar to the ex-
ample, variants may emerge for the general design or redesign of
multiple components in an emerging or existing product platform
portfolio.

Trade-offs between cost and commonality were not explicitly
considered in this example, and their consideration could improve
the overall cost effectiveness of the resulting component portfolio,
as the minimum number of platforms that satisfy the constraints
may not be the most economical to implement. To be effective,
the trade-off metric should capture the cost of using the compo-
nent platform portfolio relative to the cost of using the existing
unique components. The metric should consider costs due to such
things as new tooling, raw material, machining, and setup, or the
benefit due to such things as reduced overhead, and savings in
reduced time to market. In addition, the metric should include
sales volume in order to assess payback time, as in general, a
component platform portfolio will not be profitable until a suffi-
cient sales volume is realized.

Based on this, future work suggests implementing a general
complementary method for constructing a trade-off metric that
considers cost. Proper modeling of costs may help improve con-

Table 4 Component platform portfolio Solution 2

Type Class

Size

Ordinal Cross Section Qty3 4 6 8 10 12

DD 150 47 20 51 26 51 47 20 4-900-DD 5
300 26 26 26 26 47 47 26 4-1500-DD 12
600 37 26 26 30 30 30 30 12-1500-DD 13
900 47 20 26 47 30 30 37 3-300-FW 5

1500 37 26 30 30 30 30 45 6-600-FW 4

FW 150 20 20 45 45 26 47 47 10-600-FW 13
300 37 20 45 26 26 47 51 6-900-FW 8
600 37 51 45 47 47 51
900 37 51 51 47 30 30

1500 51 47 47 51 30 30
sistency of results, or further research efforts may lead to other
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echniques for improving consistency. In addition to the solution
nconsistency challenge, other potential work is to develop an
lgorithm that explores changing chosen platform parameters such
hat fewer platforms are required yet portfolio performance is not
ompromised.
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omenclature
a � yoke leg cross-section inside radius �design

variable�
A � yoke leg cross-section area
b � yoke leg cross-section thickness �design

variable�
Bi � boundary constraints for grid member i
c � yoke leg cross-section angle �design variable�

Cj � candidate platforms for grid member i
f1 , f2 � valve primary mode natural frequencies
fmin � minimum allowed natural frequency

Fi
* � optimal objective function for grid member i
i � market segment grid member ordinal
j � optimal component ordinal for grid member i
n � number of market segment grid members
N � number of used platforms

N* � minimum required number of used platforms
Pi � performance constraints for grid member i
S � market segment grid ordinal array

SA � allowable stress
T � trade-off metric for platform portfolio

optimization
Xi � candidate component platform design variables

for grid member i
Xi

* � optimal component platform solution for grid
member i

XP � platform portfolio design variables
XP* � optimal platform portfolio design variables

�1 ,�2 � yoke leg critical stresses

ppendix A: Step 1, Artifact-Specific Constraints

andidate
rtifact # amin amax rmax

5.4345 7.818 n/a
1.5 3 n/a

3.0875 4.85 n/a
4.7125 6.475 n/a
3.0665 5.141 n/a
5.8595 8.243 n/a
3.547 5.0005 n/a
3.672 5.1255 n/a
3.922 5.3755 n/a
31403-8 / Vol. 130, MARCH 2008
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Candidate
artifact # amin amax rmax

10 4.7125 6.475 n/a
11 5.504 7.5785 n/a
12 5.5875 7.35 n/a
13 1.8125 n/a 4.3125
14 2.665 n/a 6.775
15 3.442 n/a 7.308
16 5.14 n/a 9.86
17 5.69 n/a 11.43
18 6.5635 9.5665 n/a
19 2.005 n/a 7.245
20 1.625 3.125 n/a
21 3.573 n/a 6.927
22 5.5875 7.35 n/a
23 5.82 n/a 12.56
24 7.773 10.467 n/a
25 2 3.5 n/a
26 4.6915 6.766 n/a
27 5.701 8.0845 n/a
28 6.5665 8.641 n/a
29 4.81 n/a 11.07
30 4.125 n/a 16.125
31 1.25 2.75 n/a
32 1.3125 2.8125 n/a
33 2.4625 4.225 n/a
34 3.107 5.4905 n/a
35 3.4795 6.793 n/a
36 3.9415 6.016 n/a
37 1.375 2.875 n/a
38 1.5 3 n/a
39 3.3375 5.1 n/a
40 3.3375 5.1 n/a
41 3.0665 5.141 n/a
42 5.5875 7.35 n/a
43 2.16 n/a 4.02
44 2.4065 n/a 5.0305
45 3.8435 n/a 6.0935
46 3.7655 n/a 7.7035
47 5.82 n/a 9.06
48 2.625 4.125 n/a
49 2.062 n/a 4.188
50 2.595 n/a 5.215
51 3.5 n/a 7
52 4.31 n/a 8.57
53 5.375 n/a 10.375
54 5.815 n/a 11.315
55 2.6875 n/a 6.4375
56 2.82 6.016 7.28
57 2.594 n/a 8.718
58 3.1875 4.6875 n/a
59 3.56 n/a 12.82
60 4.115 n/a 14.155
ppendix B: Step 2, Example, Feasibility Test Matrix for Yoke Leg Example

*00002000022000220000220002200000000000002000020000002020000
0*0000000000220000220000200000112000210000120000020000200000
00*110111100001000002000010000000011001110001202102200002220
200*02000222000020000020020020000200000000000020000022020022
0021*0111100002000002000020020000012001120002202102200002220
11212*111112111222112222122222111212111112112222112222212222

000200*22200002000002000020020000022002220002202000200000220
0002000*2200002000000000020020000022002220002202000200000220
00020000*200002000000000020020000222002220000002000220000022
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200202000*22000020000020020020000200000000000020000022020022
0000020000*2000220000220002200000000000002000020000002020000
00000100001*000220000220001200000000000002000020000002010000
010020100000*10000110000100000111000210000110000110000200000
2022221112222*2000002000120020001212001220002202222200222200
10210211111200*020002020020020000212001120002222002220010220
100001000011000*20000110001102000100000001000020000022010002
0000010000010001*2000112001102000000000001000020000002000000
00000000000000000*000100001102000000000000000000000000000000
212122111122212020*12020120020111212211120112222122220222220
0200200000002200002*0000200000112000210000120000020000202000
10010111111200100000*000020020000111001110002202000220010220
000001000012000220000*20001200000000000002000020000002010000
0000010000000002020002*2001202000000000002000020000002000000
00000000000000000100000*000002000000000000000000000000000000
012020000000220000210000*00000111000210000120000222000202000
1001010001120002200002200*0020000100000002000020000022010022
00000100000200022000022000*202000000000002000020000002000000
000000000000000000000100001*02000000000000000000000000000000
1000010000110001110001110011*2000100000001000010000011010001
10010100011100011100011101111*000111001001000011000111010011

020000000000020000220000000000*20000220000220000000000200000
0200000000000200002200000000002*0000220000220000000000200000
01202022200022200020200020000000*000010220122202222000202200
002110111100001000002000020020000*12001110002202102220002222
2022021112220022200022200200200002*2001222002222002222020222
10010100111200102000000002002000021*001110000022000222010022
010000000000210000110000000000110000*10000110000000000200000
0200000000002200002200002000001120002*0000220000020000200000
00220011120000200000200002002000002200*220002202002200000220
200102001122002020000000020020000212001*20000022000222020022
0021201111000020000020000200200000120011*0002202102200002220
00000100001100022000011000120000000000000*000020000002010000
020000000000220000220000200000112000220000*20000220000000000
0120201110002220002020001000000010000112201*2000222000202000
00010000110000200000000002000000001200112000*202000200000000
100101001111001220000110011020000111001111001*21000220010022
0000010000000001000001100011000000000000010000*0000002000000
01101011100011100000100010000000100000011001120*112000102100
010020000000220000210000100000111000210000120000*20000200000
0120201110002220000020002000000010200022200220002*2000202200
10110111111100102000100001002000011100111000120200*220010220
100101000111000220000120011220000111001002000020000*22010022
1000010000110001120001100011020001000000010000100000*2010000
00000100000000010100011200110200000000000100001000000*000000
102110111110111000002000110000001111001110001202112200*12200
1021221111222020200020001200200012120011200022221122200*2220
11111111111111122000111011122000111100111201122111222211*222

001000111000001000001000000000000011001110001202102200000*00
1001011111110011110011110111220001110011110011110001110101*1
10010100011100011100011101112200011100100100001100011101002*

ppendix C: Steps 3 and 4 Example, Optimization Setup and Solution

rtifact
rdinal Candidate platforms �C�

Max XP

index

Solution 1 Solution 2

XP* C�XP*� XP* C�XP*�

1,6,11,12,16,17,22,23,27,28,42,47,54,56 14 8 23 12 47
2,13,14,19,20,25,33,37,44,50,55 11 8 37 5 20

3,21,46,48,51,52,57,58,59 9 4 48 5 51
1,4,6,10,11,12,17,23,26,29,34,47,53,54,56,59,60 17 10 29 9 26
3,5,15,21,26,29,36,41,45,46,48,51,52,57,58,59 16 11 48 12 51

3,5,6,12,16,17,18,21,22,23,24,26,
27,28,29,30,34,36,42,45,46,47,
48,51,52,53,54,55,57,58,59,60

32 16 30 22 47

4,7,8,9,10,15,21,26,29,35,36,39,40,41,45,46,48,52,58,59 20 9 29 8 26
4,8,9,10,15,26,29,35,36,39,40,41,45,46,48,52,58,59 18 7 29 6 26
4,9,10,15,26,29,34,35,36,39,40,41,48,52,53,59,60 17 6 29 5 26
ournal of Mechanical Design MARCH 2008, Vol. 130 / 031403-9
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rtifact
rdinal Candidate platforms �C�

Max XP

index

Solution 1 Solution 2

XP* C�XP*� XP* C�XP*�

0 1,4,6,10,11,12,17,23,26,29,34,47,53,54,56,59,60 17 8 23 9 26
1 6,11,12,16,17,22,23,27,28,42,47,54,56 13 11 47 11 47
2 12,16,17,22,23,28,42,47,54 9 5 23 8 47
3 5,13,37,55 4 3 37 3 37
4 1,3,4,5,6,10,11,12,13,14,15,21,

26,29,34,36,40,41,45,46,48,
49,50,51,52,55,56,57,58

29 21 48 13 26

5 3,6,12,15,17,21,23,26,29,34,36,41,45,46,47,48,51,52,53,58,59 21 9 29 8 26
6 16,17,30,47,53,54,60 7 4 47 3 30
7 17,18,24,30,47,54 6 4 30 4 30
8 18,30 2 2 30 2 30
9 1,3,5,6,11,12,13,15,17,19,21,23,

26,29,34,36,37,41,45,46,47,48,
50,51,52,53,55,56,57,58,59

31 12 23 21 47

0 2,5,13,14,19,20,25,33,37,44,50,55,57 13 9 37 6 20
1 12,21,26,29,45,46,48,52,53,58,59 11 4 29 3 26
2 12,16,17,22,23,28,42,47,54 9 5 23 8 47
3 16,18,22,23,24,28,30,42,47,54 10 4 23 7 30
4 24,30 2 2 30 2 30
5 3,5,13,14,19,25,37,44,49,50,51,55,57 13 7 37 7 37
6 12,16,17,22,23,26,29,42,47,53,54,59,60 13 5 23 6 26
7 12,16,17,22,23,27,28,30,42,47,54 11 8 30 8 30
8 28,30 2 2 30 2 30
9 29,30 2 1 29 2 30
0 30 1 1 30 1 30
1 2,14,19,20,31,32,37,38,43,44,55 11 7 37 4 20
2 2,14,19,20,31,32,37,38,43,44,55 11 7 37 4 20
3 3,5,7,8,9,13,14,15,19,21,25,

33,40,41,44,45,46,48,49,50,
51,55,57,58

24 18 48 16 45

4 3,21,26,29,34,36,45,46,48,51,52,53,57,58,59,60 16 9 48 7 45
5 1,3,4,6,10,11,12,15,16,17,21,

22,23,26,29,34,35,36,40,41,
42,45,46,47,48,51,52,53,54,

56,58,59,60

33 24 47 14 26

6 12,17,26,29,34,36,47,48,52,53,54,59,60 13 4 29 7 47
7 13,37,55 3 2 37 2 37
8 2,13,14,19,20,25,33,37,38,43,44,50,55 13 8 37 5 20
9 3,4,10,15,21,26,29,35,36,39,40,41,45,46,48,51,52,58,59 19 7 29 13 45
0 1,6,11,12,15,17,26,29,34,36,40,41,47,48,52,53,54,56,59,60 20 14 48 7 26
1 3,5,15,21,26,29,36,41,45,46,48,51,52,57,58,59 16 11 48 5 26
2 16,17,28,42,47,54 6 5 47 5 47
3 2,13,14,19,20,25,33,37,38,43,44,49,50 13 8 37 8 37
4 3,5,13,14,15,19,21,40,41,44,45,49,50,51,55,57 16 10 44 14 51
5 15,26,36,41,45,46,48,52 8 7 48 5 45
6 16,17,29,46,47,52,53,59,60 9 5 47 5 47
7 47,54 2 1 47 1 47
8 46,48,51,57 4 2 48 3 51
9 5,13,14,19,37,44,49,50,55 9 6 44 5 37
0 3,5,13,14,15,21,25,35,39,40,41,44,45,49,50,51,55,57,58 19 12 44 16 51
1 17,29,46,48,51,52,53,58,59 9 4 48 5 51
2 16,17,23,28,29,42,47,52,53,54,59,60 12 7 47 7 47
3 18,30,53,54 4 2 30 2 30
4 24,30,54 3 2 30 2 30
5 3,21,46,48,51,52,55,57,58 9 4 48 5 51
6 3,5,6,11,12,13,15,17,21,26,29,

34,36,41,45,46,47,48,51,52,
53,56,57,58,59

25 17 47 17 47

7 16,17,28,29,42,46,47,51,52,53,54,57,58,59,60 15 4 29 7 47
8 46,48,51,52,58 5 2 48 3 51
9 29,30,59 3 1 29 2 30
0 29,30,59,60 4 2 30 2 30
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