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Modelling the Costs and Benefits of Delayed

Product Differentiation

Hau L. Lee ¢ Christopher S. Tang

Stanford Unwersity, Department of Industrial Engineering and Engineering Management, Stanford, California 94305
University of California at Los Angeles, John Anderson Graduate School of Management, Los Angeles, California 90024

xpanding product variety and high customer service provision are both major challenges

for manufacturers to compete 1n the global market. In addition to many ongoing programs,
such as lead-time reduction, redesigning products and processes so as to delay the point of
product differentiation 1s becoming an emerging means to address these challenges. Such a
strategy calls for redesigning products and processes so that the stages of the production process
in which a common process is used are prolonged. This product/process redesign will defer
the point of differentiation (i.e., defer the stage after which the products assume their unique
identities). In this paper, we develop a smple model that captures the costs and benefits asso-
ciated with this redesign strategy We apply this ssimple model to analyze some special cases
that are motivated by real examples. These special cases enable us to formalize three different
product/ process redesign approaches (standardization, modular design, and process restructuring)
for delaying product differentiation that some comparues are beginning to pursue Finally, we
analyze some special theoretical cases that enable us to characterize the optimal pomnt of product
differentiation and derive managerial insights

(Product / Process Redesign; Product Differentiation; Mathematical Models)

1. Introduction

Companies with expanding product varieties are faced
with 1ncreasing problems in getting accurate demand
forecasts for different products, controlling the prolif-
eration of inventory, and providing high service for the
customers. To compete 1in the world market, product
variety 1s needed for marketing and sales promotions.
However, product variety has a significant impact on
inventory level and service performance. In this paper,
we are not concerned with the marketing issue of prod-
uct portfolio (We refer the reader to Fisher (1992) for
an excellent overview on product portfolio and to Child
et al. (1991) for a comprehensive discussion of how a
company can reorganize its operations and strategies to
address the issue of product variety.) Instead, we con-
sider a situation in which the company has determined
its product portfolio, and we focus on the evaluation of
a powerful concept that some companies are beginning
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to pursue (Lee (1993 and 1996)). This concept is to re-
design the product or the production process so that the
point of differentiation (1.e., the stage after which the prod-
ucts assume their unique identities) is delayed as much
as possible. (The concept of delayed product differen-
tiation was first introduced 1n the marketing literature
by Alderson (1950).)

Delaying the point of differentiation implies that the
process would not commit the work-in-process into a
particular finished product until a later point. This
product / process redesign would increase the “flexibil-
1ty”” of the process to cope with the market uncertainties
and Jower the mventory for the same target service
level. Delayed product differentiation through prod-
uct/process redesign offers such an opportunity. In
many cases, multiple end-products may share some
common components or processes at the initial stages
of the production process. At some point in the process,
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specialized components or processes are then used to
customize the work-in-process (which was a generic
product up to that point in the process) into the different
end-products. Such a pomnt 1s usually known as the
point of product differentiation. The concept of delayed
product differentiation has been used quite extensively
in the logistics and distribution side of business. The
reader is referred to Shapiro and Heskett (1985), van
Doremalen and Fleuren (1991), Zinn and Bowersox
(1988), and Zinn (1990) for various examples in which
the point of product differentiation is deferred.

There would, of course, be some fixed and variable
costs associated with product/process redesign for de-
layed product differentiation. Depending on the situa-
tion, the unit processing cost and the unit mventory
holding cost may increase as a result of such redesign.
The reader is referred to Lee and Billington (1994) for a
detailed discussion on various cost drivers associated
with delayed product differentiation. The benefit of
delayed product differentiation in the form of inven-
tory reduction or service improvement 1s actually quite
similar in many aspects to the pooling effect of multi-
echelon mmventory systems (Eppen and Schrage (1981),
Federgruen and Zipkin (1984), and Schwarz (1989))
In the context of multiechelon inventory systems, a cen-
tral warehouse procures products and in turn supples
multiple retailers Lee (1996) described a model that
captures the inventory reduction of delayed product
differentiation that 1s essentially an adaptation of the
multiechelon inventory system The model, however,
assumes that no buffer stocks are held until the end of
production process. Hence, the only possible inventory
savings of delayed product differentiation would come
from the reduction of finished goods mventory Indeed,
Lee (1994) showed that this 1s always the case, and that
the savings are greater in cases where the demands for
the different products are negatively correlated. A real
example of delayed product differentiation by means of
deferring the localization process for the deskjet printer
at Hewlett-Packard (HP), where inventories are kept in
finished goods form, is reported 1n Lee et al. (1993).

The current paper complements the model developed
by Lee (1996) in the following ways. First, Lee’s model
assumes that no buffer stocks are held until the end of
the production process (1.e., only finished goods mven-
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tories are allowed), while ours allows for holding in-
ventories at different points of the process. Second, the
focus of Lee’s paper is to show that the finished goods
inventory can be reduced as a result of delayed product
differentiation. In this paper, we develop a model that
mcorporates other factors that would normally be af-
fected by delayed product differentiation. These factors
mnclude the design cost, processing cost, inventory cost
at intermediate stages, lead times, etc In addition, we
discuss cases in which these cost factors may outweigh
the benetit of delayed product differentiation, and
hence, it may not be worthwhile to delay the product
differentiation Third, Lee’s model is based on a general
concept related to delayed product differentiation,
while this paper offers specific approaches (such as
standardization, modular design, and process restruc-
turing) that serve as enablers for delayed product dif-
ferentiation that some companies have used. Moreover,
we present examples based on these approaches and we
develop a simple model for generating some basic mn-
sights regarding the conditions under which delayed
product differentiation could be effective.

In this paper, we formalize three basic approaches
for delayed product differentiation that some com-
panies have used. These approaches are (1) standard-
1zation; (2) modular design; and (3) process restructur-
ing. First, standardization refers to using common
components or processes It has many advantages. 1t
reduces the complexity of the manufacturing system,
it increases the ““flexibility’” of use for the work in pro-
cess inventories, and it improves the service level of
the system (due to risk-pooling) Next, modular de-
sign refers to decomposing the complete product into
submodules that can be easily assembled together. It
enables the manufacturer to delay the assembly op-
eration of certain “‘product-specific modules” so that
the point of product differentiation 1s delayed. The
current trend towards standardization and modular-
design makes such redesign process much more fea-
sible (Ulrich (1991), and Ulrich and Tung (1991)).
Third, process restructuring refers to resequencing
process steps in making a product. In some cases, 1t
1s quite possible to delay the assembly operation of
certain ““product-specitic components’” by restructur-
ing the manufacturing process so that common pro-
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cess steps shared by multiple products are performed
before the product specific process steps.

This paper is organized as follows. In the next §, we
first develop a simple model to capture the costs and
benefits associated with this process redesign strategy
Our model is intended for strategic planning rather than
tactical planning. For this reason, we shall not model
the detailed issue related to production planning and
inventory control. Section 3 illustrates how our model
can be applied to analyze some special cases motivated
by real examples These examples enable us to formahze
three different product/process redesign approaches
(standardization, modular design, and process restruc-
turing) that some companies are beginning to pursue.
In §4, we consider some special theoretical cases by im-
posing additional assumptions to our model Then we
analyze the optimal point of product differentiation,
and derive managerial insights from the properties of
the optimal point of product differentiation. This is fol-
lowed by some concluding discussions and suggestions
for future research.

2. The Model

To simplify the exposition of our model, we shall con-
sider an existing manufacturing system that produces
two end-products, where each end-product requires
processes performed 1n N stages (The same approach
can be extended to the case of multiple products ) The
manufacturing system has a buffer that stores the work-
in-process 1nventory after each operation (or each
stage). Throughout this paper, we shall use the term
“stage’” and the term “operation” interchangeably The
operations are numbered in ascending order To focus
on the issue of delayed product differentiation, we shall
focus on a system in which the first k operations are
common operations to both products (Figure 1) We shall
refer to operation k as the last common operation.
Throughout this paper, the products are considered to
be “distinct’” after the last common operation k (in the
sense that the products require distinct operations after
operation k). These distinct operations customize the
products for different market segments.

As described in the introduction, the intent of this
paper is to model a design concept that is known as
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Figure 1 Products 1 and 2 Assume Their ldentity After Operation
D,
k+l1 N
1 2 k
D,
k+1 N
Legend O operation, D buffer

delayed product differentiation (Lee (1993)). While there
are many ways to delay product differentiation, we
shall restrict our attention to the case in which one can
delay the product differentiation by deferring the last
common operation k (increasing the value of k). Thus,
we shall use the expression “‘delay the product differ-
entiation” and the expression “defer the last common
operation k"’ interchangeably

Consider the following extreme cases. First, suppose
the decision maker decided to have specialized product
line for each product Then there is no common opera-
tion (k = 0). Next, because the products are different,
one can delay the product differentiation by having at
most N — 1 common operations. Therefore, the last
common operation k can vary between 0 and N — 1, e,
0 = k = N — 1. The extreme case where there 1s no more
distinction between the products, i.e., k = N (universal
product), is not considered here.

Our model is a discrete time model. For each of the
products i, where i = 1, 2, we assume that the demand
of product  at the end of period ¢ 1s denoted by anii.d
random variable D,(t), where D, (t) is normally distrib-
uted with

E(D,()) = p,, Var(D.(t) = o7,
fort1=1,2,and (2.1)
Cov(Dy(t), D:(D)) = poioo. (2.2)
The normal assumption seems to be appropriate for
products with high volumes. Notice that p represents
the correlation of D,(#) and D,(t), where —1 = p = 1.
For notational convenience, we let:
o = WVar[D,(t) + Do(D] = Vlo? + 2p0i02 + o3l
2.3)
It is easy to check that o, = o, + 0, for any p and that
o, decreases as p decreases.
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In order to evaluate the implications of delaying
product differentiation; i.e., deferring the last common
operation k, we shall develop a simple expression for
the total relevant cost. The total relevant cost for a given
system that has operation k as the last common opera-
tion includes the total investment cost for redesigning
the product/process such that the manufacturing sys-
tem has k¥ common operations, the total processing
costs, and the total imnventory costs.

To develop a simple expression for the total relevant
cost, we first assume that “‘sufficient’”” buffer inventories
are held at each buffer located .mmediately after each
operation (i.e., high service level at each stage) so that
the entire system can be “decoupled” into N single-
stage systems. Because high service level at each buffer
reduces the interaction between stages (due to the rare
occurrence of starvation or stockouts), it 1s adequate to
control the production “locally”” for each of the N stages.
Such assumption is reasonable when the service level at
each intermediate stage is sufficiently high, say, 90 per-
cent or higher. We feel that high service level at each
intermediate stage, say, 90 percent or higher, 1s a rea-
sonable assumption for the following cases. First, high
service level at each intermediate stage is called for
when substantial value is added in each stage; for in-
stance, aircraft manufacturing, jewelry manufacturing,
and many other high technology manufacturing pro-
cesses (The reader 1s referred to van Houtum and Zijym
(1991) and Lagodimos (1992 and 1993) for detailed dis-
cussion on the impact of value added operations on the
optimal service level.) Second, high service level at each
intermediate stage has now been view as an “internal”
quality measure, which 1s known as “internal guaran-
tee’”” (Hart 1995).

High service level at each intermediate stage justifies
the local production control of each stage. As a simple
way to approximate the average inventory level at each
buffer, we also assume that the safety stock at each buf-
fer is replenished each period according to an “order-
up-to level” policy (Silver and Peterson 1979) Better
approximations of average mventory level can be ob-
tained by using other methods presented 1in van Don-
selaar (1989), de Kok (1990), Lee and Tang (1993), and
Wijngaard and Wortmann (1985). However, these
methods do not result in close-form expressions and are
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more suitable for production planning Because the fo-
cus of our paper is to analyze the managerial implica-
tions of three different product/process redesigns for
delaying product differentiation, we shall keep our
model simple. For this reason, we assume that the safety
stocks are replenished according to an order-up-to level
policy. For simplicity, we shall restrict our attention to
the case in which the service levels for different buffers
are the same. This assumption 1s reasonable when man-
agement 1s concerned about stockout at each buffer In
any event, the same approach can be applied to the case
in which the service levels are different for different buf-
fers. Finally, we assume that the quality of the output
at each stage will not be affected by delayed product
differentiation. This assumption 1s not uncommon, es-
pecially when management has strong commitment in
quality and would only consider delayed product dif-
ferentiation 1f the quality would not suffer. It is possible,
however, that processing costs would be higher with
delayed product differentiation so as to ensure the same
quality standard of the outputs

Let S, be the average investment cost per period (am-
ortized) if operation 1 became a common operation.
Note that 1t 1s possible to have S, < 0. For mnstance,
consider the case when standardization of operation :
means that a common part 1s used for both products
and that we order this common part from a single ven-
dor Then the overhead cost could be reduced and hence
S, <0

Let n,(k) be the lead time of operation : when opera-
tion k is the last common operation Let p,(k) be the pro-
cessing cost per unit associated with operation 1 when
operation k 1s the last common operation. Let k,(k) be
the inventory holding cost for holding one unit of in-
ventory at buffer : for one period when operation k 1s
the last common operation

Let z be the “‘safety factor”” associated with the service
level for each buffer (Suppose that a buffer faces nor-
mal demand with mean u and standard deviation o and
that the buffer replenishes 1ts stock by following the or-
der-up-to-level policy Then the average on-order (WIP
or “in-transit’’) inventory 1s equal to nu and the average
“buffer” mventory is equal to /2 + zov(n + 1), where
n 15 the lead time of this stage (Silver and Peterson
1979) To simplify the exposition of the model, we shall
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assume that the (WIP or in-transit) inventories are val-
ued as the same as the output of each stage For this
reason, we shall apply the same safety factor z for each
of the buffers in the system.

Let Z(k) be the total relevant cost per period for the
case when operation k is the last common operation It
follows from (2 1)-(2 3) that Z(k) can be expressed as:

k N
Z(ky =25, + X p () + o)

i=1 i=1

N
+ 3 b, ([, () (e + p2)]

1=1

A
+ 3 1O + p2) /2 + 2o (n, (k) + 1]

=1

N
+ Y O + p2)/2

1=k +1

+2(0, + oV, (k) + 1). (2.4)

Notice that the first term on the right hand side rep-
resents the total average investment cost per period,
the second term corresponds to the total processing
cost per period, the third term represents the total
“WIP or in-transit” inventory cost, and the fourth and
fifth terms represent the total “buffer” inventory cost
per period when operation k is the last common op-
eration. In this case the optimal last common operation
k* = argmin{Z{k): 0 = k = N — 1}.

3. Three Product/Process Redesign
Approaches for Delaying Product

Differentiation

In this § we shall use the expression for the total relevant
cost Z(k) to analyze some special cases that are moti-
vated by real examples. These examples enable us to
formalize three different product/process redesign ap-
proaches (standardization, modular design, and pro-
cess restructuring). These approaches are 1illustrated by
examples that are motivated by real cases observed in
industry. However, these examples have been simpli-
fied to hughlight the key tradeoffs.

3.1. Standardization of Components
This example is motivated by our industrial experience
at a major computer manufacturer that manufactures
two type of printers: black ink (mono) and multicolor
ink (color) printers (Due to the functionality of these
two products, the demands for the two products in each
period are negatively correlated } The manufacturing
process of the mono and color printers consists of three
major steps: printed circuit board assembly (PCA), final
assembly and test (FA&T), and final customization
(Customization). At each step, different components are
used for different end-products. Hence, we can view the
manufacturing of mono and color printers as two dis-
tinct processes. Thus, in our notation, N = 3, and k = 0
for the case when none of the processes 1s standardized.

Delayed product differentiation could be achieved by
etther standardizing the PCA stage, or standardizing
both the PCA and the FA&T stages. Standardizing the
PCA stage requires the standardization of a key com-
ponent, known as the head driver board, for both the
mono and the color printer Due to technical difficulties,
the investment and the unit cost for the “common’” head
driver boards are relatively high. However, the lead
time 1s not affected when the head driver board 1s stan-
dardized. Next, standardizing the FA&T stage requires
also the standardization of a key component at that
stage, namely, the print mechanism interface. This 1s a
relatively simple task. Because the company manufac-
tures the print mechanism interface inhouse, there 1s
actually a strong incentive to standardize the print
mechamsm interface so as to exploit the benefits of
economies of scale. In addition, the lead time is not af-
fected with the FA&T stage standardized.

In this case, S, > 5. > 0, n,(k) = n, for each 1, and the
processing cost can be specified as:

pik)=p, for all : when k=0 3.1)

In addition,
pky=p,+B if 1=k and k=1, 3.2)
pk)=p, if 1>k and k=1 (3.3)

The term B, = 0 captures the additional material
and processing costs when operation 1 is standardized.
Because the common head driver board 1s much more
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difficult to develop and to process, #; > 8, = 0 Next,
the unit inventory holding cost can be specified as:

h(k)=b, for all : when k=0. (3.4)
In addition,
hK)=b + (6, +b+ - +06)
for i=k and k=1, (3.5)
hK)=b + (b6 +bo+ - -4 8)
for i>k and k=1. (3.6)

Notice that b, captures the cumulative value added at
each operation 1 Therefore, it is reasonable to assume
that b, is nondecreasing in i. In addition, we let 6, = 0
represent the ““additional value added” at stage : when
it 1s standardized. In our example, the value of the com-
mon head driver board is high. Therefore, 6; > 0. Be-
cause 1t does not require significant effort to standardize
the print mechanism 1nterface, 6, = 0 By substituting
(3.1)-(3.6) into (2.4), we can evaluate the total relevant
costs Z(0), Z(1) and Z(2) Let us compare Z(1) and
Z(0) It can be shown that:

Z(1) ~ Z{0)

=S5+ 6,y + po) +36,((py + 2)/2)

3 \

+ 61(py + Nz)(Z ",)

1=1 7
+28(0 + o)W + 1) + V(1 + 1]

+ 2V + DI, + 000 — bi(oy + )], (3.7)

The first five terms on the right-hand side represent the
incremental cost incurred when we standardize the first
stage (PCA stage) The sixth term corresponds to the
potential savings due to reduction of inventory at the
buffer located immediately after the first stage. How-
ever, the fifth term [(b, + 6,)01, — b1(o, + 02)] could be
positive when 4, 1s large enough. In this case, the incre-
mental costs clearly outweigh the potential savings.
Hence, we have Z(1) > Z(0)} Hence, it may not pay to
delay product differentiation when the standardization
of parts 1s costly. In addition, since Z(1) > Z(0), the
optimal k* = Qor k* = N -~ 1 = 2, 1 e,, one should either

MANAGEMENT SCIENCE/Vol 43, No. 1, January 1997

standardize both PCA and FA&T stages or none. (Fig-
ure 2 depicts these two scenarios.) However, in the
event when Z(1) < Z(0), then one needs to compare
Z(1) with Z(2) to determine the optimal pomt of differ-
entiation.

3.2. Modular Design
This example is motivated by our interaction with a
manufacturer that manufactures dishwashers in differ-
ent colors For illustrative purposes, we consider the
case 1n which the manufacturer produces two types of
dishwashers: black or white. In addition, the manufac-
turing process can be grouped into three major steps:
(1) fabrication; (2) integration and shipping; and (3) dis-
tribution Basic components such as motors, basic cr-
cuit boards, racks, plastic parts, chassis, and metal
frames (black or white) are produced at the fabrication
stage. At the integration and shipping stage, motors, ca-
bles, control panels, and the basic components are as-
sembled to produce working dishwashers. Then these
dishwashers are shipped to different distribution cen-
ters. At the distribution stage, the dishwashers are dis-
tributed to different warehouses. Because the metal
frames with different colors are assembled 1n the second
stage, the dishwashers are differentiated after the first
stage In our notation, N = 3,k =1

Delayed product differentiation could be achueved by
modular design of the metal frames. Specifically, con-
sider the case when the metal frame 1s divided nto 2

Figure 2 Standardization of Parts

—> Mono Printer

PCA FA&T Customization
: ;C A FA&T

Na Delayed Product Differentiation

;(‘A - FA&T
Customization

With Delayed Product Differentiation

Legend O operation, D buffer

> Color Printer

QO

Customization

—> Mono Printer

Customization

> Color Printer
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“modules”: a generic metal frame, and a plastic panel
that specifies the color of the dishwasher. With this
modular design, the manufacturer would produce and
ship a generic dishwasher without the plastic panel. The
distribution centers hold the plastic panels of different
colors, and are responsible for “inserting’” the plastic
panels to the generic dishwashers to specify the color of
each dishwasher. In this case, by letting the distribution
centers handle an “additional’”” operation, we can delay
the pomnt of differentiation from k = 1 to k = 2. (Figure
3 depicts these two scenarios.)

For the base case (i.e,, when k = 1), letn,(1) = n,, p,(1)
= p,, h,(1) = b, for each i. Since stage 2 includes both
the assembly operation and the shipping operation, n,
> n; Next, when k = 2, let S, be the investment cost
when the metal frame is divided into two modules.
Since this design is relatively simple, S, 1s relatively
small. Since there is no significant change in the oper-
ations at the first two stages, the only change in the cost
parameters occurs at the third stage. Specifically, the
only changes are: n3(2) = n; + a, p3(2) = p3 + 8, and
h3(2) = by + &, where « = 0 represents the “‘additional
time”” for inserting the plastic panels at the distribution
centers, § = 0 represents the additional material costs
associated with the plastic panels, and ¢ ~ 0 represents
the additional inventory holding cost per unit due to
the plastic panels at the distribution centers. By substi-
tuting these cost parameters into (2.4), we can compare
the total relevant costs associated with the modular de-
sign Z(2) to that of the base case Z(1). It can be shown
that.

Z(2) — Z(1)
=S+ Bl + p2) + 6(py + p2)/2
+ [(n3 + aX(b; + 8) — naby](py + o)
+ zbolo1, — (o1 + o)W, + 1) + z(a, + 03)
X [(bs + V(s + & + 1) = byl(my + D] (3.8)

The first four terms and the sixth term on the nght rep-
resent the cost incurred due to the modular design of
the metal frame. However, the fifth term zby[o,, — (0,
+ o)Wy + 1) highlights the savings in inventory cost
due to modular design. In our example, asa = 0, 8 =~ 0,
6 =~ 0, S, is small, and n, is large, it 15 quute likely that
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Figure 3 Modular Design of Parts

Black dishwasher
Integration Distnbution
+ Shipping
White dishwasher
Integration Distribution
+ Shipping
Before Modular Design of the Metal Frame
Black dishwasher
Distribution
+ Panel assembly
Fab. Integration
+ Shippmg White dishwasher

Distribution
+ Panel assembly

After Modular Design of the Metal Frame

Z(2) < Z(1). This implies that it pays to delay the prod-
uct differentiation (from stage 1 to stage 2) when the
lead time of stage 2 is long (i.e., when n; > 0), or when
the additional module is simple to handle (i.e., when o
~ 0 and 8 ~ 0), or when the modular design of the
parts is relatively inexpensive (1.e., when § ~ 0 and S,

3.3 Process Restructuring

We present two examples. The first example deals with
a situation in which delayed product differentiation 1s
achieved by “postponing” an operation downstream.
The second example is based on a case in which delayed
product differentiation is achieved by “‘reversing” the
order of two operations.

A. Postponement of Operation. This example is
drawn from the manufacturing and distribution of a
family of electronic devices as described in van Dore-
malen and Fleuren (1990). (Notice that van Doremalen
and Fleuren (1990) present an approach for evaluating
different designs of distribution network. Their analysis
concentrates on reducing both time and inventories by
delaying the product differentiation and by selecting
other modes of transport.) For illustrative purposes, we
shall consider the case of two end-products. The elec-
tronic devices are composed of four basic components.
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body, control panel, monitor, and technical manual.
Currently, body and control panel are manufactured at
a central production center, where these components
are then bundled with the monitors and technical man-
uals to form different end-products. The end-products
are then shipped to a central supply center, from where
the end-products are distributed to the sales organiza-
thions

The supply chain of these products consists of three
stages (1) manufacturing of components at the pro-
duction center, (2) bundling of components into end-
products at the production center, and (3) distribution
at the supply center. Because the bundling is performed
at the second stage, the products are differentiated after
the first stage. In our notation, N = 3, and k = 1

An alternative 1s to “postpone” the bundling opera-
tion downstream by bundling the components into dif-
ferent end-products at the supply center instead of the
production center. In this case, generic products are
shipped from the production center to the supply center
for bundling. Hence, the product differentiation 1s de-
layed from k = 1 to k = 2. We can view this alternative
as a simple way to delay product differentiation (as 1l-
lustrated 1n Figure 4). In this case, the first stage remains
the same (1.e., manufacturing of the components) How-
ever, the second stage becomes a non-value-added ac-
tivity (shipping activity), adding no value to the prod-
ucts The third stage now consists of both bundhing and
distribution at the supply center.

For the base case (1.e.,, whenk = 1), let n,(1) = n,, p,(1)
=p, h(1) = b, for each 1. Clearly, b; < b, < b, Because
stage 2 includes both bundling and shipping operations,
1, > n,. Next, when k = 2, let S, associated with the
investment cost when the bundling operation 1s “’post-
poned” to stage 3. Because bundling of components into
an end-product 1s a relatively simple activity (van
Doremalen and Fleuren 1990), S, 1s relatively small. Be-
cause there is no significant change in the operation in
the first stage, the only change in the cost parameters
occurs at the second and third stages. Speafically, when
k = 2, stage 2, as a shippmg activity, becomes a non-
value-added activity. For this reason, we have m,(2)
=1, — a, p2(2) = p, — B, and h,(2) = b, Notice that «
represents the lead time for the bundling operation and
B corresponds to the processing cost associated with the

MANAGFMENT SCIENCE/Vol 43, No 1, January 1997

Figure 4 Process Restructuring: Postponement of Operation
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bundling operation. When postponing the bundling op-
eration to stage 3, we have n3(2) = n; + a, p3(2) = p;
+ B, and h;(2) = b; By substituting these cost parame-
ters 1into (2.4), we can compare the total relevant costs
Z(2) and Z(1). It can be shown that:

Z(2) - Z(D
=S, + [(by — boyns + (s — by al(p + w,)
+ (by — b))y + p2) /2
+2lbyr N Ot — a + 1) = by(oy + 020, + 1)]
+zby(o, + o)W +a+ D =¥, + DI (3.9)

The first term and the fifth term on the right hand
side represent the cost incurred when the bundling op-
eration 1s postponed to stage 3 We can mterpret the
second, third, and fourth terms as the savings in the ““in-
transit” and “‘buffer” inventory costs when the bun-
dling operation 1s postponed to stage 3 It can easily be
seen that this savings increases as b, increases. This im-
phes that one can obtain a bigger savings from inven-
tory cost if one can delav a high value-added activity.
In our example, as b, < b,, and S, is relatively small,
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hence, 1t is quite likely that Z(2) < Z(1) when « is small
enough. This implies that it pays to delay the bundling
operation from stage 2 to stage 3. Asanuma (1991) re-
ports that some Japanese automakers have developed
similar strategies by delaying the bundling of “optional
packages” from the factory to the car dealers.

B. Reversal of Operations. This example 15 drawn
from Dapiran (1992) and Harvard Business School Note
(1991), which report ways in which Benetton, an Italian
apparel manufacturer, addresses the problem of prod-
uct proliferation. The traditional process of sweater
making consists of three major stages. (1) dyeing; (2)
knitting; and (3) distribution. At the dyeing stage, raw
materials of white yarns are dyed into different colors
The dyeing operation 1s a batch operation in which a
large quantity of white yarns is submerged into differ-
ent pools of dyes. After the dyeing stage, the colored
yarns are then knitted into sweaters at the knitting
stage. At the knitting stage, certain operations such as
cutting or trimming are performed by machines and
others such as inspection, labeling, and packaging, etc.,
are performed manually. Relatively speaking, the pro-
cessing time per sweater required by the dyeing oper-
ation is much shorter than that required by the knitting
operation, because the dyeing operation is a batch pro-
cess The finished sweaters are shipped to different dis-
tribution centers. In our notation, N = 3 and k = 0.

An alternative is to reverse the operations in the first
two stages. For this alternative, all sweaters are knitted
out of a white yarn at the first stage Then the sweaters
are dyed 1nto different colors in the second stage. In this
case, the color of the sweater is not specified until the
second stage. Hence, we can view this alternative as a
simple way to delay product differentiation from k = 0
to k = 1 (as illustrated in Figure 5)

For the base case (i.e.,, when k = 0), let

n(0) =n, p0)=p, H(0)=b+s,
hz(o) - b + (S] + (52,
h’;(o) = b + é] + 52 + 53.

In this case, b represents the inventory cost for the raw
material and é, represents the value added at stage 1.
Because the lead time of the dyeing operation 1s much
shorter than the knitting operation, n, < n,. However,
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the value added during the dyeing stage 1s higher than
that of the knitting stage because of the large capital
investment required by the dyeing machines. In this
case, we have 6, > 9,.

Next, for the case when k = 1, let S, be the investment
cost when the dyeimng operation and knitting operation
are reversed. Because the reversal of these two opera-
tions 1s refatively simple, 5; is relatively small. Because
there is no significant change in the operation in the
third stage, the only change in the cost parameters oc-
curs at the first and second stages, which have been re-
versed In our example, we have

m(l) = n,, m(l) =mn, pi(1) =p,, po(1) =p,
h](l):b+62, hz(l):b‘.‘éz""é],

By substituting these cost parameters into (2.4), we can
compare the total relevant costs Z(1) and Z(0). It can be
shown that:

Z(1) - Z(0)
= S + (&my — S )y + o)
+ (6, — 0y + p2) /2
+2[(b + 8o\, + 1)
— b+ 6)ay + oW + 1)]

+2(b + b + 6oy + 02)

x W + 1) =V, + DI (3.10)
By rearranging the terms, 1t can be shown that

Z(1) — Z(0)
= S + (bony — &) gy + pio)

+ 26)(0y + oV + 1) + (8, — 6y + ) /2
+ 2V(ny + DI + 6o,

~(b+ 6 + &)o + o)l (311)

The first term and third term on the right represent
the cost incurred when the dyeing operation and the
knitting operation are reversed Since 6, < 6y, 1, < 1,
and oy, = (0 + 0,), we can interpret the second term,
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Figure 5 Process Restructuring: Reversal of Operations
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fourth term, and fifth term as the savings in “WIP" and
“buffer’” inventory costs when the dyeing operation and
the knitting operation are reversed. These savings in-

creases as M, increases or as (6, — 0-) increases. This
mmplies that one can obtain a bigger savings from in-
ventory cost 1f one can reverse a short operation at an
early stage (11;) with a long operation at a later stage
(n,). One can obtain additional savings in inventory cost
if one can reverse a high valued-added operation at an
early stage (6;) with a low value-added operation at a
later stage (9.). In our example, as 6; > 6, = D and S, 1s
small Hence, 1t 15 quute hkely that Z(1) < Z(0) when n,
is large enough. This imphes that it pays to reverse the
operations that result in delayed product differentia-
tion

In this §, we have examined different examples that
utilize three different approaches for delaying product
differentiation. In addition, we have used the simple
expression of the total relevant cost to analyze the im-
plications of each of these approaches. These implica-
tions can be summarized 1n Table 1.

4. Special Cases

We now consider some special theoretical cases in
which the lead time and the unit inventory holding cost
will not be affected when the point of differentiation is
delayed. However, there would be an investment cost

Table 1 The Implications of Three Basic Approaches for Delayed Product Differentiation

Basic Approach

Redesign Process for Delaying Product Differentiation

Conditions for Effectiveness

Standardization Design a part that 1s common to all products Effective when the investment cost and
incremental processing cost required for
standardization are low

Moduiar Design Divide a part into 2 modules—the first module 1s a The number of modules increases However, this

common part and the assembly operation of the

second module 1s deferred

approach s effective when the incremental
lead time, incremental processing cost and
unit inventory holding cost are low

Process Restructuring
Postponement of Operation
second step 1s postponed

Divide an operation into 2 steps—the first step 1s
common to all products and the execution of the

Effective when the lead time of the common step
15 significantly fonger than the second step
that 1s being delayed In addition, this
approach 1s effective when the second step i1s
a high value-added activity

Process Restructuring
Reversal of Operations

Reverse the order of 2 operations As a result, the
first operation is common to all products

Effective when deferring the high valued-added
operation by reversing the operations

MANAGEMENT SCIENCE/ Vol 43, No 1, January 1997
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S, incurred if operation i became a common operation.
In addition, there would be incremental processing/
material costs §, if operation 1 became a common op-
eration. In such a case, the cost parameters are given as
follows: n,(k) = n, and h,(k) = h, for all 1, and p,(k) = p,
+ B, for i = k and p,(k) = p, for i > k. Substituting these
cost parameters into (2.4), the total relevant cost asso-
ciated with the last common operation k, Z(k), can be
expressed as

k N k
ZE) =X S + X plp + p2) + 2 By + po)

1=1 =1 1=1

N
+ 2 hlnl(l‘l’l + /-1'2)

=1

k
+ Y Wl + p2)/2 + zoul(n, + 1))

=1

N
+ 2 hl(u + p2)/2

1=k 41
+ 200y + oV, + DI (@D
In this case, it is easy to see that
Zk + 1) — Z(k)
= Sknt + Bl + o)
+ 2(01 = (01 + oD V(e + D1 (42)

Notice that the first two terms on the right represent the

incremental cost when we delayed the point of differ-

entiation from k to k + 1. However, the third term z(o

— (01 + o)A V(.1 + 1)1 highlights the “savings”

in inventory cost due to delayed product differentiation
Let

Glk) = 1Zk + 1) = Z(O] — [Z(k) — Z(k — D]
Equation (4.2) enables us to express G(k) as
Gk = [Sie1 — S + (py + By — Bil
+ z(oy; —~ (o, + 03))
X [heVOun + D= hltn, + D] (43)

It follows from the definition of G(k) and equation (4 2)
that the total relevant cost Z(k) is concave if G(k) < O for
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1=k=N-—1,and Z(k) is convex if G(k) = O for1 = k
= N — 1. It is difficult to characterize the optimal last
common operation in general. However, consider the

following cases:
Case A

[Sl+] - SI] + (/-‘Ll + l"’2)[6l+1 - ﬁz]
= —z(o;; — (o1 + 02))
X [, + 1) = b, + 1] foralls

In this case, Z(k) 1s concave. Hence, the optimal last
common operation is located at one of the extreme
points, i.e., k* = 0 ork* = N — 1, depending on the value
of Z(0) and Z(N — 1)

Case B:

(S0 = S+ (g + w)B1 — B
= ~z(oy; — (o) + 03))
X [hoW + 1) — hy(n, + D] for all 1.

In this case, Z(k) is convex 1n k. Hence, the optimal last
common operation k* is given by:

k* = Min{N — 1, Mintk: Z(k + 1)
—Zk) =0, k=0}}. (44)

The following Proposition summarizes the properties of
k* when Z(k) is convex in k:

PROPOSITION 1. Suppose that S,, 8, and h, = 0 for all
i and that Z(k) i1s convex in k. Then (a) k* increases as p
decreases; (b) k* mcreases as h,\/(n, + 1) ncreases for all i;
(c) k* decreases as S, increases for all 1, (d) k* decreases as
B, increases for all 1; and (e) k* increases as (py + po) de-
creases.

PrROOF. The proof is given in Appendix A

Proposition 1 has the following interpretation. Since
the term (o, — (o + 03)) = 0 and it decreases as p
decreases, the ““savings” in inventory cost z{o, — (o,
+ o )h.V(n,,, + 1)] increases as p decreases (ie, as
the demands of the end-products become more ‘‘nega-
tively correlated’”). To take advantage of the increase in
the inventory savings, it is desirable to defer the last
common operation. This observation explains property
(a) Next, as the term h,\/(n, + 1) increases for all i,
one can obtain a higher savings in inventory cost by
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deferring the last common operation. This 1s reflected
in property (b).

On the other hand, when the cost of standardizing an
operation S, increases, property (c) imphes that it is not
cost effective to invest in delaying the differentiation of
the products. Similarly, when £, increases (or when the
incremental processing cost associated with delayed
product differentiation increases), property (d) sug-
gests that 1t 1s not cost effective to invest in delaying the
differentiation of the products. Finally, as the total av-
erage demand (u, + u,) decreases and the variances and
covariances of the demand remain the same, the effec-
tive demand 1s more variable. In this case, property (e)
suggests that 1t is more cost effective to defer the last
common operation.

Let us consider the three additional special cases:

Casel: S5,=S5,8,=8,andh, =hforl=1=N-1,
and n, = n for all 1.

In this case, the cost of standardizing an operation S,
the incremental processing cost 3,, and the inventory
cost h,, are constant for operations 1 through N — 1.
However, 1t 1s possible to have hy > h, for:=1,.. ,N
— 1. This situation can occur when the first N — 1 op-
erations are of inspection nature that do not add any
significant value to the products. However, the last op-
eration N could be an assembly operation that adds sig-
nificant value to the unit at buffer N

When S, =85,8, =8,h =h,andn, =nforl=:1=<N
— 1, 1t can be easily checked from equation (4.3) that
G(k) = 0 for all k. Hence, Z(k) 1s concave and the optimal
last common operation k* is either 0 or N — 1. From
(4.1), 1t can be shown that

Z(N = 1) — Z(0)
=(N-DIS+ (i + u2)B
+ zhl(oy — (07 + o) Wn + DI (4.5)

Equation (4.5) has the following implications:

(a) k* = 0 when S + (4, + w)8 = —zhl{o; — (0,
+o)N(n + 1), and

(b) k*=N-1whenS + (,LL] + llz)ﬁ < _Zh[(o'lz - (o
+ o) Wn + 1).

The term S + (u, + ) corresponds to the additional
investment cost when we defer the last common opera-
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tion by an additional operation, and the term —zh[(o;,
~ {0y + o)N(n + 1) can be interpreted as the savings
in inventory cost when we defer the last common oper-
ation by an additional operation. In this case, implica-
tions (a) and (b) have the following interpretation: if the
additional investment cost exceeds the savings in inven-
tory cost, then 1t 1s optimal not to standardize any oper-
ation; i.e., k* = 0 Otherwise, it is optimal to defer the last
common operation as late as possible; 1e., k* = N — 1.

Case2- S, =8,8 = p8,h =ih, and n, = n for all 1.

This 1s another special case in which the cost of stan-
dardizing an operation S, and the incremental process-
ing cost 3, are constant. In addition, the inventory cost
h, increases linearly in the number of operations. This
situation captures the case in which the same incremen-
tal value 1s added to the product at each operation.

In this case, it can be easily checked from equation
(4.3) that Gtk) = 0 for all k Hence, Z(k) is concave and
the optimal last common operation k* 1s either 0 or N
— 1. It follows from the definition of Z(k) mn (4.1),

Z(N - 1) — Z(0)
= (N - DIS + (g + p)B + zh(N/2)
X (01 — (o, + o)W1 + D]
= (N -DI[S + (u, + p)fB + z(hn/2)
X (013 = (01 + e)¥(n + 1] (4.6)

Equation (4 6) has the following implications:

(a) k*=0when S + (pu; + u2) B = —z(hy/2) (015 — (o
+ o)W(n + 1); and

(b) k* =N —1when S + (u; + )8 < —z(hny/2) (012
— (o + oW + 1)

Notice that the term S + (u, + ;)8 corresponds to the
additional investment cost when we defer the last com-
mon operation by one additional operation and the term
~z(hy/2)(ay> ~ (0, + 62))V(n + 1) can be interpreted as
the savings m inventory cost when we defer the last com-
mon operation by an additional operation Notice that
when we defer the last common operation by an addi-
tional operation, the savings in inventory cost —z(hy/
2){(ay, — (o + 02)W(n + 1) is measured at half of the
finished goods inventory cost at buffer N. Implications
(a) and (b) can be interpreted as follows: if the additional
investment cost exceeds the savings mn inventory cost,
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then it is optimal not to standardize any operation; i.e.,
k* = 0. Otherwise, it 1s optimal to defer the last common
operation as much as possible; i.e., k* = N — 1.

Case 3: S, = mh,, B, = msh,, and n, = n for all 1.

This is another special case in which the investment
cost S, and the incremental processing cost f, can be
expressed as constant multipliers of the inventory hold-
ing cost of that operation In thus case equation (4 3)
implies that

Gk = Uy — hdlmy + (,u, + ;12)7r2
+z(on — (0, + o)W + D], (47)

Consider the following situations:
(a) Suppose that

[7T1 + (/.L] + ,Ltz)’fl'z + Z(O']z —_ ((71 + Uz))‘/(” + 1)] = 0

Then one can check from (4.2) that the total relevant cost
Z(k) 1s an increasing and convex function in k. There-
fore, it is optimal to have k* = 0.

(b) Suppose that

[y + (g + pa)ms + 2(01n — (o7 + o)W + 1] < 0

Then it follows from the definition (4.7) that Z(k) 1s con-
cave. In addition, it can be easily shown that

Z(N—-1) - Z(0)

N-1
= (Z hk)[m + (1 + p2)ms

k=1
+ z(oy2 — (07 + Uz))‘/(n + 1)] 4.8)
Since
[71'1 + (,Uq + /—02)7T2 + z{op — (07 + 03))\/(n +D]<0

and since Z(k) 1s concave, we can conclude from (4.8)
that it is optimal to defer the last common operation as
late as possible, 1e., k* = N — 1.

5. Conclusion

We have developed a model for evaluating the costs and
benefits associated with a situation in which the product
differentiation can be delayed through product/process
redesign Such redesign may incur some investment cost
and additional processing cost; however, delayed prod-
uct differentiation lowers the buffer inventories. The ben-
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efits of such redesign include reducing the complexity of
the manufacturing process, increasing the ‘flexibility” of
use for the buffer inventories, and improving the service
level of the system (due to risk-pooling). Although our
model focuses on the two-product case, our analysis
highlights the fact that delayed product differentiation
can be viewed as a strategy for a company to improve
the service level and reduce inventories when dealing
with product proliferation. Our model could be more ac-
curate if one improved the analysis of the average inven-
tory level at each buffer. However, such analysis is com-
plex and beyond the scope of this paper.

We have evaluated each of the redesign approaches
by considering the total relevant cost per period. In our
future studies, we plan to analyze the total relevant cost
for the entire product life cycle by considering the dy-
namics of the demands throughout the product life cy-
cle. In the current model, buffer stocks are kept after
every stage. We plan to model the 1ssue of selecting the
stocking points, and to analyze the managenal impli-
cations of different selections of stocking points. More-
over, we plan to model the issue of grouping product
attributes into different ““levels” of specifications, and
to analyze the strategic implications of this grouping
concept 1n the context of product/process redesign and
delayed product differentiation. This issue is motivated
by the example described by Asanuma (1991), who re-
ports that Toyota and Nissan have grouped the product
attributes (body type, engine type, and transmission
type) into the “first-level” specification, and grouped
the remaining product attributes as the “‘second-level”
specification. The second level significantly proliferates
product variety. By separating the attributes into two
groups, product variety is limited at the first level. Hav-
ing the manufacturing process sequenced by these two
levels results in delayed product differentiation.’

' The authors would like to thank the associate editor and two anon-
ymous referees for their valuable comments on an earher version of
this paper

Appendix A. Proof of Proposition 1
Let 8 = g,: — (g, + 0,) It can be easily checked from (2 3) that 6 = 0
for all p and # decreases as p decreases
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PROOF OF PART (a)  As p decreases to p’, # decreases to §’, where
6" = ¢ — ¢ Let k¥* and k' be the optimal last common operation asso-
ciated with to p and p’, respectively

Suppose k' < k* Since k' 15 optimal and since Z(k) 1s convex, k'
must be the smallest integer that satisfies the optimality condition
(44) From (4 2), the optimality condition (4 4) can be expressed as

Sior F A+ )bz v, 18 =0 (A1)
Since #' = # — ¢, we have
So 1+ iy + B 1 + Zh L Vln, ,, + DB
—zh, WO, .+ De=0 (A2)
Recall from the definition of k* 1n (4 4) that
k* =Mmi{N — 1, Mintk Z(k + 1) - Z{k) = 0}}
Since k' < k*, we have
ZK" + 1) — ZGK) = S0 + Gy + ) By
+zh W L+ DE<0 (A3)
This implies that
Sevi + {pn + B 1+ Zhe WGy + 1D = 2Ry VU, L+ De <0,

which contradicts that k' satisfies the optimality condition (A 2)
Therefore, k' = k*

Similarly, one can apply the same argument to prove the statements
(b) through (e) We omit the details
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