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Products with high product variety are often made in a manufacturing process (or a supply
cha in) consisting of multiple stages, with products taking certain feature s or " personalities"

at each stage. The product may start as a common single eng ine. As the product mo ves alon g
manufacturing process, more features are added, and the product assumes more identit íes of
the final end product. When demands of the end products are variable from period to period,

the production volumes of the intermediate stages in the manufacturing process are also vari ­
able. It is widely recogni zed that va riabilíties of production volumes may add cos t tu the process.
This paper is motivated by OUT ohservations in industry, whe re sorne com panies ha ve recngi­

neered the manufactu ring process by rever sing two consecutive stages of the process, Such
cha nges could lead to variance reduction, thereby improving the performance of the process.
We develop form alized models that characterize the impa ct of such changes: operations reversal.
These models are used to deriv e insight s on when such reversal would be advisable.
(Restructuring, Process Design; Operntions SequCllcing)

1. Introduction
Tod ay's market of industrial and consumer products is
characterized by a proliferation of product variety.
Product variety, however, can add significant manufac­
turing costs to the product (see, for example, Child et
al. 1991). To compete successf ully, companies need to
develop manufacturing capabilities that wou ld allow
them to be able to offer a high degree of product var iety
but with low supply chain cost. Recentl y, we begin see­
ing concepts such as " mass custornization," " agile rnan­
ufacturing," and " flexible processes" as critical ways for
compa nies to ga in control of product variety (see Pine
et al. 1993, and Fisher et al. 1993).

Product variety usuall y follows a product structure
that is often arborescent in nature. Fisher et al. (1993)
labeled this product struct ure as the " prod uct hierar­
chy." In describin g such produ ct struc ture in autom o­
biles, Fisher et al. (1993) star ted the hierarchy with a
platform, wh ich then bran ched out to multiple rnod els
and bod y sty les. whi ch in tum branched tn m últiple
packaged options, followed by stand-a lone options. Lee
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and Billington (1994) described how product fanout can
occur for high technology products, Products are often
made in a supply chain consisting of multiple stages,
with products taking certain features or " personalities"
at each stage. These stages can be described as (1) rnan­
ufacturing, (2) integration, (3) customization, (4) local­
ization, and (5) packaging (see Lee and Billington 1994).
The product thu s starts as a common single engine. As
the product moves along the manufacturing process (or
a supply chain), more features are addcd, and thc prod­
uct assumes more identities of the final end producl.
Figure 1 depicts the product structure or hierarchy.

Demands of the end products are highly variable
from period to periodoConsequently, production vol­
umes of the interm ediate stages in the manufacturing
process are also vari able. It is wid ely recogni zed that
variabilities of production volumes may add cost to the
process (Lee and Billington 1993). Such variabilities can

.be significantly redured by standard ization of the ínter­
mediare proces scs and components, a concept known
as " form postponement " in industry (see Lee and BiI-
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Agure 1 Product Hierarchy Figure 2 Operations Reversal al Benetton

Kn·

Operations Reversal at Benetton: Single Product Style with
Four Color Choices

Figure 3

is only one sing le style and size, but m últiple eolors of

the end produe!. Suppose the total aggregate demand
is cons tant, but there ex iste unccrtaintics rcgnrding the

co lor of the end produet demanded by the eus tome rs.

Whil e the dernand variabilities of the end produets re­

maio un ehaoged by thi s reversal, the reversa! of the tw o
ope rations would theo effeetively reduce the produc­
tion variability of the first operation, since we are essen­

tially koittiog a sing le produet at thal s lage (ins tead o f
d yein g mulliple colored yaro at the first s tage ). In thi s
case, the reversal of the ope rations delays the poinl of
product di ffereotiation. Figure 3 illustrates thi s poio!.
Thi s is tru e even if koittiog and d yeiog take the sa rne
amount of time. Of course, if knitting is a longer oper­
ation, then the reversal of the two operations would

y ield even grea te r bcnefit s.

lington 1994, and Lec and Tang 1996). The rc are, how­
ever, potentially othe r ways in whi eh va riabi lities can
be controlled by recnginec ring the manufaeluring pro­
cess, leading to bett er ope rationa l perform ance in the
forrn of low er inventories, higher cus torner se rv ice, and
lower ope rating costs. One such reengin eerin g effort is

rev ersin g thc sequence of tw o consecutive stages in a

manufaeturing process or a supply ehain. The class ic,
and by now well-known, Benetton case (Harvard Busi­
ness School Case 1986, Dapiran 1992) is an exa mple of

sueh an effort,
As a major appa rel manufaeturer , Benetton used lo

manufacture its p roduet by first dyein g ya rns into di f­
ferent colors, and then ko ilting the colored ya ros into
di íferent finishod produets (d ifferent s tyles and sizes) ,
Mism atch of inventory o f finished garme nts with di f­
ferent colors had resulted in eos tly end-o f-season rnark­
downs, Luciano Ben ett on, the chairman of Ben ett on,
was cred ited with his innovative reengin ee ring of the
sup ply chain by rcversing the " dyeíng" and "knitt ing"
stages (see Har vard Busin ess Sehool case 1986, and
llru ce 1987). Hen ce, blea ched ya rns are kni tted into the
di ffcrent s tyles ami sizes , and then dyed ioto the di ffer ­

ent colored end produets wh eo thc season's fashion
preferen ces becorne more established . For this change,

the ya ros have to be treated in a strong che mical so lu­
tion lo increase their receptiveness to dye, Sueh a

cha ngo was consídc red lo be a major breakthrough for
Bcnetton to s ignificantly ¡mprov€' its operational perfor­
mance. Inventory redu ctioll, better customerservice, in­
crcasing sales, and few cr write-do wns were rcportcd
(Da piran 1992). Figure 2 illust rates sueh ope ra tioos re­
versal innovations at Benetton .

Il is probabl y ioluilive as to w hy Ben ett on 's opera­
tinns reversal could lead to improvements wh en thcre
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One question that ooe might ask is: if the aggregate
dernand of the end products is not constant, but highly
variable, would the same result hold? Moreover, when

Benetton's produ ct variety is due to features Jike style,
size and color, and when there are multiple options for
eaeh of the features, it is also 001 at all clear why the
operations reversal as shown in Figure 2 would give bet­
ter operational performance. With the advanees in au­
tomation in the knilling operation, it is also no looger an
operation that takes a mueh looger time to complete, so
that the time postponemeot effeet may not be there
,10ymore as well. Why, then, is " knit befa re dye" better
than "dye then knit"? Well, thc answer could very well
be that it is sometirnes better, and sometimes not, As
Broce (1987) reported, Beoelloo ooly made 20% of its
woolen produ etioo usiog the reeogioeered process. A
better questíon is then, uoder what d rcumstaoces should
" knit befare dye" be better than "dye befare knit"?

There are other examples similar to the Benetton case
where the answer to whether operatioos reversal should
be earried out is nol obvious. Coosider the manufaetur­
ing of the hard dri ve for a personal computer. One fea­
ture of the hard drive eould be the memory size and
another feature of the hard drive eould be the " pre­
loaded" software. lo this case, the options with respeet
to memory size eould be 80 MB or 120 MB, and the
options with respeel to preloaded software could be
software for WINDOWs applieations or DOS appliea­
tions. lo this example, a hard dri ve as an end produet
has four options: 80 MB with WINDOWs applications,
80 MB with DOS applicatíons, 120 MBwith WINDOWs
applícations, aod 120 MB with DOS applieatioos. lt is
possible to inserl the hard drive ioto the motherboard
first, and then install the so ftwa re afterwa rd . llowever,

it is also possible lo install the software 0010 the hard
drive by using a " dummy" motherboard before insert­
iog the hard driv e inlo the motherboard . The question
here is: which is beller? (f both iostallations take oegli­
gible times and a re ioexpensive, lheo il is probably im­
materi al as to whieh should be iostalled first. However,
if exlensive testing is required for lhe iostallations, aod
with eapadty cooslraiots, theo the variabilities of pro­
du etioo malter, aod the sequeneing of the two opera­
tioos would also be impo rlan!.

Hewlell-Paekard (HP) Compaoy's Deskjet Prioter Di­
vision also faces a problem similar to the one deseribed
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above. The variety of the end produel is a result of sev­
eral key features: MAC versus DOS, color versus mono,
and the eouotry optioos. The sequencíng of the manu­

facturing stages in a supply ehain in whieh produ etion
differentiali on by these fealures requires sorne engi­
oeerio g des ign efforts, but il is not at all clear as to
whieh sequeoee would give superior operational per­
forman ce.

Gupta and Krishnan (1995) also deseribed how rese­
quenciog the steps in the assembly of a fouotain pen
can lead lo proeess improvements, lo one sequcnce, thc
nib is first asse rnbled to the nib-head, followed by the
assembly of the inner and outer bodies. In another se­
quence, the nib-head is firsl assembled to the inner and
outer bodies, before addiog the nib. Gupta and Krish­
nan showed how these two sequeoees can have vcry
differeot proeess flexibility and effieieoey in the rnanu ­
faeturiog of fountain pens,

This paper is motivated by our observations in in­
du stry, where sorne compaoies have reengineered the
manufaeturing proeess by reversiog two consecutivo
slages of the proeess. Uoder whal circumstances would
sueh ehanges lead to varianee reduetion, thereby im­
proviog the performance of the maoufaeturing proeess?
What are the key drivers? Tu ad d ress thcsc questions,
we developed formalized models that eharaelerize the
imp aet of sueh ehaoges: operati ons reversal. These
models are used to derive insight s 00 wheo sueh rever­
sal would be advisable.

We have used the Benetton example lo motivate this
study. Althou gh we do not have detailed data lo per­
form a complete aoalysis of the Benetton case, we will
be referring lo this example merely as a means lo illus­
trate the ins ights and results . Without a complete anal­
ysis, we are nol in a position lo make stroog statemeots
on the exael applieabilily of the result s lo the specifie
case of Benellon.

In the next section, we present lhe model formulation
for lhe case of two slages, represeotiog two distioet fea­
ture s of the product, and where there are two optioos
for eaeh feature. Seetioo 3 gives result s for lhe special
case wheo !he ehoiees for the optioos of the Iwo fealure s
are indepeod eot, wh ich help our und erstaodiog of the
questioos posed before. Seetion 4 describes how the io­
depend ent cho ice case can be extended to m Ofe ge neral
setoogs, as well as sorne eorrespondiog resulIs and lheir
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insights. We condude the paper with summary of re­
sults and a descripti on of how the independ ence as­
sumption of feature option choices can be relaxed.

2. The Basic Moclel
Consider a manufacturing process with two stages , At
each of these stagcs, a particular feature of the product
is defincd throu gh an installation or cus tomization pro­
cess. Hence, there are two featu res und er consideration
for these two stagcs . For each featu re, there are two
choicos. As a resu lt, there are four dist inct end pro d ucts,
each bcing charactcrized by the choice defíned on the
two featurcs . Let A and R denote the two features. The
question is: should we sequence the supply chain so that
A is installed first, followed by B, or vice versa?

Sup pose that the production control of the two stagcs
is as fol!ows. The proccss operares Iike a I'ull system.
Hence, in each time period, the produ ction volurnes for
the second stage are such that they equal the demands
for the end produ cts of the previous period oSimilarly,
the production volumes for the first stage correspond to
the requirements of the previous periodoSuch a pro­
du ction contro l rule is actual!y used by Benetton, which
calls such a system " consurner-pull," as opposed to the
build-to-forecast alternative of " buyer-pull" (Zakon
and Winger 1987). When the stages of the production
system operatc under orde r-up-to point type of inven­
tory policies (see Clark and Scarf 1960), then indeed the
production volume for every stage would correspond
to the demand of the previous period, and so the as­
sump tion of pul! operating policy is valid . Order-up-Io
point typc of invc ntory policies are commonly used in
practice, and indeed have becn shown lo be optimal for
serial inventory sys tems under sorne general assump­
tions (C1ark and Scarf) . For this reason, we will concen­
trate on pull Iype systems here, and will not consider
more complex production planning systems such as
production smoothing.

For example, suppose we start with a process where
the two stages correspond to feature A being instal!ed
before feature B. Let X,¡ denote the dcmand of the end
produ ct with choice i of feature A, and choice j of feature
B, i, j = 1, 2. The produ ction volumes for the second
stagc (B) would correspond to the demand s of the four
end produ cts in thc previous pcriod , i.c., the X"S. The
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production voJumes of the firsl stage, which corre­
sponds to the installation of feature A, would then be
Xii + Xi2, for i = 1, 2. The production volume for the
basic eng ine, before the installation of features A and R,
would then be Xli + X12 + X21 + X22•

Therc are many dirnensions in wh ich operations re­
versal couJd be evaluated upon . For example, one needs
to consider cost (engineering cost to retool, and variable
processing cost), quality (e.g., process yield ), and speed
(e.g., manufacturing lead time) associated with the two
alternatives. These basic factors relate to the processing
technolo gies, the complexity of different pro resses, the
labor cost, and other factors. In this paper, we assurne
that the cost consequcnce of opcrations reversal can be
evaluated off-line, and focus on the value of variancc
reduction in operations reversa\. Specifically, we focus
on the variability of production volurnes in the pro cess.

Why are we concerned with the variability of pro­
du ction volumes in the manufacturing process? First,
variabilit y d rives bu ffer inventory. If there are buffer
inventories, then these buffers are often set as a function
of the variability of downstream requirements. Our pul!
syslem mcans that the production volurnes are the same
as the requirernents, and therefore the va riabilities of
production volumes are the same as the variabilities of
requirernents. Second, high variability of production
volumes are often associatcd with degradation of qual ­
ity, pro ccss yields, machinc downtirnes, and othcr effi­
ciency measures. Third, high variability also rnakes slaff
planning more troubl esome. Often associated with high
variability are overtimes, use of subcontractors, tem­
pora ry workers, as wel! as add itional costs of other cx­
pediting serviccs.

For Ihe two-stage case und er conside ration, it is d car
Ihat thc variabililies of the four end product options
would not be affectcd by operations reversa\. Similarly,
the variabili ty of the production volumes of the input
base engine would also be unaffccted . Hence, we can
concentrate on thc variabilities of the intcrmediate stage,
namely, that of the first stage. With two choices, we have
the variabilities of two production volumes, one for cach
choice. Here, we simplify our consideration by defining
Ihe sum of the variabilities, i.e., the lotal variability al the
firsl stage, as our key variability measure.

The total variability as a key performance mcasure
certainly has its Iimitations. [dcal!y, one would Iikc lo
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model the exact consequcnces of variabilities in the
form of inventory, overtirnes, exped ítions, capacity, and
other costs. We use the total variability mensure for sim­
plicity. Moreover, it has often been used in the Iiterature
as a way to mimic the nonlinear nature of production
costs. For example, Johnson and Montgomery's classic
text (1974, p. 227, 231) uses the sum of quadratic costs
on production level changes and inventory level

changes to highlight the non linear nature of such cost
impacts.

In most cases, the demands for the end product op­
tions are tlegatil'e1y correlated. To capture these corre­

lations, we assume that the demands for the end prod­
uct options (XII' XI" X' I' X22 ) are random variables that
are mullinomially distributed with parameters (N; 011,

01" 0'1' 022) , where N is the size of the demand, i.e., the
number of customers who wil\ buy the product in each
period with one of the four options. Assurne that N is a
rnndom variable with mean J1 and standard deviation

(1. We also assurne that the total demands in different
periods are independent.

Here , O" represents the probability that the customer
wil\ purchase the product that has choice i of feature A
and choice j of feature B. Such a demand rnodel would
result in :

E(X" IN ) = NO", Var(X"IN) = NO,,(1 - O,,), and

Note that the condilional probabilities f(p) ami g(p)
enable us to model the interactions between product
features and between choices. The probability of a cus­
tomer purchasing product with different options is de­
picted in the following diagram (Figure 4) .

Given such a probability structure, we can derive:

0'1 = pf(p), 012 = p[1 - f(p)] , 0,1 = (¡ - P)g(I'),

022 = (1 - p)[1 - g(p)].

We will use the well-known probability relationship
that , for lwo random variables X and N, then:

Var(X) = E[Var(XIN)] + Var[E(XIN)I .

We refer lo E[Var(X IN)] as the expeclation of the con­
ditional variance, and Var[E(X IN)1 as the variance of
the conditional expectation.

Denote A·B as the sequence of a proccss whereby the
feature A is installed befo re fealure B, and B-A as one
with feature B installed befare fcature A. As discussed

before, we focus on the variances of the intermcdiate
slage. lt can be easily verified thal, for A-B, the total
condilional variance is 2Np(1 - p), so that the expec­
tation of the conditional variance is 21'P(1 - p). The sum
of the variances of thc conditional expectation is (12 11'2
+ (1 - p¡'l. The total variance measure is thus

XII

_..., ,.. r--- X21

Al

ATWD-5tage Model: 2 Features x 2 Chotees System

21'P(1 - p) + (1 'lp' + (1 - 11)' 1

= 2(1' - (1')p( I - p) + (1' .

21'[pf(p) + (l - p)g(p)JlI - [l'f(l') + (1 - 1' )g(p)lI·

For B-A , the expeclalion of the total conditional vari ­
ance is

The sum of the variances of the conditional expectation
is

Figure 4

Thus, the negative correlations among the options are
captured.

lnstead of trying to estimate 0'1directly, we use the
following intermediate parameters. Let:

p =probability that a custorner will purchase a prod ­
uct with choice 1 of feature A, given that he / she will
purchase a producto Hence, 1 - P is the conditional
probability of a customer buying the product with
choice 2 of feature A.

f (p) = Prob(BI IAl) = conditional probability that
the customer buys the product with choice 1 of feature
B, given that the customer has decided lo purchase the
product with choice 1 of feature A.

g(p) = Prob(BI IA2) = conditional probability that
the cuslomer buys the product with choice 1 of feature
B, given that the custorner has decided to purchase lhe
producl with choice 2 of feature A.

Cov(X,;, X"' IN ) = - NO"O"" for ij '* tllll. (J)
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(1 ' {[I'/(I') + (1 - l')g(¡I)j'

+ 11 - [1'/ (1') + (1 - l')g(I') J1 'I .

Thc total va riance measure is now :

2(JJ. - (1')[1'/(1') + (1 - l')g(l')j

. {I - [1'/ (1') + (1 - 1')g (I' )J1 + (1 ' .

Taking the d ífference, we observe that the sequellce A­
Bhas a smaller total variance than B-A if C(I') < O, where:

C(I') = (JJ. - (1 ')11'(1 - 1') - [1'/ (1') + (1 - I' )g(p )]

' 11- [pf ( l' ) + (1 -I')g(l') lI J· (2)

Note that, when JJ. = (1', the sequencing of the features
is immaterial, This would be the case of Poisson demands.

3. Independent Feature Choices
In §§3 and 4, we cons ider the case in which the choice
seleclion of one featu re is indepen de nt of that of the
other feature, Le., / (p) = g(p) = q, where q is the prob­
ability of a customer selecling cho ice 1 of [eature Band
is a cons tant that is ind ependent ofp.We will come back
to the gene ral case in §5.

3.1. Two Choices, Two Features
Here, C(I') = (JJ. - (1')[1'(1 - 1') - q(1 - q)J. Hence, for
stable total dernand so thal JJ. > (1 ' , then cond ition (2)
is rcduced to 1'(1 - 1') < q(1 - q). Observ e that, for O
s X :S 1, the function x( l - x) is first íncrcasing in x,
attains ils maximum al r = 0.5, and is decreasin g in x
the reaf ter. Hence, whe n 11 > al, sequence A-B has a
lower variance as long as the choice probabilities asso­
ciated with feature A (Le., 1')are more " d istinctive" than
lhose of feature B (Le., q). Thi s implies that one can
lower the lota l va riance of lhe sys tem if the feature wilh
more " distinctive" or " imbalanced" choice probabilities

is processed firs!. There is mo re " risk-pooling" by se­
quenci ng s tages this way. No te lhat this result applies
lo lhe case wi th lwo distinct choices for each fealure,
and lhe more general case of multiple cho ices will be
discussed in §5.

What kind of inference can we draw from this result?
Let us use the garment example again. Suppose lhat lhe
total demand of a certain type of garment is fairly stable,
but the product mix in terms of style and color is variable.
lf the choice probabilities of sty le is more distinct lhan

MA NAGEMENT SCIENCE/Vol. 44, No. 2, February 1998

those of color, then our result says that by processing the
style feature before the color feature, then the total varí­
ance would be redu ced, This implies thal the knilling op­
eration should be performed before the dyeing operation,

The reverse, however, is tru e if JJ. < (1 ' . This is a sur­
prising resul t. It sla les that the nature of lotal demand
un certainties is very crilical in delermining whether op­
erations reversal is an effective means to reengineer the
supply chain. When the total demand is highly variable,
then by installing the feature with more irnbalanced
choice probabilities first, the production vo lume fluctu­
ations could be magni fied, leadin g to such a sequence
being undesirabl e this time. In the Benetton example, il
seerns like the total dem and for apparel items like swea t­
ers is fairly stable, but it is the color, style, and size optio n
mixes that are highly variable. On the othe r hand, there
are other cases, like high technology products such as
computer workstations, whe re the basic demand itself is
highly variable. To copycat the Benetton-like operations
reversal without understand ing the natu re of total de­
mand variabilities could thus be dangerous.

Amazingly, il tu ms out that this cond ilion JJ. > (1 ' on
the nature of total demand var iability is a very impor­
tant one, as will be shown below. To gain sorne more
understanding as lo wh y such a cond ition would lead
to such contrary result, we conside r the following spe­
cial exa rnple. Suppose we have one style and lwo colors:
red and blue. Let the probability of red being chosen be
1'. If we knit before we dye, then the total variance after
the kni lt ing operation is simp ly (1'. Now, if we dye be­
fore we knit, then the va riance of red ya ros after dyeing
is JJ.1' (1 - 1' ) + (1 '1" , whereas that of blue ya ros is JJ.I'( I
- 1') + (1 ' (1 - 1')'. The cova riance of blue and red yaros
is given by [Var (red and blue yaros) - Var (red ya ros)
- Var (blue yaros) I/2 = «1' - JJ.)I'( I - ¡1). If JJ. > (1 ' ,
then lhe cova riance is negat ive, an d as expected, the
variance of lhe aggrega te demand is smaller lhan the
sum of the indi viduals. On the olhe r hand , if the rever se
is lme, lhen lhe cova riance is posi tive, leading lo lhe
va riance of the aggregale dem and bein g grea ler than lhe
sum of the indi viduals!

3.2. Mulliple Choices, Two Fealures
The above analysis can be extend ed to the case when the
num ber of cho ices for each feature / slage exceeds two,
as long as the number of slages in the process (and lhe
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eorrespo nding number of features of the product) re­

mains al two. Let Pi be the probability that choice i of
feature A would be ehosen by lhe custorner, and let q,be
the probabili ty thal choice j of feature B would be chosen

by the customer, where i = 1, . .. , a; and j = 1, ... , b.
We can easily show that lotal variability mensure for

sequence A-B is given by:

/1 I p,(1 - p,) + a' I pi = /1 - (p - a') I pi.

The eorrespo nding resul t for the sequenee B-A can be
eas ily derived , For sequence A-B to ha ve lower total
variance, we need:

(/1 - a')(i pi - ±q¡) > O. (3)
i-l / - 1

lf u > a', then esse ntia lly the sarne eonclus ion as before
holds, i.e., sequenee A-B has lower lolal var iabil ity
wh en L~" pi > Lr" q¡' The reverse is tru e otherwise,

Note that the p,s and the q,s sum lo one, and that L~_I

pi attains its mínimum when all the p,s are equal. lf a = b,
then we can obtain a qualitative inlerprelalion of the result
here, When we have stable total dernand, then the feature
with less "balanced" probabilities of the choices should be
sequenced firsl to reduce system variabilities. When we
have highly variable lolal demand, then the reverse is true.
Thísresult is certainly in line wilh lhat of §3.!.

Suppose furth er that the choice probabilities of the
ehoiees for eaeh featu re are equa l. Henee, the choice
probability of a particular choice of feature A is 11a, and
lhe eorresponding probabilily for B is 11b.

Using the same de finition of O" and Xii as before, nole
lhal Oi, = 11abfor all i = 1, . .. , a and j = 1, . .. , b. Using
(1), we gel: E(Xi,IN) = NI ab, Var(Xil IN) = N( II ab)(l
- 11ah), and Cov(Xi" X",, IN) = - N( II ah)' forij '" mil.

Under lhe sequenee A-B, the conditional produelion
volume va rianee for eaeh choice of A is given by N(II
a)(1 - 11a). This result can be obtained from slanda rd
probabilily theory, or can be oblained as:

v ar (± Xi¡IN)
1- 1

= bVar(X,¡) + b(b - 1) COV(X'I' X,")

=bN( l/ab)(I-l /ab)+b(b- l )1-N(llab)' )

= N( l l a)(I - l/ a).
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Hence, the expeela tion of thc total eonditional variance

for the flrst stage production is aJi(l1 a)( 1 - I 1a) = Ji(I
- 11a). For each choice of feature A, the expected pro­
duction volume, for a given N, is N I u. Hen ce, the vari­

anee of this expectation is a' l a' . Sinee there are a sueh

cho ices, the total is a 2 / Q . Th e total varia nce mensu re for
the firsl stage is now : Ji(1 - 11a) + a'l a = /1 - (/1

- a' )1a. The corres pondi ng va riability rneasure for the
sequence B-A is Ji - (Ji - a') 1b. lf Ji > a', i.e., stable
total demand, then the sequenee A-B has lower total
varianee if a < b.

Let us revisit our garment case . For illustrative pur­
poses, suppose that the total dem and is fairly stable, ami

suppose the featu res of style and color have chotees that
are roughly equ al in attraetiveness to cus tomers. If the
number of style choiees is smaller than the number of
color choices, then knitt ing bcfore dyeing would give
lower variabililies to the supply eha in. On the other
hand, if the total de mand is highly va riable, then the
" knitling befare dyeing" slra tegy would nol be effective,

3.3. Two Cho íces, Multiple Fealures

For this case, let p, be the probability of a cus torner
ehoosing choice 1 of feature k, wh cre k = 1, . . . , JII and

that JII is the number of the stages 1featu res. By using a
simple interchange argument, it can be easi ly shown

that, if Ji > a', then the total va rianee of the produetion
volume al the interrnedi ate stages is m inimize d by se­
qu eneing the slagesl features in aseendi ng orde r of1', (1
- p,). This is equivalen t to seque ncing the stages l fea ­
tures in deseending orde r of 10.5 - 1',1. We omit the
detail s for lhis proof.

3.4. Mulliple Choices, Mulliple Fealures
The result of §3.3 can be easily gene ralized to the case
of mulliple ehoiees and multiple featu res. In lhis case,
suppose pi, denotes the probabili ty that choice j will be
ehosen for feature i, then, wh en Ji > a', the total var i­
anee of lhe produetion volumes al all the inlermediate
stages is minimized by sequeneing the stages 1features
in deseending arder of L¡ p;, wh ere the summation is
over j , the possible ehoiees of fealure i . The proof is
slraightforwa rd, and is omitted here.

4. Incorporating Leadtimes
So far, we have eonsidered the variabilities of produe­
tion volumes of eaeh period o Implieilly, we have as-
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(1 ' lp ' + (1 - p)' llq' + (1 - q)' ]T•.

Similarly, (or lhe sequenee B-A , the correspo nd ing mea­
sure is:

The corresponding variance of the cond itional expee­
tati on al the seco nd slage is

(4)

(5)

(1" - (1 '){2q(l - q)T.w¡.

+ {I - [1" + (1 - p)' ][q' + (1 - q)' IT,w' BII

Hen ce, eombining these results, we seo thal the total

variability measure for seque nce A-B is given by:

(1" - (1 ' )I2p( 1 - p)TAwlA

+ II - [p' + (1 - p)' llq' + (1 - q)' ]T,w2AII

sequence A- B. In thi s case, the seco nd stage cor responds
to the slage whe re feature B is instalied (and that feature
A would hav e al read y been installed pri or to the seeond
slage.)

Let TA and T. be the resp ective leadtimes (in periods )
for the two stages for feature A and B.

Consider the sequenee A-B first, We refer lo the der­
ivation in §3.1, and the total cond itional vari anee for the

first slage is given by 2Np(1 - p)TA.The vari an ee of the
cond itional expectati on for the first slage is given by
(1'[p' + (1 - p)' IT, . Using (1), the lotal cond ilional vari­
ab ility for the second s tage, L i" Var(X,¡IN), can be sim­
plified lo

N I! - [p' + (1 - p)' llq' + (1 - q)' IlTe-

Conseque ntly, sequenee A-B would have a low er 10­

tal varianee i( (5) is greale r than (4) . To isolate lhe im­
pa et of leadtime and the relative weights applied lo the
tlVO slages, we make the ass umplion thal l' = q so as lo
gain more insights.

Suppose W ij = IV, Le., equa! we ighls are applied to lhe
va riab ilities at lhe (irst and seeo nd slages. Then lhe con­
diti on (or (5) to be grea ler lhan (4) beeom es:

(1' - (1 ')(T, - TB)

. 11 - 11" + (1 - ,,)'1' - 21'( 1 - 1')1 > O. (6)

[n lhe appendix, we sho lV lhal lhe express ion

sumed that the produetion in eaeh period is completed
with in the same periodoWhen this is nol the case, and
in parti cular, when the leadtimcs for the two slages un ­
der conside ralion are nol equal, then we need to expa nd
our defin ition of variabilities. This is especia liy impor­
tant when we are considcring operations reversal in a
supply cha in, where the lwo slages can be located at
different sites and thcrefore the leadtimes would in­
elude the transporla tion limes inlo the sites, which
could orlen be very different,

Cons ider a stage, In each period , there is of course the
produ ction init iated in this periodo When producti on
lcad time is grea ter than one, than we also have volumes
that are wo rk in proeess. Suppose that dernands over
time are independen t. Then, sinee we ini tiated a pro­
du ction volurne in eaeh period equa l lo the dernand of
thc previous period , the lolal work in process should be
equa l to the total de mand of the past period s that is of
exaetly the du ration of the leadtime. Hen ce, the variance
of the total work in process is the var ian ce of demand

in lcadtime, With unequa l leadtimcs for the two stages,
we will thu s conc éntrate on this rneasure of variability
in ou r analysis in this see tion. Sueh a measure is also
uscful jf wc are concerned with having lo use invento­
ríes al the end o( lhe stages to buffer against uneerl ain ­
lies. It is we li known tha l lhe key dri ver to buffer in­
ventaries is leadt ime demand variabilities.

This time, lVeeanno t jus I foeus on lhe va riabililies o(
the (¡rst stage. The varianees al bolh stages have to be
aeeo unted (or. Moreover, il is Iikely lhal the impaels of
var iabilily at lhe lwo slages of lhe supply eha in are di f­
(eren!. In other words, variabilities al one stage may be
more harm (ul lhan the othe r. For example, i( sa(e ty
sloeks al lhe end of the lwo slages are of key man age­
ment coneern, and sinee invenlory value (or sloeks al
the end o( lhe seeond stage would presumably be
grmter lhan lhal of the (¡rst stage, then variabilily, a
d river of safely stock, al the seeond stage may be of
grea ter signi(ic" nee lhan thal o( the (¡rst one. [n this see­
tion, we considcr lhe case when the measure of total
variab ilily is obla ined by applying sorne slage-speeific
wcights to the variabilities of two stages . Let lDi¡ be lhe
lVeighl associa led lVilh lhe va riabilily of stage i, i = 1,
2, if feat ure j is lhe (irst (eature in lhe sequenee, j = A,
B. For examp le, W2A eorres ponds lo the we ighl applied
lo the variabili ty obse rved al lhe second slage (or lhe
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1 - [1" + (1 - 1')' ]' - 21'(1 - 1') is alwa ys nonnegalive,
lor l' E [O, 1]. Consequently, in a stable demand situa­
tion, i.e., Jl > a', eondilion (6) is always salisfied when
TA > To• This is an intuitive result , i.e., when the choice
probabilit íes 01 the two lealures are similar and when
the total demand is lairly stable, then sequencing the
slage with the longer leadtime first would result in

lower lolal variability.
Baek lo our garment example. If style and color have

similar choice probabilities from customers, then per­
lorming the knittin g operalion first is desirable, as knit ­
ling lakes relalively longer lime than dyeing.

When Jl < a', then inlereslingly, the reverse is true.
Earlier in th ís section, we argued that a molivation

for having diflerenlial weights for the lwo slages 01the
supply ehain eould be that the value 01buffer invento­
ries used lo hedge againsl the variabililies al these two
stages are different, Beeause 01 this reason, one way to
define these diflerential weights is lo apply the inven­
tory values al the end 01the slages. Let VAand Vo be the
value add ed 01 lealure A and B, respectively. and V be
the invenlory value 01 the ítem entering the two slages
under eonsideralion. Then, under the sequenee A- B, the
invenlo ry value at the end of the firsl stage after leature
A is added , is v + VA, The inventory value at the end of
the seeond stage, after feature B is added, is V + VA
+ vo. The eorrespond ing values for sequenee B-A are V
+ Voand v + VA + V. respectively. Hence, we can define:
Wl ,1 ;:;:; v + v", ; W18 ;:;:; v + Va, and W2t\ = W 28 = V + VA

+ VB'

Again, consider l' = q. Taking the diflerence 01 (5)
and (6) gives the lollowing condilion for sequence A·B
to have a lower tolal variab ility measure:

(Jl - a')(TA - To)(v + VA + vo)

. {1 - [1" + (1 - 1')' ]' - 21'(1 - 1')1

+ [2(Jl - a')p( 1 - 1') + a'](TAvo - ToVA) > O. (7)

Note lhal 2(Jl - 0" )1'(1 - 1') + a' is always posilive.
Hence, il TA = To, lhen (7) holds as long as Jl - a' > O
and VA < Vo . This is probabl y a well-known result : se­
quence lhe stage wilh lhe smaller value-add ed firsl.
Similarly, il VA =Vo, lhen (7) also holds as long as TA

> To·
In addilion, we have a simple suflicienl condition lor

(7) lo hold . Suppose we have slable demand , Le., Jl
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> a' .The first term on the left-hand side 01(7) has been
established to be posilive if TA > Te- Now, if we also
have vel T» > vA/TA, then (7) would hold , Hence, il
slage A lakes longer lime lo process, and if the value­
added per leadt irne for slage A is smaller than that of
stage B, then slage A should be perlormed before stagc
B. Thu s, an operalion that takes longer and one that

builds up value of the product al a smaller pace is the
one that should be sequenced firsl. In a special case, if
the value-added of a stage ís proportional to th e leed­

lime, then we have vo/To = vA/TA, ami (7) is always
satisfied if TA > To.

5. Extensions
Seelions 3 and 4 describe insights lrom analysis 01 the
case when the choice probabilit ies 01 the lwo leatures
are índependent, i.e.,f(p) = g(p) = q.More general cases
can be analyzed, although at the expense 01 increased
complexity. Several sueh exarnples are illustrated.

(i) Choice ¡"teraetio1l . To capture sorne interaclions
01 the choice probabilities 01 feature B as a lun elion of
the choice 01A, we can delinej (p) = q, g(p ) = rq, where
r E [O, 1/ q], The pararneter r reprcsent s the irnpact 01
the choice seleclion of fealure A on the choice selection
01 feature B. To see that, suppose r > 1. Then the cus­
lam er would have a higher probability to choosc choice
1 01feature B had he selected choice 2 of feature A.

A special case here is when r = O. Here, j (p) = q and
g(p) = O. This situa lion occurs when there is a techno­
logieal constraint on the choice selection, For example,
suppose feature A eorresponds lo the size of RAM in a
PC and lealure B corresponds to the " preloadcd" soft­
ware in the hard disk. These lwo leatures can be added
lo lhe CPU in any sequence. Fealure A has 2 ehoices: 2
MB or 1 MB, and lealure B has 2 choiees: WINDOWS
3.1 applicalions or DOS applieations. Since WINDOWS
3.1 requires al leasl 2 MB 01RAM, lhe euslomer is lim­
ited to only DOS applications if 1 MB RAM is seleeled.
This limilalion is called " bundling." where the 1 MB
RAM and the DOS appliealions have lo be purchaseu
as a "bund le." In lhis exampl e, r = O.

When r = O, lhe choice probabilities associateu with
leature B are perleetly dislinelive for choice 2 of leature
A. Under lhis situation, we can show Irom (2) lhat C(p)
> Oso thal when the tolal demand is slable, it is more
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cffcctive lo sequencc thc stage corres pond íng lo feature
B firsl in the process,

(ii) Choice R,·versal. Cons ide r thc case wh ere f(I')
= q ,1I1d ,~ (¡I ) = 1 - q. Thus, the cus tomer's cho ice se­
lection of feature B is completely reversed , dcpcnd íng
on the cho ice selection of featu re A. In this case, the
rcversal nature of thc choice probabiliti es associated
with fca tu re BCc1 11Sl'S the choice probabilities associated
with fcatu rc B less distin ctive. This impl íes that, with
stable total dernand, it is more beneficia! to sequcnce
featu re A first.

(Hi) Fcat ure lnteroctions, 5uppose the featu res are
dcpendcnt, i.e., bOlh f (p) and g(l') are depcndent on 1"
A simp le way lo model th is depcndence is to Id f(l')
=g(I') = si', where S E (O, 1 / 1'1 . The pararneter S rep ­
rescnt s the impact of the choice se lcction of feature A
on the cho ice selection of feature B. If s > 1, then a
cus torner would have a higher probabilit y lo choose
cho ice 1 of feature B had he selected cho ice 1 of feature
A . When s is close to ZCfO, we have a situation that is
similar lo the " bundling" case.

(iv) [oint [lIlcrac/iolls cf Fealure alld Choice . Suppose
f(l') and g(I') depend on 1', and the cho ice selection of
one fcalure depends on the cho ice sdeclion of the other
fcatu re. A simple way to modd these dependencies is

to let f (l' ) = '1' ami g(/') = sI' where" s E (O, 1 / 1'1. The
pa ramders , and s represe nt the impact of the cho ice
sdeclion of fea tu re A on Ihe cho ice selection of fea­
ture B.

6. Conclusion
In summary, opcrations reversa l has becn found lo be
a powerful rncans to reen ginecr a manufa cturing pro­
cess or a sllp ply ehain. In th is paper, we develop simple
mOl.il'!s to ga in insight s as to when would operations
reversal be desirable. Using 10till var iabilily as a mea­
sure, we note tha¡ lhere are several silualions for whi eh
operalions rcve rsa l would be desirable. When Ihe major
source of dcmand unccrtainty lies in the option mix and
lhe total dem and for all options is fairly slable, lhen lhe
resulling sl'quence sho llld esse ntia lly have one or more
of the followin g properties:

( 1) the resulling initial stage has more distin ct choice
prob.lbililies for the op lions of lhe feature inslalled by
that stage;
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(2) the cho ice probabiliti es are rou ghly equa l for both
featu res install ed by thc two stagcs, but the nurnber of
choices for the feature in the firsl stago is srnaller than
the subsequent one:

(3) the first stagc has longer leadtimc than the sub­
scqucnt one, if the value-added of the two stages / fea ­
tu res are rou ghl y the same:

(4) the valu e-added of the first stage is sma ller than
the subseque nt one, if thc leadtimes for the two stages
are the sarne: ano

(5) thc first stage takes longer to perfo rrn, but thc
va lue-a ddcd per un it leadtime for the first stage is

sma ller than or equal to the corres pond ing value-addcd
for the second stage,

When the total dem and itself is highl y variable, then
intcrestin gly, the reverso of the above obse rva tions is
tru e, i.e., the propcrties of the sequence of the two stagcs
indi cated above should be reverscd .

A key Iimitati on of the curren t paper is our use of the
total va riability as a performance measure. Fu tu ro s tud­
ies can include the explicit mod eling of the cost ce nse­
quences of variability directly. Fo r exarn ple, if we are
concerne d with safety stocks, then it may be the stan­
dard deviation instead of the va riance lhal mallers. In
thal case, the performance measure could be the sum of
(we ighted) standa rd de viat ions . 11 would be of interest
to sce how, or under wh at cond ilions, the current resulls
would carry ove r in thal case .

Design for sllpply eha in ma nage ment has been
viewed as a major design principie lhat cou ld lead lo
grcat sav ings in logi stics cos ts and improv l'ml'nt in cus·
tom er se rvice (see Lee 1996 ). This pa per shows that lhe
recnginl'ering efforts require can'ful plannin g, ~l nd un­
derstanding the nature of demand var iabilities, lhe o p­
lion choice probabilities, and the other eharaeteristics af
the manufacturing sys tem or lhe supply chai n are nec­
essary. Our analyses hav e she d some Iight on ",hen
such el forts would be worthwhile.

Appendix

PRCQF OF 1 - 1/,2 + ( 1 - ,,)2 11
- 21'( 1 - 1') > 0, Ll" cP( p) = 1

- [1" + (1 - 1')' 1' - 21'(1 - 1'). 11 is el"ar lh.l! <1>(0) - <1>(1) • O.
Morl'OVl'r, dJ'(p) = 2( I - 21,)3, Hl'n('e, </J(p) is., iunction th.ll is incrl'as­
ing in l' for p < 0.5. and dl'Crtw;jng in l' E (0.5, 1). This shuws thal
<1>11') > Oror l' E (O, 1). O
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