Capacity Choice under Demand Uncertainty: Effects of Production

Postponement and Product Flexibility

Abstract: This paper deals with the optimal capacity choice under demand uncertainty. A single period
two product model with stochastic demand has lm=reloped to determine the optimal capacity level

that maximizes the expected profit. Dedicated plant with no production postponement strategy has been
considered as base case. The model has been extended to examine the effect of production postponement
and product flexibility on optimal capacity decision. While it is apparent that the cost epoaduction

has beereliminated under production postponement, the other major benefit depends on whether the
productshave beemroduced in a single product fldse plant rather than dedicated plants. It has been
shown that investment in flexible plant makes sense only if the possibility of production postponement
exists. The model has been extended to 4prdtuct situation with correlation in demand. Simulated

data based optimization procedure has been applied to solve thepnualtict problem as the same is
analytically intractable. The concept of PdPPF Index has been introduced to observe the effect of
production postponement on product flexible plant. Fintie effects of imposing service level objective

on firmbdbs opti mal profit and capacity have been s

Keywords: Demand Uncertainty; Capacity Planning; Production Postponement; Product Flexibility;

Stachastic Programming; Service Level

1. Introduction:

Up to the middle of the last century, the paradigm of manufacturing had an emphasis on the mass
production, mass markets and standard design. The existence of national market and absence of
foreign competitors hel pe dovefthe ysessthe com@exity ini n t h
business environment has increased due to globalization and rapid technological advances.
changing naire of global business has ledhighly competitive marketdncreased competition

has changithe nature of demand the market place both in terms of product variety as well as
uncertainty associated with the product demafititss has increased challenges in all facets of
manufacturingCapacity planning in such scenario assumes complexity as one has to deal with

the rade off between the cost of investment in excess capacity and the opportunity loss from not

meeting the demand due to capacity constraint.
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In the context ofroductiondecision under capacity planning objectit@o distinct situations

may arise: (a) théirm has to decide on capacity as well as the production quantity before the
demandhas beemealized, (b) while capacity needs to be decided a priori, the firm can decide on
production after the demand is realized. The abovehawe beemormally referred to adNo
PostponementandiProduction Postponemeéntespectively. While ibhas beempparent that the

cost of overproductionhas beereliminated under production postponement, the other major
benefit depenslon whether the productsave beerproduced in a single product flexible plant
rather than dedicated plant¥ang et al. (2004)have argued that both flexibility and
postponement ardreactive adaption behavidrsas they dealwith the consequences of
uncertaintyrather than attackinthe causes of uncertainty

Product flexibility has been recognizeds an important tool for coping with demand
uncetainties. Howeverjnvestment and management issues regargdimoguctflexibility have
beenrecently incorporated in operation managememtdels Bish and Wang 2004. It is
intuitive that in the presence of production postponement, the firm stands to gain from product
flexibility by exploiting the differences in the realized demands of the individual products. The
capacity decision being kan considering aggregate demand of all the products; at the
production stage potential benefit exists in terms of utilizing the idle capacity due to the below
average realized demand for one product by the higher than average realized demand for another
product.On the other hand sgroduct flexibility allows production of different products in the
same plant, it would typically involve higher marginal cost of investment compared to dedicated
plant. This motivates to look at the economicsledicated plats versus product flexible plant in

the context of capacity planning decisiéior this purpose, single period multproduct model

with stochastic demand has been developedletermine theoptimal capacity level that
maximizes the expected profiRedicated plant with no production postponement stratesg/

been considered as base cddes model is similar to the classical newsboy model with capacity
as decision variableThe model has been extended to consider (a) Dedicated plant with
production pogionement and (b) Flexible plant with production postponement. The base model
as well as (a) above, are essentially extension of Mieghem and Dada (1999) for multi product
case. In literature, the extensions (a) and (b) have been modeled as two stageicstochas

programming problem; where, in the first stage the firm decides the capacity that maximizes the
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expected profit. In the second stage, demamalge beerrealized and the firm decides on
production quantity.

In this paper the stochastic programming probleas been solvetb determine the capacity
level which maximizes the expected profit. However,case of multiple products follamg
correlated multivariatedemand distribution the problem becomes analytiga intractable
Because of the analytical intractability, most of the literatures have come out with
characterization of optimal solution with possibilities and dominant condit{@ome of them

have beeriscussedn literature review.Jo make the prdbm analytically tractablefor three
product case, where demands follow catedl multivariate distributiorfinite discretization of

the random data allows writing the expectation in the form of summation and helps to solve the
stochastic problem

The rest of the paper is as follows. Relevant literature suhasy/ beerdone in sectior2. In
section 3, the models for expected profit maximization and opportunity loss minimization under
postponement and product flexibilihave been introduceathd shown that simulated dathased
optimization gives very good approximation of the analytical resnltsase oftwo-product
example. In section,4&nalysishas beemonefor multi product case. The results and insights of
the analysebtavealsobeenshown in thissection. In section,%ervice level constrairftas been

added to observies effect ornvariousstrategiesSection 6 concludes the paper.

2. Literature Survey:

The choice of dedicated and flexible plant combinafimncapacity planningunder demand
uncetainty has beerconsidered by Fine and Freund (1990)lowed by Meighem (1998) and

Bish and Wang (2004Eppenet al (1989) have considered capacity planning problem under risk
and presented a mixed integer programming model based on a scenario planning approach.
Peronne et al (2002havetried to capture the economic advantage of flexible resource over the
dedicded one.

Fine and Freund (199®aveworked with n different product families which can be produced in

n dedicated plants or in a single flexible plaKt.possible states of demand with known
probability have been assumed. The market demand has beeeddalizhe firm onlyafter

investment in capacity fothe combination of dedicated and flexiblelant The capacity
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acquisition cost, revenue and production cdsis beerknown. With the objectiveof profit

maximization followings have been included in¢h findings

a) There is no guarantee of gettiagunique optimal solution ithe total no of produd is
greater tharr equal to three. Thisas beershown bya counter example.

b) Shadow values at optimality for dedicated and flexible capacity consthawe been
obtained They have shown that, for a particular state of market demand, shadow value of
flexible capacity is equal to the maximum of shadow values of dedicated capacities over all
products.From that they havelso derived theprofitable condiion for the investment in
flexible capacity.

c) With the increase in dedicated capacity cost, dedicated capacity decreases, flexible capacity
increases and viegersa. Decrease in any type of capacity cost profit increases.

d) For downward sloping demand curyes case of two products they have shown the
relationship between the capacity, capacity cost and optimal profit for correlated demand
scenario.

Mieghem (1998)hasextended the works of Fine and Freund (1990) with same two product

example with product oneontribution is greater than that of product two. The benefits of

product flexibility under uncertaintyqas beenobserved for the role of price and cost mix

differentials in addition to demand correlation. kesexpressed optimality condition in terms of

dual variables. He has also highlighted the role of investment cost for choosing among possible

investment strategies. For this hasdefined two threshold values for flexible capacity cost.

Similar toFine and Freund (1990) he has observed substitatffent of marginal cost change on

capacity. Similarly the investment in corresponding dedicated capg@styeen increased with

higher price Increase in price differential increases flexible capacity and decreases dedicated
capacity of less profitable pduct. Hehasproposed capacity investment strategy for perfectly
positively correlated and perfectly negatively correlated demand under different conditions.

Contradicting Fine and Freund (1990) s shown thainvestment in flexible plant can give

better benefit even in case of perfectly positively correlated deihanere is price difference

between the products

In line with the above literature®ish and Wang (2004) have also consideredpwarluct case

consideringcontinuous distribution which makes it different fradfme and Freund (199@)nd

price dependent demand which makes it different fidimghem (1998) The problemis two
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stage stochastic programming in nature. Thayedivided demand space ingx regions and

for each region thefgavederived optimal closed form expression for optimal profit of stage two

as a function of capacity vector. For stage one problem hiaey derived necessary and
sufficient condition for optimal profit. Theyhave also derived necessary and sufficient
conditions for investment in flexible capacity. They have proposed capacity investment strategies
under perfectly correlated demand conditions for different parameter values.

Eppenet al (1989) have considered a multiproduct, multiplant, multiperiod capacity planning
problem Three scenarios (or states of natunaye beerspecified for each year. Theyave

argued thatvariance is not a good measure of risk in this environment agdested an
alternative based on expected downside risk. Their wbeie beenbased on following
assumptions: 1) a retooling decision determines which products can be produced at a site as well
as other cost and capacity parameters; 2) there is a change®t for shutting down a plant as

well as for retooling it; 3) the demarés beemealized before the production decisioas been

made and no inventorlias beercarried from period to period; 4) production levels can be
altered within the time period in order to satisfy as closely as possible the demamastbaen
actually experienced; 5) the probability of a scenario occurring in a year is independernief earl
outcomes and the capacity of a plant depends upon the configuration chosen and at any period
any plant should be under one and only configuration. Intereshaatbeeriaken as 0.1. They
haveadded a constraint for expected downside risk to thenatigiroblem of the form EDR (0)

< 7.0, where 0 is the target value of desired profit. Expected profit andnaBReercalculated

from histogram generated using 15 cases (3 scenarios and 5 periods).

Peronne et al (2002)aveassumed the following for thetiheoretical model: 1) demands follow
uniform distribution, 2) price depends on mean demand only and 3) the variable cost is same for
both dedicated and flexible plants but investment costs are different. System wisbgs tfiten
maximized by maximizingach products profit. Investment cost, whitds beerexpressed in

terms of unit time multiplied by the service time of the product, in flexible phast been
dependedon scope econo myccdrding to ahers, éxibilityahasd beebmost
effectve when products with longest service tintes/e beerperformed in most expensive
dedicated resource. The cumulative scope econ
cost of flexible machine)/(investment cost of dedicated machine capable ofcimgpdhe

products thahave beemproduced in flexible plant). This flexible investment cost is less than sum
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of the total dedicated cost and greater than any of the dedicated cost. Similarly, service time
scope economy fact or fimeindlexibleanmaghing/(totadserdce timies ( s e
in dedicated machine capable of producing the productshthatproduced in flexible plant).

The difference between flexible resource and dedicated resoasdecempresented in the form

of hyper boohstanti . e. Ub

By simulating truncated normal distribution in-pfoduct10-plant case Jordan and Graves
(1995) have shown that limited flexibility with single chain captures more than 90% of the
benefit of total flexibility in terms of expected sales angacaty utilization. According to them

benefit of flexibility has been affected by two factodemand correlation and total capacity
relative to expected total demand. Negatively correlated protdagesbeemequired to be in the

same chain, but might hde in the same plant. If total capacity deviates far from the total
expected demand, flexibility has no value. They have argued that there can not be single optimal
plan; rather many near optimal plans exist. ph@ductplantlinks have beemdded based on the
following rules: 1) try to equalize the no of plants (measure in total units of capacity) to which
each product in the chaimas beerdirectly connected, 2) try to equalize the no of products
(measure in total units of expected dematadyvhich each plant in the chaivas beerirectly

connected and 3) create circuit that encompasses as many plants and products as possible.

Fine and Freund (1990), Meighem (1998) and Bish and Wang (2004) have examined two
product situatiorand analyticail studied characteristics of the optimal solution for two product
case In contrast to themsimulated data based modetkeveloped in this papehave been
capable of finding optimal profit and capacity under given parameter veduesultiproduct
casewith complete characterization of demand correlation into the mdttmlheverseparate
values for marginal cost of capacity for dedicated and flexible plantsriw®enconsidered

Also, partial product flexibilitydiscussed bylordan and Graves (199%\s been considereds

out of scope fothis paper

3. Two Product Cases:

Consider a manufacturer producing two products wants to set capacity level(s) before realizing
the demandsAlso consider that, after demand realization, there is no inventory aeer or

backorder which <can affect n e x t haspbeandold dtd s pl e
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discount, called salvage valukakeD; as demand and as the realized demand for the product
I. The price of product i i®, per unit, cost i<C; per unit and salvage valueSsper unit. The firm

can decide the production quant@y before demand for producthas beemealized or, it can
wait till demandrealizationso that no oveproduction happens. Similarly firm can go for two
dedicated plats with capacityK; or single flexible plant to produce the products with capacity
K. In the following subsections the possible cases has been discassatmplicity subscript i
havebeen omittedn case of dedicated plasirategies

Assume that the manufacturer starts with no initial resource(s) and incurs investment cost C(K).
For simplicity, also assume thaC(K) is linear in K, i.e.,C(K) = CxK, whereCy depends on
whether the firm is using dedicated technology or flexible techyoldchas been considered
that same amount of capacitgs beemequired to produce one unit of each product, so capacity
has beerexpressed as the number of product units that can be produced. Moreereiis tho
cost associated with producing away framstalled capacityThesetypes of assumptionsare

common in literature.

3.1. Analytical Findings for Two Products:

3.1.1. Dedicated Plant, No Production Postponement:

As there is no production postponement the firm needs to decide both the capacity and
production before the demand reatibn So there is no point in invest in capacity higher than
the production level. In other words, in case of no production postponement K = Q

Possibletwo situationshave beerdescribed below with the help of under pwotion and over

production costs:

Situation | Profit Opportunity loss
D>K Pi Ci C¢ K Pi Ci Cx (DT K)
D K PIiCiCk 7T STCiC¢k D+ STiCiC¢ K| SiCiCk (DT K)

So expected profit E Y

)
~K

PiCiCqKi PiS o (Kidfddd ééé (1)

Pi Ci C¢ K fddd+ "

o PICiCc i STICiC¢ d+ STCiC¢ K fddd

Similarly expected opportunity losse O

= P picice@iK)fdda ©

. , SiCiC (DiK)fddd
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d K B
Now, - “df d dd=Ki(K)

CZ.—?(: PiCiCq i PIS FK+Kf(K)T Kf(K) = Pi CiCc i PiSFK
HenceF K = %TSCK eéé (2

3.1.2. Dedicated Plant, Production Postponement:
In case of production postponement, productias beerdone only after demanckalization
Hence there is no over production cost and Q = Min (D HOwever,therehas beera need to

consider overcapacity cost in this case. There can be two situations as described below:

Situation | Profit Opportunity loss
D> 0 Pi CiCk K Pi Ci Ck (DT K)
D K | PiCiCkDiCKi D) Cx(Ki D)

So expected profit

=E® =, PiCiC(Kfddd_,

K

=PiCiCcKi PiC _J(Kidfddd ééé (3

Pi Ci Cx di Cc(Ki D) f d dd

Similarly expected opportunity loss

=EO=_, PiCiC(diK)fdddi,, Cc(KiD) fddd
_ PicCicCk f 2z oz
HenceF K = —— " ééé (4

For the strategies discussed ahdolowing propositonshave been developed

Proposition 1: Production postponement always gives higher optimal capacity and profit for
dedicated plant.

Proof: AsC > S, (A C) < (P71 S). Hence, F(K) in eq. (4) > F(K) in eq. (2), where, F(.) is c.d.f
of the distribution and F(.) increases monotonically in K.

Again (P7 C) < (P1 S) implies & ineq. (3) >E Y ineq. (1)

Proposition 2: For normally distributed demand, in absence of production postponement,

. o . . . . Pi Ci C .
optimal capacity increases with the increan variance as long asTSK 2 0.5, else optimal

capacity decreases with the increase in variance.
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Proof: Consi der demand foll ows nor mal di stributi

Then, F(K) =0 (“£%).

1 Pi Ci .
From eq. ([21),'—P,I_'gﬁ:ﬂ e + 0
Pi Ci C

— K. 2 0.5 for both the

For the rest of this sukection proofs have been done taki

products.
Proposition 3:For normally distributed demandptimal profit decreases with the increase in

variance.

1
an2e

2
Proof: ; (Kid) fddd=_, (Kid) exD dd = (Ki e ) F ( #(K) + f0)}.

With increase in 0 this |[Edrinteg.{lpandeqg.43%.es, whi ch

3.1.3. Product flexible Plant, No Production Postponement:

When there is no production postponemériias beershown that there is no added benefit from
being product flexible. On the other hand, the investment required might be more for achieving
product flexibility. Take total capacity = K, where ¥Q,+Q,. Below possible situations and the

profit values corresponding to those situatibase been presented

Situation Profit

D;>Q;, D>KT Q| (P T Cy i C)Qu+ PoT Cyi Cy (KT Q)

D;>Q;, DOKI Q| (PyT Cy T C)Qp+ Pyi Coft Cx DoH(S, T CoT C)(K T Qi D)

D;QQ;, D>K i Q; | (PyT Cy T C)D1#(S, T Cy T Ck) Q)i Dy + Pof G C (KT Q)

D00, DOK Q| (PyT C; T CODH(S T CyT C) Qi Dy + PyT Gyl G Do+(S, T G CO(KT Q7 D)

HenceE B = o .o (PrCQ+ PrCp (K-Q) f dy,d; ddydd,
1 1

K-Q B

too  ~g (P1-Cp)Q,+ P-Cy dr+(S,-Cy)(K-Q,-dy) f dy,d, dd,;dd,

b
+oono (PrCUHS-CY) Qth + Pr-Cp (K-Q) f d1,p ddhdd,

0B (P H(S,Cy) Q0 + PyrCy dy#(S,-Co)(K-Q,-0p) f dy,dy ddydd,-CyK
ééé (5
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Proposition 4:For independent demands, flexibility does not generate any extra profit compared
to corresponding dedicated plants, as long as productiawvenot beenpostponed.

Proof: Considering demands are independent, fi.d;,d, = f d; f d, , the expression for
expeced profit works out gs

EY = Pi Cii Cc Q + Pii Gii Gk (Ki Q)

T PTS Qidy fdyddi PiS, o KiQidfdpdd

Now, 5= Poi Gii Cc Pl S, Fo(Ki Q) =00.
“ Poi Coi G
Or, F(Ki' Q)) = —f 2= =Fa(Qy).
- EY _
Similarly, @,

Pii CiT Ck Poi Coi Ck Pii S, Fo(Q) - Poil S, Fy(Ki Q) CIC}QiDl) -0.

Py C11 Ck
Pl S

L u

Or1 Fl(Q]_) =

3.1.4. Product Flexible Plant:

Take, total capacity = K, whe@,+Q, O K

Without the loss of generalityt, has also been considerptbduct 1 gives more contribution, i.e.
P;-C; 2 P,-C, . Hence the firm will always try to meet the demand of product 1 first and

after that it will go for product 2.

Possible situations and the profit and opportunity cost values corresponding to those situations

are:
Situation | Profit Opportunity bss
D;+D,>K | (P71 Cyi C)Dy+ P,i C,1 C¢ (Ki Dy) P,i C,i Cx D;+D,i K
Di+D,0 | (P i Cyi C)Dy+ P,i C,i C D, i C(Ki Dy 1 Dy) Ck(Ki Dy i D)

EbY= (;a” f_dl (P:-Cy)d;+ P,-C, (K-dy) f d;,d, dd,dd,

>v

+ 2 U (piCy)di+ PGy dy f dy,d, ddyddy-CiK
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Again considering demands are independent, fi.éy,d, = f d; f d, , the expression for
expected profit works out as,
EY= PiC T PiGC, g

b Kid

+ PZ.II C2.|. CK Ki P2 T C2 . , KT d1| d2 f d2 dd2 f dl ddle é é (6)
0

Wheree, represents mean demand for product 1.

6 b Kldl D O Kid

NOW’O'_K"’O . Ki d1| d2 f d2 dd2 f dl ddl :”'0 O'_K’O K1 dlll' d2 f d2 ddZ f dl ddl
b P11 Coi C ;s 2
=, FAK dy)f;d ddﬁ% ééé (7)

Proposition 5:For independent and normally distributed demands having negligible probability
of having demand less than zero

a) Flexible plant optimal capacity is less than corresponding dedicated plant total capacities.

b) With the increase in demand variance, optimal capacity of the flexible plant increases, but the
increase in optimal capacity is less than corresponding totakase in dedicated plant optimal
capacity.

Proof: Consider demand for product i follows normal distribution with meaand standard

deviationA;.
b b _ _ Ki 81 €,
NOW,)V0 Fz(K dl) fl dl ddl e . D Fz(K dl) fl dl dd]_ = Prot(D1+ D2 K) = U( )
2+03
o2 092 - -] P21 Co1 Ck
+g + + =
Fromeq. (7), K=, +¢, ug+us O 01 G
P11 C11 C Poi Coi C
For dedicated plants, total capacitis = €, + £,0" == +¢g_+ £0' 2=
P71 C Poi Cp
_ .1 PpiCpiCk _ 1 PiCoi Ck > > 1 P> 7G> 7Ck
— = = 4+ —_ + ——= =~
KD A P11 Cy /(2U Poi Co /( /( B P22C
_ 2 _ _ 1 Ppi C11 Ck 2 -1 P71 Cy1 Ck
As P;-C; P,-C, ,U —Pl G u PLi Cy
o o . P11 Cii1 C
HenceKp K2 A+ K, +03 0™t ﬁ

Ash,+ K,2 (2+05,Kp 2 K. This proves the first part.
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With the increase in A, KpandK both increases, but the increase in

01+ G, is more compared tad3+03. This proves the second patt.

Although intuitive, however if one wants to establish the following, analytical difficulty happens
in case of flexible plant profit.

For independent and normally distributed demands having negligible probability of having
demand less than zero

a) Flexible plant optimal profit is more than corresponding dedicated plant total profits.

b) With the increase in demand variance, optimal profit of the flexible plant decreases, but the
decrease in optimal profit is less than copeading total decrease in dedicated plant optimal
profit.

For this purpose one needs to shavie & 2 E Yy, .

Where, fom eq. (6),

EY= PiC 1 PiC, e,+ P Gi C¢ K

b

2T B K dyi dp f dy dd, f dy ddy

i P,
From eq. (3), total profit for dedicated plants

=EYp = Pii Cii C¢ Kyi Pyi Cp OKl (K7 dy) f d; ddy
+ P,i Coi Cx Koi Poi C, 0K2 (K,i dy) f dy, dd,

The derivation of flexible plant profig & has not been tried.

3.2. Simulated DataBased Optimization Procedure:

3.2.1. Methodology:

In the last sectiolit has been laserved that even for two product case with demands following
independent distribution, finding a closed form solution for optimal profit and corresponding
capacity is extremely difficultThe complexity increases if the demands are not independent.
Only in some specific cases analytical calculation of stochastic programming is possible as the
evaluation of expected value of demand involves calculation of multivariate integrals. A finite
discretization of the random data allows writing the expectationeifdhm of summation and

helps to solve the stochastic problem. In this-settion this methodologyas been developed

The model of flexible plarhas beemronsidered for this purpose.
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The model for flexible plant:
Yrexibie plant= BiZ1 (B COMin Dy, Ki  Crieyiple planK
Take,Z; = Min D;, K; = Production quantity of produgtwhere,B{%; K; = K.
The deterministic version of the flexible plant model (wh&rgalues are known with certainty)

can be written as:

Maximize B (P C)Z  Criexible panK
Subject to: Z,0D; BN

BMZ K ®

Z,K ® b

But in real lifed; values are not knowi®ne haghe idea of the distribution of tltg valuesonly
and before the realization of these valoasneed to set the capacity K. To summarize this, time
sequence is as follows (Wagner, 1993, Ch. 16, p. 667);
a) First stage Manufacturer selects level of K.
b) Random even¥alues ofd; are known and are independent of K.
c) Second stageManufacturer selects thevel ofz;, the production quantity.
Given the time sequence, manufacturer selects K for which expectedhpofieemmaximized.
The problem can be formulated as stochastic programming with recourse in the following way:
First stage problem:
max o ¥(K)=E 8'(K, D)  Criexibie plank
Second stage problem:
B K,d =maxgY(K, d)=maxBl, (P, C)Z

Subject to: Z; Od i
BM,Z K ®

Here, D = (D4, D56 ,D,), d = (dy,dy€ ,dy) and Z = (Z4, Z,,€6 ,Z,). Also E(.) is the
expectation operator.

Now, consider only three values dfare possible with known probabilig{s Wherd?:j?’:1 P, =1.

Hence the possible cases are (considevimmgproduct caseX, 1, di» with probabilityp,; d,;, d,

with probability p, and ds,, d;, with probability p;. Since Khas beerdetermined before the
realization of the demand values, these variables will also come in stochastic programming
formulation. The remaining decision variabl&shave beerdetermined after the realization of

the demand. Hence, thegve beemoted ag; fori=1,2andj=1, 2,.3
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As long as the decision variables in the first stage (here capacity K) do not depend on the
realization of the random event, the two stage problem can be expressed as a single optimization
model like béow:

Maximize BLBL (B C)Zj B Criexibe panf
Subject to: Z; Od b

BZ,Z; K ®©! ]

Zi, K ® bi,j

Here, the stochastic programming version of the problem has more numigensifaints
compared to its deterministic version.
As the first stage variable K do not depend on the outcome of 8wepario, objective function

can be rewritten as:
Maximize Criexible PanK * E BZ; (P C)Z; P,
Finally, the distribution ofd has been approximatdxy taking large number of values generated

from the distribution. So ajy; valuesareequally likely and the model becomes:

- 1
Maximize “BLiBZI (P C)Zj  Criexible panf
Subject to: Z; Od; b, j

BZ,Zj K ® ]

Zi,K ® bi,j

However, with this procedure one trade lodls beemecessary. On one side, with the increase in
number of products sample sets needs to be increased, otherwise the gap between sample statistic
and parameter value increases. On the other side, with the increase in sample values the
complexity of the probla increases and with the increase in number of products the complexity
increases exponentially. Hence, to keep the accuracy of the resulttobigiany producthave

not been considered

As discussed earliein proposition 4 flexible plant without prodction postponement is not

better option compared toultiple dedicated plants. So this strateggs been omitteth this

section. Theadditionalnotations used in the modédave beeishown below:

d;j= Demand for product i at iteration |

Cstrategy s= Marginal cost of capacity for strate§y
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3.2.2. Models:

Two Product, Dedicated Plants, No Production Postponement:

! Syategy 1 = Biz1 RMin D,,K; + SMax K; D;,0  GK;  Csyawegy 1B1K
Take,Z, = Min D,,K; = Sales quantity of producin the primary market
ThenMaxK; D;,0 = Min D; K;,0 = Min D,K +K = Z+K;

Hence thesimulated data based optimizatiowdel becomes,

Maximize  -BL,BZ, (R S)Z BLi(Goraegy 1+ G S)K
Subject to: Z; dj by

Z; Ki 0 i

Z,Ki 0O b

Two Product, Dedicated Plants, Production Postponement:
L Strategy 2 = Bi2:1 (R Q)Min Di’Ki CStrategy 2 Bi2=1 Ki
Take M; = Min D;,K; = Production quantity of product i

Hence the simulated data based optimization model becomes,

. 1
Maximize ~BL, BZ, (R G)Mj  GCspawegy 2 BZ1Ki
Subject to: Mj  dj by

Mj K 0 1ij

M, Ki 0 1 i,]

Two Product, Flexible Plant:

This strategy has been discussed already in the previotsestibn.

3.3. Comparison ketween Analytical and Simulated Data Base®rocedure:

To find optimal capacity levels and maximum profit and corresponding optimal capacity values

for the tree strategies discussed abonverking has been donen two different parameter sets.

The valueshave been generatég both analytica(wherever possiblegnd simulated data based

procedure.ln both the examples demantiave beerconsidered to be followed independent

normal distribution with giveparametersUsing these parametet,000 demand scenaribas

beengeneratedPercent deviatiohas beeralculatedusingthe following formula:

Percent deviation £Simulated datebased result Analytical resulf)x100{Analytical result)
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Example 1: Considemmarginal cost of Capacity for any case = 4.

Other Parameterme shown below

Data Price | Cost | Salvage Value | Mean Demand | Std. dev.of Demand
Product 1 15 9 5 100 25
Product 2 13 8 3 200 40
Analytical Case 1 Case 2 Case 3
based results| Capacity Profit Capacity Profit Capacity | Profit
Product 1 78.96 130.0 89.23 145.5 260.3 --
Product 2 148.74 129.8 166.34 144.0
Simulated data Case 1 Case 2 Case 3
based results | Capacity Profit Capacity Profit Capacity | Profit
Product 1 79.24 130.7 89.59 146.2 260.74 334.2
Product 2 148.25 129.4 166.03 143.6
Percent Case 1 Case 2 Case 3
deviation | Capacity Profit Capacity Profit Capacity | Profit
Product 1 0.35 0.54 0.40 0.48 0.17 --
Product 2 -0.33 -0.31 -0.19 -0.28

Example 2: Considemmarginal cost of Capacity for any case = 4.

Other Parameterme shown below

Data Price | Cost | Salvage Value | Mean Demand | Std. dev. of Demand
Product 1 15 9 5 200 40
Product 2 13 8 3 100 25
Analytical Case 1 Case 2 Case 3
based results | Capacity Profit Capacity Profit Capacity | Profit
Product 1 166.34 288 182.77 312.7 260.3 --
Product 2 67.96 56.2 78.96 65.0
Simulated data Case 1 Case 2 Case 3
based results | Capacity Profit Capacity Profit Capacity | Profit
Product 1 166.05 288.2 182.79 312.6 260.32 434.6
Product 2 68.06 56.5 78.9 65.2
Percent Case 1 Case 2 Case 3
deviation | Capacity Profit Capacity Profit Capacity | Profit
Product 1 -0.17 0.07 0.01 -0.03 0.01 --
Product 2 0.15 0.53 -0.08 0.31
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From the above examplese can conclude thathe results found using simulated dd@sed
optimization procedures are very close to the results found using analytical yexced
(deviations are less than @o5for most of the cases). Now, in the next sections, multivariate
analysis and correlation Wilbe introduced, and this becomes extremely difficult if not
impossible to solve by analytical method and obtain closed form solution for optimum profit and
capacity levels. Hence for the rest of the paper, whenekhas beemequired to maximize profit

for the optimal capacitievels,simulateddatabased optimizatiohas been used

4. Multi Product Cases:
4.1. Methodology:
In this section multivariate normal demand distributioess been consideredo thatit can
capture the effects of correlation on profit level. Normal numbhax® beemenerated by using
variancecovariance matrixThe demands of the produds ¥ R, are random draws from a
multivariate normal distribution function. For product i, realieaatof demand isl;, the mean of
the marginal distribution is., the variance i§2, and the covariance of the joint distribution
is Oy =4, 0;0y, where 2, 2 -1fori |k
For three products following correlated multivariate distribution, fidiseretization of random
parameter allowswvriting the expectation in the form of summation and makes the problem
tractable. The random multivariate normal numbease beerproduced by prenultiplying a
vector of random univariate normal numbers by thel€dky decomposition of the Variarice
Covariance matrix\{{) according to the formula:
Z=p+LX éé. (8

Where,

Z = a vector of random multivariate normal numbers

W = a vector of mean of the marginal distribution

X = a vector of randm univariate normal numbers

L =the Cholesky decomposition of the covariance matrix.
Here the values derived from the Cholesky decompoditime beestored in the lower triangle
and main diagonal of a square matrix; elements in the upper triangle of the matrix are 0.
If variancé covariance matrix is real, symmetric and positive definite, then Cholesky

decomposition exists.
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Positivedefiniteness:
An arbitrary matrix is positive definite if and only if all the principal subtrices have a positive

determinant.

4.1.1.Cholesky decomposition Algorithm:
V=LLT
Start withL=0
for i =1é m do
Subtract from v, the dot product of the ittow of L with itself and sef;lto be the square
root of this.
for j=i+1, ¢é, m
Subtract from;}, the dot product of the ith and jth rows of L and geblbe this
result divided by;].

4.1.2.Example of Cholesky Decomposition:

ConsiderV, a [3x3] matrix, as given below:

10 2 z4
V= 2 15 1
24 1 6

Matrix is real, symmetric and positive definite. Hence Cholesky decomposition exists. The steps

are shown below:

L=

oNoNe)
oNoNe)
oNoNe)

Fori=1,v:=10and frowofL = 0 0 O ;the dot product = 0x0 + 0x0 + 0x0 =H&nce,
l11= &(idwt produ@t3le= a(10
316 0 O
L>= 0 0 0 ;
0O 0O
Giveni=1,forj=2, TfrowofL= 316 0 0 and2%rowofL= 0 0 O ;the dot product
= 3.16%x0 + 0x0 + 0x0 = 0; hengg F (v2 11 dot product)/4;=2/3.16 = 0.63.
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Giveni=1forj=3, f'rowofL = 316 0 0 and3'rowofL= 0 0 O ;the dot product
= 3.16x%0 + 0x0 + 0x0 = 0; hencg F (v311 dot product)/4;=1 4/3.16 =i 1.26.
316 0 O

L3= 063 0 O ;:
7126 0 O

Fori=2,y,=15and XrowofL = 063 0 O ;the dot product ©.63x0.63 + 0x0 + 0x0 =
0.3969; hencepb= &g¢idwt pr odin@3999) =38A( 15

316 0 O
L%= 063 382 0
2126 0O O

Giveni=2, forj=3, ®rowofL = 063 3.82 0 and 3rowofL = -1.26 0 0 ;the dot
product = 0.63x1(1.26) + 3.82x0 + 0x0 = 0; hencg:l= (vs2 i dot product)/ 4, = (17 (i
0.79))/3.82 = 0.47.

316 0 O
L5= 063 382 O :
2126 047 0

Fori=3,¢3=6and & row of L = 7126 0.47 0 the dot product =i(1.26)x{ 1.26) +
0.47x0.47 + 0x0 =1.8; hencegk &gidwt pr odildBt=p.04= & ( 6
316 O 0

FinallyL= 063 382 O
7126 047 204

Now, as per eg. (19neonly needsto generateX, column vector of standard normal random
numbers. Then by the use of eq. (1), each s&t bé&s beerused generates one set of random
numbers from multivariate normal distribution. In this way, 10,000 sets of sarhples
generatedor the purpose. Ithas beerseen that, with this large number the samples, statistics
follow original distribution paramets.

Alike previous section, here also,000 demand data seftave been usefibr the optimization
procedure. Models for simulated ddtased optimization are samg tavo product cases (section
3.3), except total number of productstiresecase are 3. Hace, n this subsectionopportunity

loss models for thabovementionedstrategietave been introduced
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4.2. Opportunity Loss Models:

Multi Product, Dedicated Plants, No Production Postponement:

Ustaegy 1 = B2y R G Max Dy K;,0 +(§ G)MaxK; D;,0 + Cspaegy 1BL1K
Hence the model becomes,

. 1
Minimize ~BL,BL; R G Uj (S G)Vj + Gsyaregy 1 BZ1K;

SUbject to: D” Ki = U” \/| ! I’J

UV, K 0 b

ij 1
Multi Product, Dedicated Plants, Production Postponement:
U Strategy 2 = BZ, R G MaxD, K;0 + Cstrategy 2 B, K

Hence the model becomes,

.. 1
Minimize HBJ'nzl BZ;, R G Uij + CStrategy 2B, K
SUbject to: D” Ki = U” \/| J I’J

UV, K 0 b

ij 1
Multi Product, Flexible Plant:

L Strategy 3 = Binll R Q Max Di Ki’o + CStratet‘:]y 3K

Hence the model becomes,

o 1

Minimize  ~BjL;BZ; R G Uj + Gsyategy 3K

Subject to: BL1;Dj K=BZ; U b
Ui, Vi, K 0 N

ijy Vijs

As intuitive, capacity values in case of profit models and opportunity loss naréetame.

4.3. Findings:

Variance and coefficient of variation represent two common measures of individual level of
demand uncertainty. On the other hand change in correlation changes aggregate level demand
uncertainty keeping variance unchanged. In the numerical analysis, congitteeeproduct
environment, the effect of these uncertainties on optimal expected total profit and corresponding
total capacity levehas been tried to captuler all the strategies discussed abaue= 500,P, =

80, C; = 20,5 = Sfor all productsand Cgyaeqy s= 10 for all strategies. However, incorporating

differences in cost of capacities of dedicated and flexible plants can be easily done. To check the
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effects of uncertainty following parameter shtsre been consideredhanges in coefficient of

variation = {0.05, 0.1, 0.15, 0.2}, changes in variance = {2000, 4000, 6000, 8000, 10000},

changes in correlation =0{99, 0.5, 0.25, 0,i 0.25,7 0.5} for all products. The results are

tabulated inAppendixA.1. The graphdave leenshown inAppendixE. The observationkave

been discusseokelow:

1) Except when correlation is negative, the capacity of the flexible plant remains in between
total capacity of the dedicated plants having no postponementthendame having
production pogponement, with last one giving the highest capaditgwever, for highly
positively correlated (0.99) demands, under postponement, the capacity of flexible plant
becomes equal to aggregate capacity of dedicated plamtsegatively correlated demands,
flexible plant optimal capacity is always the least. Intuitively, production postponement tends
to increase the capacity as a result of elimination of overproduction, while the flexibility
reduces the capacity due to pooling effect. For highly negativelyelated demands,
aggregate demand variance almost reduces to zero and capacity approaches total mean
demand value. For example in our case minimum possible correlafio®.3s as varianée
covariance matrix does not remain positive definite below thisevaAt this level of
correlation, irrespective of variance, total demand realization becomes 1500. Hence there is
no aggregate level of uncertainty at this value and flexible plant capacity also remains at
1500.

2) In terms of profit, flexible plant alway®mains the best choice, followed by dedicated plant
with production postponement; dedicated plants having no postponement give the least
profit. For negatively correlated demand benefit from flexible plant is intuitive as below
average realized demand fone produchas beertompensated by the higher than average
realized demand for another product. For example alike capacity, with correlaiiod. & f
profit remains unaffected by the variance level. However,highly positively correlated
(0.99)demand, under postponemerthe profit from flexible planbecomes equal to that of
dedicated plant

3) For dedicated plant strategies, profit and capacity remains unaffected with the change in
correlation coefficient. However, with the reduction in correlatitaxible plant optimal

profit increases and capacity decreases.
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Now the effects of uncertaintiesave been discussexh the strategies for a) change in demand

differential, b) change in price differential, c) change in price and d) change in capacity cost

a) When the effects of change in demand differertiale beerexamined mean demands for
the productdave beertonsideredas follows: {500, 500, 500}; {400, 500, 600} and {250,
500, 750}. This helps to observe the effects on three levels of demandrdiéierfd, 200,

500}, average mean demand unchangelere first one corresponds to the base case. Other

values remain samé? = 80,C; = 20,5 = 5 and Cgyraeqy s= 10. The resultshave been

tabulated imMppendixA.1. The graphé&ave beeshown inAppendixE. it has beembserve

that, changes in demand differential, has no effect on optimal profit and capacity for any of

the three strategies, but individual profits and capacities change.

b) For examiningthe effects of change in price differentiatjges for the producteave been
considereds follows: {80, 80, 80}; {60, 80, 100} and {40, 80, 120}. This helps to observe
the effects on three levels of price differential, {0, 40, 80}, where first one corresponds to the
base case and average produtepremains unchanged. Other values remain same500,

C = 20,S = 5 and Cgyaegy s= 10. The resultshave beenabulated inAppendix A.2. The

graphshave beershown inAppendixE. Increase in price differential decreases capacity for

all three strategies. However, the effect of price differential on optimal total profit is not

much

c) For observingthe effects of change in price, three price levels, {40, 55, &8l been
considered, where all the products have same price. Other values remain, sab®0,C; =
20, S = 5andCgyateqy s= 10. The resultshave beenabulated inAppendixA.3. The graphs
have beershown in Appendix E. The effects of no postponement and tposement on
optimal total capacity and profiiave been discusséeélow.

1) In case of dedicated plant with no production postponement strategy when price of the
product is low (40), capacity is less than the expected total demand and capacity
decreases with the increase in variance. Similarly, when price of the product isGjigh (8
capacity is greater than the expected total demand and capacity increases with the
increase in variance. The reason is quite simple; when price is low, then cost of
overstocking (20 + 10 5 = 25) exceeds the cost of understockingi(ZD i 10 = 10)
and the capacity is maintained at a lower side. With the increase in variance, expected

loss from overstocking increases more compared to expected loss from understocking.

Page22of 40



Hence the capacity also reduces. When the price is high exactly opposite happesfs (cos
overstocking = 25 < cost of understocking = 50). When cost of overstocking and cost of
understocking are almost same (at price 55 the value is 25), capa€ibgemaintained

near to expected demand value and capacity remains indifferent with dahgecim
variance. However optimal expected profit always reduces with the increase in variance
or coefficient of variation as with the increase in individual uncertainty both the expected
understocking and expected overstocking cost increases. Thesg aesutt line with the
analytical findings in two product case.

2) In case of production postponement, capacity increases and profit reduces with the
increase in variance for both dedicated and flexible plants. However, when the cost of
overcapacity and theost of undercapacity both remain same, optimal total capacity level
remains almost equal to total mean demand in both dedicated and flexible plants having
production postponement and remains unaffected by the changes in variance and
correlation. For exame, when price is 55, cost of undercapacity =i58071 10 =25;
when price is 40, cost of undercapacity = 4®0 17 10 = 10, where the cost of
overcapacity = capacity cost = 10. In the first case total capacity is higher than mean
demand, 1500. However, the second case total capacity approaches the mean demand
and remains unaffected by variance. The reason is quite simple. In case of production
postponement there is no chance of overproduction, but there is always cost of
underproduction due to capacignstraint and is same as undercapacity cost. As long as
the cost of overcapacity does not exceed the cost of undercapacity, firm always gains
from higher realized demand by maintaining higher capacity. At the same time, there is
no loss from low realizedemand except having idle capacity. But if the overcapacity
cost is higher, the firm only tries to maintain capacity at mean demand level.

d) For looking intothe effects of change in capacity cost, three levels, {5, 10ha%¢ been
considered, where all ¢hstrategies have same capacity costs. Other values remairesame:
500, P, = 80,C; = 20 andS; = 5. The resultshave beertabulated inAppendix A.4. The
graphshave beershown inAppendixE. Increase in cost of capacity reduces both capacity
and profitin all cases.

In all the cases discussed above, change in correlation has no effect on unmet demand percentage

for dedicated as well as flexible plant. However, with highly negatively correlated demand, when
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aggregate demand variance becomes negligitdjbfe plant has no unmet demai(8ee
AppendixC).

As flexible plant is effective only RJIPFt her e
| n d bas deen introducet check the effect of production postponement on flexible plant

pr of i tPdPWwWhFedr es tdRroddcBonPfoosrt plone ment ef fect on FIl ex
calculated as below:

I:)rOﬁtDedicated PIantPostponemen'[ I:)rc’f'tDedicated Plant No Postponemen)t<

PdPPF Index 100%

Profitgexibie plant! Profitpedicated plant No Postponement
A reduction inPdPPF index with the increase in a particular parameter indicates that the
abovementioned effect reduces and suggests that manufacturer can invest more in product
flexible technology. Hence, thRdPPF index can also be considered as the proxy of the value of
product flexibility. Although, profit decreases with the increase in variance for all strategies,
PdPPF index remains unaffected in variance or coefficient of varjatbich means, the value
of product flexibility hasnot beenaffected by the individual level demand uncertaiftgwever,
PdPPF index decreases with the decrease in correlation. With the increase in negative
correlation, ma n u f a ¢ produce fliexibdity increasesiPdPPF wn@exalkoo 1 n v e
decreases with the increase in price differential or with the decrease in marginal cost of capacity.
Soit canbeconcludel that the value of product flexibility increases in price differenBadduct
flexibility becomes more fefctive when higher price differential or lower marginal cost of
capacityhas beermombined with lower correlation. With the increase in negative correlation, the
price differential effect diminishes with increase in negative correlation, but the effect of
marginal cost of capacity increases with the increase in negative correldi®mexplanations
have beegiven below(For PAPPF Index values s&ppendixB.5):

a) With the change in price differential, the totptofits of dedicated plant (both
postponement and no postponement) strategies atgeenaffected much. They also
remain unaffected with the change in correlation. However, the profit of flexible plant
increases with decrease in correlation due to pgadiffect. With the increase in price
differential, this additional gain from flexibility becomes less effective. In other words,
correlation effect acts better in flexible plant when price differential is low. The
explanation is simple. With the increaiseprice differential, the flexible firm increases

the option to allocate more of ités resour
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b)

meet the demand of high price product, even at the cost of low price product. As a result
in case of high coelation also, flexible firm profit is more compared to dedicated plant
with postponement. As a result, for different price differentials, PAPPF Index converges
with decrease in correlation. The same can be observed in graph also (See Agpendix
Graph 6(a).

With the reduction in correlation, PAPPF Index decreases irrespective of the price of the
product. However, with very high correlation (0.99) they converge at value =1. The
reason is quite intuitive. At 0.99 correlation value, there is no additional fgam

flexible plant over dedicated plant with postponement. So the optimal profit in both cases
remains same and the PdPPF Index value becomes unity. With the change in correlation
the optimal profit in dedicated strategies do not change, but the pfdféxible plant
increases due to pooling effect. Hence, PAPPF Index decreases. However, with the
reduction in product price, this additional gain from flexibility becomes less effective
(with low price product the flexible plant profit range reduces).other words,
correlation effect acts better in flexible plant when prices of the products are high. But, at
the same time, with the decrease in price the extra benefit of postponement reduces as the
cost of understocking reduces and capdtity beemairtained at lower side. Hence, the
difference between profits in dedicated plant strategies reduces. As a result with the
decrease in correlation PAPPF Index diverges. The same can be observed in graph also
(See AppendiE, Graph 6(b)).

In case of change icapacity costthe structure of the graph and explanation on PdPPF
Index is same as the effect of change in price. The same can be observed in graph also
(See Appendi, Graph 6(c)).

5. Service level constraint in multi product case:

t o day dodentedbgsinessymimizing profit is not the only target for firms. They

alsoneed to consider thgervice level as a satisfying objectitéere, service level mearthe
expected number of cases where the derhasdeemet. Maximizing expected profiteingthe
main objective of théirm, service level objectivhas been takeas constraint to the modeThe
aggregate service level has been calculated by averaging individual service levels, based on the

assumptiorthat same cost of stoakut occasion$or products.
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5.1. Mixed Integer Models for Satisfying Aggregate Service Level:
When constrairgt have beeraddedfor satisfying service level in models presented in section
3.2.20ne cargo for the following argument. Given A = a large number, | = binary variable, D =
demand of product, ¥ZthenSales | evel, if A*I1 O
DiZ>0A1=1
Di Z=0A1=0,1
DiZ<0AI=0,1
Then, i f fit ot a has beenBedas agcomsteint, itwvil kryute d@ssign zero to |
values, whenever required. In other words, it will try to maké B O O . SO unmet
instances will be reduced upto the required level.

Multi Product, Dedicated Plants, No Production Postponeméaervice leveP 70%):

Maximize %Bjnleirgl (R S)Zu Binél(CStrategy 1+ G 9K
Subject to: Z; dj by
Z, K O i

BiL,BZ,l; 03mn

I binary by
Z|J ’ Ki 0 | I!J
A = Big positive number

Multi Product, Dedicated Plants, Production Postponement (Service 1é\@)%):

Maximize %Bjnzl B, (R C;)Mij Cstrategy 2 BiZ, K
Subject to: M;  dj by

Mij Ki O by

dij M” A x IIJ 0 | |,J

BJ-“:l BT, |ij 0.1mn

lj binary by

Mij,Ki 0 b

A = Big positive number

Multi Product, Flexible Plant, Production Postponement (Service 1e9€10%):
Variable M; 0} i,j; K 0 I binary ! i,]

L 1
Maximize ~BL;BZ1 (R G)Mj  GCsyategy 3K
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Subject to: M;  dj b

BL,M; K 0 b
di M; Axl; 0 )i
BL,BT,l; 0.1mn

l; binary by
M;,Ki 0 b

A = Big positive number

Whenonegoesfor satisfying individual service level onfgurth constraint changes as below:

BiLilj 0.3n l'i(When required service |
BL.lj 0.ln l'i(When required service |

The problem wh MIP models discussed above is that in many cases it can not perform with
more than 100 demand data sets. So alternate apphaacieen adoptedvhich has been

discussed next.
5.2. Simulation Diagram for Checking Required Service Level:

Generate 10000 Demand Data Sets from
Multivariate Normal Distribution Input: Price, Cost, Salvage Value,

Capacity Cost, Service Level, Capacity
Incremental Value = S

\ 4

v

Find Optimal Profit, Capacity K, Unmet Demand
Using Models from Section 3.2.2

Find Profit, Unmet Demand for Capacity K Using
Models from Section 3.2.2

* 1 I's Unmet Den
| SetK=K+S No (17 Service Level) %

>
}

FINISH < Output: Capacit_y K, Profit
at Capacity K

5.3. Results and Findings:
To compare the results with section 4.3 same parameter Yaluedeen kepfThe observations

have been discusséelow (For PAPPF Index values with SLC see Appendix B.5)
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1) Observations regarding PdPPF IndexPPF decreases with decrease in correlation in both

SLC and without SLC. At same correlation lewslth SLC, PAPPF increases with decrease in

price differential, increase in price and decrease in capacity cost. Howaveut SLCPAPPF

values converges at highly negative correlation when change in price differential happens, and it

converges at highly positive correlation when change in price or change in capacity cost

happens.On the other hand, when service levehstrainthas beenmposed, PdPPF Index

diverges with decrease in correlation for different price differential levels as well as for different

price levels. However, with different capacity cost PdPPF Index remains parHiel.

explanation$have beemiven below:

a) As the service level constraints in any of the price differential levels are not violated

b)

much, the differences between profits in dedicated plant strategies are alike in this case
compared to the cases without SLC. Hence, when operated undefoSHdferent price
differential levels, PAPPF Index converges with decrease in correlation. The same can be
observed in graph also (See ApperpGraph 7(a)).

With the decrease in the product price, rate of decrease in Unmet Demand Percentage
(hence, D %) is more in case of dedicated plant with postponement compared to
flexible plant. On the other hand, dedicated plant with no postpondrasiteemffected

most with service level constraint. As a result, the less the product price, the more profit
reduction happens for dedicated plant strategies to fulfill the service level requirement.
When price values are 80 and 55, flexible plant service levels are not violated and, in case
of price = 40, a small reduction in profit happens to maintain the sdexieé Hence,

even with correlation = 0.99, the profits between dedicated plant with postponement and
flexible plant differs and this difference increases with decrease in product price.
However, with the decrease in correlation, dedicated plant (botpgshent and no
postponement) profits with SLC remain same as optimal profit (without SLC) and UD %
do not change in correlation for dedicated plants. As with the reduction in product price,
additional gain from flexibility becomes less effective, the deinator of the PdPPF

Index shows less increase with the reduction in correlation when product price is low. On
the other hand, the reduction in differences between profits in dedicated plant strategies
are less compared to the cases without SLC. As atresuproduct price decreases, the

PdPPF Index decreases less with the reduction in correlation. In other words, when
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operated under SLC, for different product prices, PdPPF Index diverges with increase in
correlation. The same can be observed in grah(&ise Appendik, Graph 7(b)).

c) In case of change in capacity cosg teason for non convergence at correlation = 0.99 is
same as the effect of price change. However, as the service level constraints in any of the
capacity cost levels are not violatedchuthe reduction in differences between profits in
dedicated plant strategies are alike in this case compared to the cases without SLC.
Hence, when operated under SLC, for different capacity cost levels, PdPPF Index
remains parallel with the change in cgation. The same can be observed in graph also
(See Appendik, Graph 7(c)).

2) Observations regardingduction in profitrom imposing Service Level Constraint (SLC):

Reduction inProfit Percentage = RP % [(Profit with SLC1 Profit without SLC)x100/ Profit

without SLQ. More negative value akduction inprofit means more decrease in profit with

SLC (SeeAppendix D)

a) In case of dedicated plant with postponement, correlation has no effeR® &n TheRP %
decreases with correlation in casdlexible plant.

b) With increase in variance and decrease in price of prod®&®s% decreases for both
dedicated and flexible plant. However the effect is less in case of flexible plant.

c) Change in price differential or change in capacity cost has littletedfetheRP %

6. Conclusion

This paper deals with the optimal capacity planning under demand uncertainty. Simulated data
based optimization procedure used in this paper helped to solve thepradlict two tage
stochastic linear programmingvhich is otherwise analytically intractable. The effect of
production postponement increases profit, but flexible plant may generate higher profit compared
to dedicated plants depending on the cost of flexible technolagydedicated plant strategies,
profit and capacity remains unaffected with the change in correlation coefficiewever, with

the reduction in correlation flexible plant optimal profit increases and capacity decreases. On the
other hand, change in demand differential or price diff@kritas no effect on aggregate
capacity or profit for any of the three strategies. But profit reduces with the reduction in price or

increase in capacity cost.
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The PAPPF index introduced in the paper is helpful in deciding on choice between dedicated and
productflexible plant. The value of flexibilityhasnot beenaffected by the change in individual
demand uncertainty, but effectiveness of product flexibility increases with negatively correlated
demands. The change in demand differential has no effeaggregate capacity or aggregate
profit level in any of the three strategies, however, increase in price differential or decrease in
marginal cost of capacity increases the value of flexibility.

Change in correlation has no effect on unmet demand percdotatgglicated as well as flexible

plant. However, with highly negatively correlated demand, when aggregate demand variance
becomes negligible, flexible plant has no unmet demand. On the other hand, when service level
constrainthas beerimposed, PdPPF Imk diverges with decrease in correlation for different
price differential levels as well as for different price levels. However, with different capacity cost
PdPPF Index remains parallel.

The main contribution of this paper is threefold. First, the praeedifinding optimal profit and
capacity has been developed for dedicated and flexible plant facing multivariate correlated
demand distribution, which is otherwise analytically intractable. Second, PdPPF Index has been
introducedas a proxy for value ofrpduct flexibility to find several meaningful insights based on

the changes in various parameters. Third, the service level objeasvieeen adddd look into

the problem from mukobjective angle.

Several extensions tthe models are possible. We are currently working on price dependent
demand scenario to accommodate price postponement into our model and observe the effect of
product substitutability. Another extension on which we are also working is to extend the models

for multi-period scenario.
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Appendix A: Results

Appendix A.1:
Parameter values: Price = 80, Cost = 20, Salvage value = &fdr of the three products;
Marginal cost of capacity = 10 for any type of plant
G/ ¢ = {0. 05, 2=02000, 4000,.6008, 800@) 10Q0p}, @
C Horizontally {Capacity 1, Capacity 2, Capacity 3, Profit 1, Profit 2, Profit 3

Mean Demand = {500, 500500} Mean Demand = {400, 500, 600}|| Mean Demand = {250, 500, 750}
Change ri=0.99/ ¢ Change ri=0.990/ ¢ Change ri=0.990/ ¢
153215741573 7296573891 73895/1532/1572/1571/72891 73822 73825|153115731573 728873823 73826
156216421641 7082E72661 72668 156€16481648710007284572853||156516431642/7091172751 72758
159917191719689737174171752(1597/17151714688727162171633||16011721172C/6902&71794 71804
16231779177766731703557037(0|1631{1791/1792/6698€ 7065€ 70671(|1628|178917873377%70464 70476
Changér 3o 0 Changér 300990 Changér 30990
15581631/1631713877303¢73045|155€16281627713357297(72977||1556163(/163C|7134¢7299€ 73304
158116831682697817210€72116/157916821682/6968(7201¢72028|158(01681/1681/6979572103 72112
1596172€1724685517142471437/16041731/1731/6867§7157&71590|1600172€1726/687227156€ 71577
161917621761677427105471069/16181765176€/677057103271045|1614|1759175S6783271083 71096
1623178317826668€703347034916331793179(6682§7055570569|1627|17891787/6677&70450 70465
Change ri=05 0/ ¢ Change ri=@50/ ¢ Change ri=050/ ¢
153215731558729797389¢74108/1532/1572/156( 7291673847 74046||15321571/155S 7296573882 74068
156516451621709297277173206|156€16461619710197285€73262)|156716441622/7094272788 73167
15971716167768923716627226915981716167€6690357176472374||1597171€168C6895(|7169€ 72249
16291787173466855705227137(0/163317961743669077062571426|1631|178917436681&70519 71250
Changérsas G Changérsos G Changérsos G
155716281606713117295(73312)1558163216087136(7302€ 73384(1558163(|160€¢|7134(|72991 73355
1581168516506978572125 7264815821683 164869934 7223¢72764(15821684165(C698727219¢ 72720
159817241681/685777142€72074159€)17231681/685257137772027|160017251684686177148572124
161217541706676707093571658161€17611710676847098471709(1612175€17076761¢70904 71643
16291787173466855705227137(0)1631)179217356688( 70571 71394(1629(178¢173€66693¢7059¢ 71418
Change ri=0.250/ ¢ Change ri=0.250/ ¢ Change ri=0.250/ ¢
1532157315517294(07386& 7420415311571 1550729097382€ 74154(15331572/1554 7301573933 74228
156516461604 7092572775734331562/164216007082€7266( 73314(1562/1642/1602,70831 72667 73269
1597171716536892(071671 7265015931714 1650686597142¢72391(1595171416576878571545 72438
1628179317066682470515 7185816331793 1705670357072 72038(1627|1792/171€/6676570451 71643
Changér30250 Changér 30250 Changér 30250
1557162915907129(7293¢7353(]155816311592713797302273621/[1558162¢1593 7136€/ 73009 73584
158316851631/6993372261 7309915821686 1630697857213172967(158(168(]16296979¢ 72111 72929
160317261663687227158572599159¢€172216566865¢7150¢ 72534(15981722/165568712 71541 72600
161717631687677937109472252)1617176C1686677257102772184(1615/176(|16856769170989 72158
16281793170666824705157185811631/17921708668427055571858(1625(178€/1707,6666(| 70351 71649
Change ri=0 @/ Change ri=0 0/ Change ri=0 0/
153315731542729797390€7438311532/15721543 7297573895 74355(1531/15731545|72955 73874 74294
1566164715877094972804 7373515631644 1583 7084572691 73634|15621643158€/7085&7270( 73543
1595171§1624688367159¢73043/159717181627/689157167573091[1598171¢16396885€ 71628 72883
162617911666666317034(/72223/1631)17921670668797057572440|163L|1792/168566915 70595 72269
Changérim 0 Changérim G Changérim 0
155716301575713197296473823155€16321577/7146(7310¢ 73961||1557/162¢1575|7134(]72982 73816
1583168416076987272207% 7338915821684 1605698457218(| 73388|1581/16841606/69827 72153 73331
159617221627685337138(|72868159¢€/17261629686357149¢€72973(16001724163(|68645 71509 72972
1615176016486768670995 7270616151760 16496770€7099572685(16151762/165267707 7101472734
16261791/1666666317034(|72223|162€17861663667257039572288|1627|1791/16656670570407 72299

Page32of 40



Change ri=in0.2b/ ¢

Change ri=n0.2b/ ¢

Change ri=in0.2b/ ¢

153115731529 729357385§ 74526

1532

15731531|729747389174547

1532

1572153872937 73864 74439

1565164615607095§7279974145

1563

16451560708957274474047

1565

1645156870982 72813 73961

159517151587688517160§ 73584

1597

17201591/6884€7163473619

1596

171€1602/6879571577173319

1629178§16176691(7056373195

1628

17881620667517034773032

1629

178§164(668457051172779

Changérir0.25

Changér ir0.25

Changér ir0.25

155716311553 7133(]7298§ 74198

1557

16301553 7126€7294(74147

1558

162¢15537134¢72994 74205

1581168315746981(]7214573832

158C

16831573698017214(73819

1582

1684157469855 72184 73868

1598172315896857€71434 73487

1602

17241592/687577160673663

1601

17271592/68697 71554 73628

1616175916036766€7096€ 7339C

1615

17581607/677347101473376

1612

175716096768(70947 73305

1629178816176691(7056373195

1632

17911618667817049473179

1628

179316196682€ 70504 73161

Change ri=n0.51/ ¢

Change ri=n0.51/ ¢

Change ri=n0.51/ ¢

153215731500172941738677500(

1532

1572150872944 7387674871

1531

1572/152( 72931/ 7385074649

15651644150070917727657500(

1565

1643151670913 727557473¢

1563

16441541/70881727207431%

1598171715006884(716147500(

1596

1718152568868 7163674614

1595

1717/1562/6891¢716667404¢

1628178€15006686§ 70523 7500(

1630

17881533668117048574497

1627

17911584 6687( 705367372¢

Changér3i50

ChangérFi50

ChangérFim50

u
1557162¢1500713397298¢€

1558

16301500 7133572986 7500(C

1558

u
1630/150C 7132472978

7500(
1581168515006979(7213%

1582

1683150069822 72163 7500(C

1580

7500(
1684150C/6984( 72158

7500(
1603172415006864971521

1601

172515006868 71533 7500(C

1599

7500(
1722/150C/68711 71537

7500(
6765570961

1615 7500(
6686¢ 70523

17611500

1614

1758150067745710157500(C

1616

7500(
1762/150C/67625 70957

1628178€1500 7500(

1630

1790150066795 70487 7500(

1628

7500(
1790/150C6683¢705097500(

Appendix A.2:

Parameter valuesMean demand = 500, Cost = 20, Salvage value(# 5,10000for each of the
three products; Marginal cost of capacity = 10 for any type of ptant{0.99, 0.5, 0.25, Oj

0.25,i 0.5}

C Horizontally {Capacity 1, Capacity 2, Capacity 3, Profit 1, Profit 2Profit 3}

Price = {80, 80, 80}

Price = {60, 80, 100}

Price = {40, 80, 120}

Change inr

Change inr

Change inr

16231783178266686G 7033470349

1614

1775169966687703147092¢

1563

1725150067613 7086972539

16291787173466855705247137C

1611

1772165966897 70443 71727

1566

1726150167807 710607316(

16281793170666824 7051571858

1617

1776164066992 7058( 72301

1566

172815026767( 7093873284

16261791166666631 7034072223

1619

1779161867088 7067472894

1566

1723150167700 7094573619

1629178816176691( 7056373195

1616

177815806692370511 73373

1565

1724150067824 7107774114

16281786150066868 7052375000

1619

178215006696570589 75031

1566

1727150067594 7087074970

Appendix A.3:

Parameter values: Mean demand = 500, Cost = 20, Salvage value = 5 for each of the three

products; Marginal cost of capacity = 10 for any type of pléht {2000, 4000, 6000, 8000,

10000}

C Horizontally {Capacity 1, Capacity 2, Capacity 3, Profit 1, Profit 2, Profit 3

Price = {80, 80, 80}

Price = {55, 55, 55}

Price = {40, 40, 40}

Changér3moo i

Changér 30090

Changér 300990

155816311631 7138773039 7304%

1501

1576157634802 3589835907

1425

1501)1501{13401/139321393¢

1581]1683168269781721067211¢

1500

1607/1607,33765352883529¢

1391

15001500 12714134651347(

159617261724 68551714247143}

1498

1630163032894 347373474

1368

1496149512226/131301313¢

161917621761 67742710547106¢

1500

1652165232174 343253433¢

1349

14971498 1183(|128671287¢

162317831782/6668€703347034¢

1500

1672/1671/31474339223393¢

132§

14991499 114311259612607
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Change int*,r = 0.5 Changérios G Changérims 0
155716281606 71311 72950733121502/1577/1563 3484(359303622€|14241500150013397/1392514127
158116851650 697857212372648150016081587,33718352533566¢13911497150012733 1347413753
159817241681{68577714287207415021634/1610/3291( 3478335317 136614981498 12235/131391347¢
16121754170€66767(7093571658150216531626/3223434381/349621351/15021502/11825/1287713275
162917871734 66855705227137(11502/1672/1641/31587339963465313341502149911475126471308¢
Change in? r = 0.25 Changér 30250 Changéri0o25i
155716291590 71290 729387353(|1500/1577/1554 34831 359153638¢142214991499 13383 139151427
1583168516316993372261/730991498 16061572 33637351763583(|13921499149912769135011394F
160317261663 6872271583725991501{1631/1593 3288(3475435557%13721504 150212248 131701371¢
161717631687 677937109472252149716501606/32097342653519513511503150311821/1288(013504
162817931706 66824 705157185¢150016691622315113392934993133515021502/114951265413357
Change in®’,r =0 Changérim & Changérimn 0
155716301575 71319729647382415001576/1544 34845 3592736581|14241500149913411/139341438
15831684160769872722077338914991607/1562 33686 3522336173 13921499150012742/134841412¢
15961722162768533713807286¢14981631/1575/3280234681/35875136514981497/121991311613904
161517601648 67688709937270¢1498 1653158632095 34276356341347149914981178€1284113744
162617911666 66631 7034072224150316691601/3158€3399335491|133415021501/11455126261363
Change inl,r =i 0.25 ChangérFir.25 Changéri.25
155716311553 71330 729887419¢1501/1576/1531/ 34841/ 3592136861424 15001500 1340713932 14563
158116831574 69810 72143738371498 16051543 33711/352333656¢/139114981498 12744 134811437~
159817231589 68578|714347348714991631/1552 32852/ 3472436375136€14991500 12238 1314714241
161617591603 67666 709667339(114991648 1560 32132 3428536175135(1500150011827128761412¢
16291788161766910 7056373195150316711569 31589 340003610413311500150011412/12601/1401¢
ChangérIi50 ChangérIi50 ChangérIir050
155716291500 71339 729887500(1 150015761500 34814 358983750(|1424 14991500 13414 139351500(
158116851500 69790 721357500(1 150016071500 33724 352483750(|1394 1499 1500 1275€ 134921500(
1603172415006864|71521(7500(115001628 1500 32890 347453750(1137( 149915001226 131691500(
161517611500 67655 70961(7500(11499 16481500 32194 343283750(|13481499 1500 1178€ 12841/1500(
162817861500 66868 705237500(115021672/1500 31460 3391(3750(|133( 1499150011442/ 126081500(

Appendix A.4:
Parameter values: Mean demand = 500, Price = 80, Cost = 20, Salvage valiie=216000for

each of the three productsz= {0.99, 0.5, 0.25, 0; 0.25,7 0.5}
C Horizontally {Capacity 1, Capacity 2, Capacity 3, Profit 1, Profit 2, Profit 3

Capacity cost=5 Capacity cost = 10 Capacity cost = 15
Change inr Change inr Change inr
168119121911/74632/792917930(|16231783 178266686 7033470344 15791706/170€/5880¢618166183F
168119121833 74808 7945779951(16291787173466855705227137(11577/1704/166€5891€618866292(
169019221795 753457999780795(16281793 170666824 705157185 15751698 1642/588736181963461
169119171737 75171{798128100(|16261791 166666631/ 7034(7222{1577/1701/1617/5883¢ 6180964244
168719171661 75144797848143¢1629178816176691070563731951574169915795878¢617476514€
168419071500 75203797638250((16281786 150066868 705237500(/15781701/1500/58783617646750(

Appendix B: Results with Service Level Constraint

Appendix B.1:

Parameter values: Price = 80, Cost = 3@Jvage value = 5 for each of the three products;
Marginal cost of capacity = 10 for any type of plant

&2 = {2000, 4000, 6000, 8000, 10000}
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C Horizontally {Capacity 1, Capacity 2, Capacity 3, Profit 1, Profit 2, Profit 3

Demand = {500, 500, 500}

Demand ={400, 500, 600}

Demand = {250, 500, 750}

Changér3009 0

Changér 30090

Changér 30990

1589 1694166171271 728447298]

1587

16861654 7124§ 72794 7292

158¢

169(163( 71184 72754 7293]

160§ 1744174269791 7202(7203(

161(

1744174269609 71893 71901

1617

176(168(0698277198( 7220]

1629 181317796839¢ 710571201

1633

1818178168707 71387 7153(

162§

181417236862( 71297 71524

1644 1849181367794 7088{ 71011

1648

1851182767517 7069¢ 70821

1645

185641764 6753¢ 70723 70934

165§ 19171851 6695¢ 70347 70587

166(

19041843 6695( 70293 70531

165¢

19141797 6671§7014¢ 70477

Changérims 0

Changérios G

Changérims 0

158§ 16901637 7129¢ 72857 7333¢

158¢

16901638 71191 72781 7326(

1587

168§1604 71264 72804 7334¢

1611 17501678 6966¢ 71887 72541

1617

1754168( 69744 71967 7262

1614

176416516978¢ 7197372711

1629 1819174468684 7134472072

162

181117116854 712273 7203(

1633

18171684 68687 71367 72261

1641 1844176467394 70534 71367

165(

1854174467814 70949 7185§

1644

1844917046745 7059( 7151¢

1657 1907179166457 69864 7093

166]

1904177066827 70273 7133]

1663

1913173867027 70404 71534

Chang?ér30250

Changér 30250

Changér 30250

1587 1690162171217 7277173483

159(

16911627 71324 72887 73581

158¢

168§ 159( 71161 7272( 73484

1617 1754166069708 7194( 7289¢

161(

1773166169729 71843 7288¢

1611

1754162769657 71881 72891

1637 18171688 68644 71324 7253¢

162¢

1819168968487 71174 7239¢

1637

18191667 6864 71324 72571

164§ 1851171467783 709117226

164¢

1854171967669 70814 7216

164¢

18441684 6766¢ 70794 7215]

1654 1909176166719 7009¢ 71621

1667

19081734 6669¢ 70134 7171

165¢

19041704 6669( 70094 71721

Changérimm @

Changérismm G

Changérim G

1587 16911604 71274 7283 73787

158¢

16901604 71319 72871 73821

158§

16911574 7126 72823 73824

1614 1759163169697 7191773267

1617

17611634 6971¢ 71884 7324

1614

176711608 6984172021 73454

16371 1819166168584 71264 7291(

162¢

1819165968544 71234 7290(

163(

18191628 68584 71269 72974

1649 1844167867619 70734 72594

164

18491687 6768( 7082( 7268

1645

185416536769 7077472724

1661 19091699 6684 70254 7240¢

1658

1908169766774 7019] 72388

166¢

190916696678 7027172441

Changér3-0.25

Changér3-0.250

Changér3-0.25

158§ 169(1584 7127772833 7409]

1587

16901583 7119¢ 72764 74021

1587

169(1553712247279( 74174

16171 17591604 6976( 7198( 73782

1617

17691609 6970( 71897 7374¢

1617

175315796981¢ 72014 73864

1629 18141627 6862¢ 71294 7352

163(

1816162( 68599 7128{ 7352¢

162¢

18141592 6856 71247 7353

1643 1851163467599 70737 7328]

1645

18511631 6755¢ 70719 7325

1645

18471604 6764¢ 70774 73361

1669 1899164166791 7025473127

1672

1914164866947 70374 7329/

1659

1914161966754 70197 7320(

Changér-0.50

Changérs-050

Changéri-050

u
158§ 16911500 71234 72804

158¢

169(150( 71239 72809 7500(

158§

16931500 71204 7279( 7500(

7500(
1617 1755150069774 71984

161]

175641500 69747 71967 7500(

1613

1744150069762 72037 7500(

7500(
163( 1814150( 686471 7129¢

163(

18191500 68613 7128 7500(

163]

18161500 68614 71291 7500(

7500(
1644 1859150(6762( 70724

164¢

18541500 6763170774 7500(

164¢

1844150( 67657 70784 7500(

7500(
164§ 18541500 6759( 70751

166(

191711500 66744 70164 7500(

1661

19141500 66725 70174 7500(

7500(
Appendix B.2:

Parameter values: Mean demand = 500, Cost = 20, Salvage valiié = B)000for each of the
three products; Marginal cost of capacity = 10 for any type of ptant{0.99, 0.5, 0.25, Oi

0.25,i 0.5}

C Horizontally {Capacity 1, Capacity 2, Capacity 3, Profit 1, Profit 2, Profit 3

Price = {80, 80, 80}

Price = {60, 80, 100}

Price = {40, 80, 120}

Change inr, ?={110000

Change inr, %=(10000

Change inr, 2=(110000

16581914 185] 6695§ 70344 7058

168"

18941703 6635] 69977 7092]

1684

1893167€ 66694 70094 72074

165219041797 66457 69864 7093

1684

19141670 66737 70277 7194

1682

1894165( 6678 70124 7256

165419091761 66719 7009¢ 7162

167¢

18941644 66607 70141 7221(

168¢

189( 1629 6685] 70297 7305

16611909 1699 66844 70254 7240¢

166§

190€ 1614 66754 70153 7273¢

168¢

1899 159¢ 67137 70484 7367

166918991641 66797 70254 73127

168]

18991583 66727 70284 7348¢(

1707

189¢ 1589 66727 70244 7377/

164§ 18541500 6759( 70753 7500(

167¢

190§ 150( 66721 7018] 7497

1685

1886 150( 6694( 7033( 7500¢
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Appendix B.3:

Parameter values: Mean demand = 500, Cost = 20, Salvage value = 5 for each of the three
products; Marginal cost of capacity = 10 for any type of pl&ht {2000, 4000, 6000, 8000,
10000}

C Horizontally {Capacity 1, Capacity 2,Capacity 3, Profit 1, Profit 2, Profit 3}

Price = {80, 80, 80} Price = {55, 55, 55} Price = {40, 40, 40}
Changér 3o Changér 30090 Changér 30990

158916921661 712771 7284472987 159( 1694 1579 34244 35381 35911 1575 168( 159( 1228¢ 13091 1370
160817441742 697977202(7203( 1614 17571607 3293434611 35204 162317771621 1089¢§ 12173 1320(
1629181117796839¢ 7105471201 16424 1817163( 32044 34067 34764 1634 181( 1651 1014511700 1276
16461845181367799 7088471013 165(186]165] 31284 33481 34287 165318631653 9544 1119( 1254
165§1912 185166954 7034470583 168(1899167( 30564 33111 3401( 16651881678 8944 1080112194
Changérims 0 Changérims G Changérims 0

158§169(0 1637 7129¢ 728557333¢ 1594 169§ 1564 34294 35428 36244 1573168( 1561 12274 13074 1398(
161117501674 69664 7188772543 16191757158§ 32964 3463( 356411604 177(159(1119§ 12169 13564
162918191744 6868§ 7134472072 164(181]11608 31984 34014 35204 16411801162( 1015€¢ 11799 13201
16411844 176€¢ 67399 7053471363 165( 18631629 31449 33581 34974 164618591617 960€¢ 111771299
165419071791 66457 6986470939 1685 190( 1644 30567 331494 34663 1659189( 165( 8974 1077112651
Changér30250 Changér 30250 Changér 30250
1587116901621 71211 7277173483 15911694 1554 34267 35411 36404 1579168( 1559 1229( 13091 1410]
161417541660 69704 7194(7289¢ 162417591579 33054 34714 35964 160217691589 1118712167 13684
163418171684 68644 713257253¢ 16418091591 31911 34019 355141641181(159] 1012§ 11704 13491
164818511714 67783 7091372269 1654 186]1161( 31357 33531 352511646 18571616 953311147 1315]
16541909176166719 7009471627 16831904 162€¢ 30553 33143 35054 167119071619 888¢ 10759 13064
Changérsmm G Changérsmm & Changérim G

15871691160¢ 71274 7283473784 159( 1694 1544 3423( 3537¢ 36569 1575 168( 156( 1228¢ 1309( 142071
161017551637 69697 7191773263 1624 17591565 33009 3469¢ 36237 160117491558 1119¢ 1232( 1398]
163118191661 68584 712697291( 1624 181(157€¢ 3227( 340594 35914 16371807 1588 1013¢ 1169¢ 13684
164518441674 67614 7073472599 1651 1864 158§ 31374 3352¢ 3567€¢ 1648 1859 158¢ 9563 1115¢ 13554
166119091699 668494 7025¢7240¢ 16831911 160( 30524 3306( 35494 167119071618 8881 1075( 13311
Changér-0.25 Changér-0.250 Changér-0.25
158§169( 1584 71271 7283474097 159( 16971531 34254 35399 36864 1575 167§ 153( 12273 13094 14501
161117551604 6976( 7198(73784 1621175791544 32984 346771 36594 1603 177(155911199 12164 14207
162918141627 68624 7129§7352¢ 165( 18111555 3191( 3404] 36351 163§ 18091558 1017( 11713 1409]
164318511639 67594 7073473281 164918631564 31393 33531 3623¢§ 165§ 186(156] 9467 11207 14011
166918991647 66791 7025473124 168019111574 30457 32974 36034 1661 189( 159( 9027 10837 13774
Changéri-050 Changéri-050 Changéri-050
158§ 1691 150( 71234 728097500( 158§ 1695 150( 3427( 35394 3750( 1575 168( 1500 12294 1309¢ 1500(
161417581500 69774 7198§7500( 162( 176( 150( 32964 3464¢ 3750( 1603 176( 1530 11199 12257 1470(
163(1814150( 686471 7129§7500( 165( 1817 150( 31934 34057 3750( 164(181( 1500 1012¢ 1169¢ 1500(
164618591500 6762( 707247500( 164918671 150( 31329 3350( 3750( 1644 185§ 1500 9593 11187 1500(
164§ 1854 150( 6759( 707537500( 168( 191( 150(¢ 30437 32974 3750( 168( 1889 150( 8757 10844 1500(

Appendix B.4:
Parameter values: Mean demand = 500, Price = 80, Cost = 20, Salvage valiie=16000for

each of the three products= {0.99, 0.5 0.25, 0; 0.25,i 0.5}

Page36 of 40



C Horizontally {Capacity 1, Capacity 2, Capacity 3, Profit 1, Profit 2, Profit 3

Capacity Cost =5

Capacity Cost =10

Capacity Cost =15

Change inr, 2=(110000

Change inr, %=(10000

Change inr, 2={110000

1684

1914

1917

7489

79571

7958(

1658

1917

185]

6695§

70341

70581

1671

1911

170(

58724

6090(

6207

1697

1914

1841

7538]

80021

80531

1657

1907

179]

66451

6986¢

7093

1662

189(

1664

5819¢

6058¢

62614

1684

1919

1797

7498]

7963

8044

1654

1904

176]

6671

7009¢

7162]

1661

189¢

164(

5827¢

60557

63291

1691

1914

1743

7528

7993

81091

166]

1904

169¢

6684

7025¢

7240¢

166"

1914

1621

58371

6057

6414(

1684

191§

167(

75119

79761

8140¢

166¢

1899

164

6679

7025

7312}

166¢

190z

1584

5843

6073¢

6519]

1684

1914

150(

75099

79724

8250(

1645

1854

150(

6759

70751

7500(

166

191(

150(

58451

6064¢

6750(

Appendix B.5:

Parameter values: Mean demand = 500, Cost = 20, Salvage value = 5 for each of the three
products; Marginal cost of capacity = 10 for any type of pl&ht: {2000, 4000, 6000, 8000,
10000}

C Horizontally r ={0.99, 0.5, 0.25, @, 0.25,i 0.5}

PdPPF Index without Service Level Constraint

Price = {80, 80, 80}

Price = {55, 55, 55}

Price = {40, 40, 40}

Chang?é

i n

[y

Changé |

n 0

Changé |

n

99.64

81.9]

73.5]

65.64

57.8!

45.04

99.51

78.64

69.5¢

62.31

53.4]

40.34

99.4/

72.38

59.5]

53.5¢

45.47

32.85

99.5]

81.6¢

73.5

66.3¢

58.0!

45.0]

99.5/

78.77

70.1§

61.8(

53.3]

40.34

99.3¢

72.6%

62.24

53.54

45.1¢

32.8(

99.54

81.5§

73.74

65.61

58.1¢

45.2¢

99.4¢

77.95

70.0(

61.11

53.14

40.24

99.3¢

72.8¢

62.8]

53.85

45.3§

32.95

99.54

81.8]

74.03

65.8¢

57.6%

45.0]

99.4¢

78.7(

69.9¢

61.5¢

53.2%

40.27

99.2¢

72.5}

62.9-

53.8¢§

45.5¢

32.7§

99.54

81.23

73.37

66.3]

58.1¢

44.94

99.5]

78.5]

69.44

61.64

53.4(

40.5¢

99.4(

72.6]

62.24

53.6]

45.6¢

32.7]

PdPPF Index with Service

Level

Constraint

Price = {80, 80, 80}

Price = {55, 55, 55}

Price = {40, 40

, 40}

91.8]

76.44

68.93

62.2]

55.2¢

41.8]

68.4]

58.1(

53.64

49.0§

43.8(

34.81

56.8!

47.13

44.2

41.9(

36.8¢

29.64

99.54

77.2(

69.91

62.3]

55.2(

42.34

74.0

62.23

57.0¢§

52.2

46.7]

37.03

55.3¢

41.04

39.1(

40.2]

32.2]

30.04

94.94

78.44

68.85

62.0]

54.5]

41.7%

74.2]

63.0¢

58.4¢

49.0¢

47.9¢

38.0]

59.4/

53.8¢

46.8¢

43.97

39.24

32.2]

96.14

79.09

69.71

62.6¢

55.1]

42.0¢

73.2§

60.4¢

55.87

49.9¢

44.13

35.1¢§

54.9:

46.17

44.4]

39.9]

38.14

29.48

93.3§

76.1(

68.8¢

61.24

54.7¢

42.6

73.8¢

63.0]

57.5]

50.9§

45.13

35.9]

57.1¢

48.8(¢

44.83

42.15

38.0¢

33.41

Appendix C: Unmet Demand Percentage

Appendix C.1:
Parameter values: Mean demand = 500, Cost = 20, Salvage valtié = B)000for each of the
three products; Marginal cost of capacity = 10 for any type of ptant{0.99, 0.5, 0.25, Oi
0.25,1 0.5}

C Horizontally {Unmet demand % for cases 1, 2 and}3

Price = {80, 80, 80} Price = {60, 80, 100} Price = {40, 80, 120}
Change inr Change inr Change inr
33.01| 16.4| 5.53 34.69| 17.76| 8.29 41.82| 25.25| 16.64
32.92| 16.35| 5.52 34.71| 17.82| 8.3 41.84| 25.29| 16.61
33| 16.39| 5.52 34.65| 17.78]| 8.27 41.82| 25.31| 16.58
32.97| 16.44| 5.51 34.59| 17.78]| 8.28 41.84| 25.32| 16.57
33.03| 16.38| 5.49 34.64| 17.79| 8.26 41.77| 25.25| 16.48
32.94| 16.39 0 34.67| 17.78 0 41.9| 25.28 0
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Appendix C.2:
Parameter values: Mean demand = 500, Cost = 20, Salvage valié = 5)000for each of the

three products; Marginal cost of capacity = 10 for any type of ptant{0.99, 0.5, 0.25, Gi
0.25,1 0.5}
C Horizontally {Unmet demand % for cases 1, 2 and}3

Price = {80, 80, 80} Price = {55, 55, 55} Price = {40, 40, 40}
Change inr Change inr Change inr
33.01| 16.4| 5.53 49.55| 28.26| 9.5 71.1| 49.63| 16.62
32.92| 16.35| 5.52 49.61| 28.29| 9.47 71.03| 49.55| 16.61
33| 16.39| 5.52 49.64| 28.29| 9.48 71.04| 49.6| 16.6
32.97| 16.44| 5.51 49.62| 28.22| 9.47 71.06| 49.57| 16.59
33.03| 16.38]| 5.49 49.65| 28.18| 9.44 71.1| 49.61| 16.52
32.94| 16.39 0 49.53| 28.24 0 71.13| 49.58 0

Appendix C.3:
Parameter values: Mean demand = 500, Price = 80, Cost = 20, Salvage valie=46000for
each of the three productsz= {0.99, 0.5, 0.25, 0; 0.25,7 0.5}

C Horizontally {Unmet demand % for cases 1, 2 and}3

Capacity cost =5 Capacity cost = 10 Capacity cost = 15
Change inr Change inr Change inr
26.28| 8.17| 2.76 33.01| 16.4| 5.53 39.61| 24.68| 8.29
26.37| 8.16| 2.76 32.92| 16.35| 5.52 39.59| 24.66| 8.31
26.31| 8.18| 2.76 33| 16.39| 5.52 39.6| 24.64| 8.28
26.31| 8.19| 2.73 32.97| 16.44| 5.51 39.61| 24.68| 8.25
26.3| 8.22| 2.73 33.03| 16.38| 5.49 39.59| 24.68| 8.25
26.33| 8.18 0 32.94| 16.39 0 39.64| 24.67 0

Appendix D: Incremental Profit Value

Price = {80,80, 80}

Dedicated Plant, Postponement Flexible Plant, Postponement

-0.26 | -0.13 | -0.22 | -0.17 | -0.21 | -0.25 | -0.08 0.03 -0.06 | -0.05 | -0.14 | 0.00

-0.12 | -0.33 | -0.44 | -0.40 | -0.23 | -0.20 | -0.12 | -0.14 | -0.27 | -0.17 | -0.07 | 0.00

-051 | -0.12 | -0.36 | -0.16 | -0.19 | -0.31 | -0.33 0.00 -0.08 | 0.06 0.06 0.00

-0.23 | -057 | -0.25 | -0.36 | -0.33 | -0.33 | -0.08 | -0.41 0.02 -0.15 | -0.15 | 0.00

0.01 -0.93 | -059 | -0.12 | -0.43 | 0.33 0.33 -0.60 | -0.33 | 0.26 -0.10 | 0.00

Price = {55, 55, 55}

Dedicated Plant, Postponement Flexible Plant, Postponement

-143 | -1.40 | -1.40 | -1.53 | -1.45 | -1.40 0.02 0.05 0.04 -0.04 0.01 0.00

-191 | -1.77 | -1.31 | -1.50 | -1.59 | -1.71 | -0.26 | -0.08 0.37 0.17 0.09 0.00

-1.93 | -2.21 | -2.11 | -1.80 | -1.97 | -1.99 0.05 -0.31 | -0.12 | 0.10 -0.06 | 0.00

-245 | -233 | 214 | -219 | -220 | -241 | -0.14 | 0.03 0.16 0.12 0.17 0.00

-2.39 | 249 | -232 | -2.74 | -3.02 | -2.76 0.22 0.03 0.17 0.01 -0.19 | 0.00

Price = {40, 40, 40}

Dedicated Plant, Postponement Flexible Plant, Postponement

-6.04 | -6.08 | -592 | -6.06 | -6.01 | -6.02 | -1.66 | -1.04 | -1.23 | -1.27 | -0.43 | 0.00

-960 | 969 | 993 | -863 | -9.75 | -9.19 | -200 | -1.37 | -1.87 | -1.00 | -1.21 | -2.00

-10.89 | -10.20 | -11.12 | -10.83 | -10.91 | -11.17| -2.85 | -2.00 | -1.64 | -1.54 | -1.01 | 0.00

-13.03 | -13.25| -13.50| -13.12| -13.01 | -12.88| -2.59 | -2.08 | -2.60 | -1.38 | -0.83 | 0.00

-14.25| -14.83 | -14.98 | -14.86 | -14.04 | -13.99| -3.25 | -3.34 | -2.19 | -2.36 | -1.73 | 0.00

Page38of 40



Change in Price Differential = {0, 40, 80} Change in Capacity Cost = {5, 10, 15}

Dedicated Plant, Flexible Plant, Dedicated Plant, Flexible Plant,
Postponement Postponement Postponement Postponement

0.01] -0.49| -1.09 0.33] -0.01| -0.64 0.35 0.01| -1.48 0.35 0.33 0.38

-0.93| -0.24] -131]| -0.60 0.30] -0.81 0.71] -0.93| -2.10 0.73]| -0.60| -0.48

-0.59| -0.62] -0.90| -0.33] -0.13| -0.31] -0.45| -0.59| -2.05| -0.43| -0.33] -0.27

-0.12| -0.74| -0.65 0.26| -0.22 0.08 0.16| -0.12| -2.00 0.11 0.26| -0.16

-0.43| -0.32] -1.17| -0.10 0.15| -047| -0.03| -043| -1.64| -0.04| -0.10 0.08

0.33] -0.58| -0.76 0.00] -0.07 0.05| -0.05 0.33] -1.81 0.00 0.00 0.00

Appendix E: Graphs

Profitvs. Capacity - DNP Profitvs. Capacity - DP Profit vs. Capacity- FP
67000 70600 76000
N\ 70400 75000
66500
/ \ 70200 / \ 74000 /\ Correlation
66000 70000 / \ / \ Decreases
/ \ / \ 73000 ~y
65500 69800
/ \ 69600 / N\ 72000
65000
/ \ 69400 / \\ 71000
64500 / \ 69200 / \ 70000
64000 69000 69000
1350 1425 1500 1575 1650 1725 1800 1875 195( 1500 1575 1650 1725 1800 1875 1950 2025 210! 1300 1400 1500 1600 1700 1800 1900 2000 2100 220(

(a) (b) (©)
Fig 1: Optimal profit versus capacity f¢a) dedicated plant no postponement, (b) dedicated plant postponement and
(c) flexible plant

Capacity vs. Correlation- Change in Variance- DNP Capacity vs. Correlation- Change in Variance- DP Capacity vs. Correlation- Change in Variance- FP
1640 1850 1900
1620 <’ — E— 1800 ——— = 1800
1600 — s — 1;28 p— 1700 '
1580 & & & 3 1650 ; - j - el T 1600
1560 1600 - - 1500 i
1540 1550 1400
1520 1500 1300
0.99 05 0.25 0 0.25 05 0.99 0.5 0.25 0 -0.25 0.5 0.99 05 0.25 0 -0.25 05
==2000 =#=4000 =+=6000 =>8000 =*=10000 =4=2000 =#-4000 ==6000 ==8000 =+10000 =#=2000 =#=4000 =+=6000 =*8000 =#=10000

(a) (b) (©)
Fig 2: Optimal capacity versus demand correlation for (a) dedicated plant no postponement, (b) dedicated plant
postponement ah(c) flexible plant for different variance levels

Profitvs. Correlation - Change in Variance- DNP Profitvs. Correlation - Change in Variance- DP Profitvs. Correlation - Change in Variance- FP

72000 74000 76000

— o N N
71000 73000 — o - . 75000
70000 — 5 = 5 .~ M o 74000
69000 72000 e 73000
68000 71000 72000
67000 e , = 70000 ——— — o - 71000
66000 70000
65000 69000 69000
64000 68000 68000

0.99 0.5 0.25 0 -0.25 0.5 0.99 05 0.25 0 -0.25 0.5 0.99 0.5 0.25 0 -0.25 0.5

==2000 =#=4000 ==6000 =*=8000 =*=10000 ==2000 =#=4000 =*=6000 =+=8000 ==10000 =#=2000 =#=4000 =+=6000 =*8000 =#=10000

(@) (b) (©
Fig 3: Optimal profit versus demand correlation for (a) dedicated plant no postponement, (b) dedicated plant
postponement and (c) flexible plant for different variaesels
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Capacity vs. Correlation- Change in Coeff. of Var- Capacity vs. Correlation- Change in Coeff. of Var- Capacity vs. Correlation- Change in Coeff. of Var-
DNP DP FP

1650 1850 1800
1800

P
1700
1600 — — 1750 —
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1550 1650 — p——p - —
- + + b 1600 1500

1500 1550
1500
1450 1450 1300

0.99 0.5 0.25 0 025 05 0.99 05 0.25 0 025 -05 0.99 0.5 0.25 0 025 -05

=-0.05 -8-0.1 ==—0.15 =<0.2 ==0.05 -8-0.1 ==0.15 ==0.2 =-0.05 -8-0.1 ==0.15 =<0.2

(a) (b) (©)
Fig 4: Optimal capacity versus demand correlation for (a) dedicated plant no postponement, (b) dedicated plant
postponement and (c) flexible plant for different coefficient of variation levels

Profitvs. Correlation - Change in Coeff. of Var- DNP Profitvs. Correlation - Change in Coeff. of Var-DP Profitvs. Correlation - Change in Coeff. of Var- FP
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(a) (b) (©)
Fig 5: Optimal profit versus demand correlation for (a) dedicated plant no postponement, (b) dedicated plant
postponement and (c) flexible plant for different coefficient of variation levels

PdPPFfor Price Differential - Without SLC PdPPF Price- Without SLC PdPPF Capacost Without SLC
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(a) (b) (©)
Fig 6: PAPPF Index vs. correlation for change in (a) Price differential (b) Price and (c) Capacity Cost

PdPPF for Price Differential - With SLC PdPPF Price- With SLC PdPPF Capacost With SLC
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(@) (b) (©
Fig 7: Effect of Service Level Constraint (SLC) on PdPPF Index vs. correlation for change in (a) Price differential
(b) Price and (c) Capacity Cost
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