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Abstract

We consider a single buyer who wishes to outsoarfieged demand for a manufactured good or service
at a fixed price to a set of potential suppliere ¥amine the value of competition as a mechanism f
the buyer to elicit service quality from the suppdi. We compare two approaches the buyer coultbuse
orchestrate this competition: (1) a Supplier-Alldaa (SA) approach, which allocates a proportion of
demand to each supplier with the proportion alleddb a supplier increasing in the quality of seswthe
supplier promises to offer, and (2) a Supplier-&&a (SS) approach, which allocates all demanohi
supplier with the probability that a particular plipr is selected increasing in the quality of ssxvto
which the supplier commits. In both cases, suppliecur a cost whenever they receive a positivéigror

of demand, with this cost increasing in the quatitgervice they offer and the demand they recdihe.
analysis reveals that) a buyer could indeed orchestrate a competitioorgrpotential suppliers to
promote service qualitypf under identical allocation functions, the exisemf a demand-independent
service cost gives a distinct advantage to SS ¢gpepetitions, in terms of higher service quality tioe
buyer and higher expected profit for the supplier the relative advantage of SS versus SA depends on
the magnitude of demand-independent versus demgpehdent service costsl) (in the presence of a
demand-independent service cost, a buyer should fira number of competing supplietsmder SA
competition but impose no such limits under SS aatitipn, and €) a buyer can induce suppliers to
provide higher service levels by selecting an appate allocation function. We illustrate the impa¢
these results through three example applications.



1 Introduction

Outsourcing has emerged as a major trend in mamufacturing and service industries. Within the
manufacturing sector, this trend is particularljdent in electronics where contract manufacturiGiyl}
is now over a $100 billion industry (Roberts 2008).chip manufacturing alone, tHeundry business
(manufacturing services offered by third party caot manufacturers) has grown from a few billion
dollars 10 years ago to over $50 billion in 2002ofiHile 2003). CM currently accounts for
approximately 20% of the chip manufacturing mawked is projected to grow to 35% by 2007. In the
service sector, the outsourcing of businesses gsesesuch as customer contact centers, IT develipm
and back-office operations, has also acceleramuester Research estimates outsourcing in thadiab
services industry alone will reach $36 billion 302 (Ross et al. 2003).

Although early outsourcing decisions were basectast, they are increasingly being based on the
quality of service promised by potential supplidrsfact, the weak bargaining position of suppligrs
many industries means that the buyer sets the, pritle quality of service being a primary differgor
among suppliers. Large retailers, such as Wal-Martf manufacturers, such as Dell, have developed
sophisticated methods for tracking and rewardirg dhality of service of their suppliers, third part
logistics providers, and other business procesdradnrs. Electronics manufacturers such as Sun
Microsystems are known to allocate demand amoniy theppliers based on a scorecard system that
rewards those who offer higher service quality vathhigher demand allocation (Farlow et al. 1996)
(Cachon and Zhang 2005). The software company|@8oft markets a supplier rating system tool that
allows firms to monitor and rate the performancsugpliers using criteria that focus on suppliealigy,
on-time delivery, and order fulfillment accuracye@leSoft 2004).

Quiality of service, in these and other industriggjsually measured in terms of the availabilityre
demanded good or service at the time it is reqdes$ter physical goods, typical measures of service
quality, orservice levelsinclude fill rate, expected order delay, the @dabty that order delay does not
exceed a quoted lead-time, and the percentagedeffulfilled accurately. For services, measures o
service quality include expected customer waitimget the probability that the customer receivesiser
within a specified time window, and the probabilityat a customer does not leave (renege) beforgbei
served. Selecting suppliers who are able to camlgtdeliver on one or more of these service messu
is particularly important when the buyer envisianeng term relationship with her suppliers.

In this paper, we consider a single buyer who aésto outsource a fixed demand for a manufactured

good or service at a fixed price to a setNoksuppliers. We examine the value of competitioraas



mechanism for the buyer to elicit good service ipdiom her suppliers. We consider two plausible
schemes the buyer could use to set up a competitiothe first, the buyer allocates a proportion of
demand to each supplier, with the proportion a Beippeceives increasing in the service level stiers.

In the second, the buyer selects a single suppitbrthe probability that a particular suppliersislected
increasing in the service level the supplier off@sppliers under both schemes compete for expected
market share, which in both cases increases inffaeed service quality. We refer to the first stige as
supplier allocation(SA) competition and the secondsagplier selectiorfSS) competition. Note that SA
competition leads to multi-sourcing while SS resiitsingle sourcing.

The suppliers affect their service levels by eérgreffort once they receive a positive portion of
demand, with the cost of effort increasing in tieevice level offered and the demand allocated. Each
supplier chooses a service level to maximize hem expected profit, subject to the behavior of other
competing suppliers. In making this decision, thppdier effectively weighs the market share beratit
each service level against its associated cost.ti®atment of service level is general and encosgsas
any form that satisfies our service cost assumstion

The possibility of inducing service quality thrdugompetition raises several important questions. F
example, under what conditions does service cotietresult in an equilibrium? Which type of
competition (SA versus SS) is most beneficial ® ltyer? Does one form of competition lead to aemor
efficient use of total supply chain effort? Are quetition schemes preferred by the buyer also more
beneficial to the suppliers? How does the numbesuppliers under each type of competition affeet th
buyer's service quality and the suppliers’ expeqiaafits? How should the buyer choose parametars fo
each type of competition to maximize the qualitysefvice he receives?

In this paper, we address these and other retptedtions. We show, under reasonable assumptions
regarding market share allocation and cost, thatcailibrium exists for both SA and SS competition.
This equilibrium is unique when the suppliers aoenbgenous, operate undempeoportional demand
allocation scheme, and service cost is separablisimlemand-dependent and demand-independent
components. The demand-dependent component inchetegie costs that vary with both the service
level promised and the actual demand the suppéeeives. The demand-independent component
includes costs that depend on the service levehised, but are independent of the demand actually
allocated. We show that in the absence of a dermatependent service cost, SA and SS competitions
yield identical results. However, when a demardkpendent service cost exists, SS competition leads

higher service levels than those obtained under(@&&uming the same demand allocation function is



used for both competitions). In this case, the tymes of competition also differ in the effect biet
number of suppliers on service quality. In paréeulservice levels always increase in the number of
suppliers under SS, but may initially increase #meh decrease under SA (implying a finite optimal
number of suppliers). In both types of competitioe, show that expected service quality is sensttive
the allocation function the buyer uses to transatwice level into expected market share. We dhaiv
with a properly designed allocation function, theyér can in some cases maximize service quality and
extract all supplier profits.

We illustrate our results with three example aggilons. The first involves competition in a make-t
order environment where service quality is measbredesponse time and suppliers affect their servic
offering by investing in capacity. The second loakst make-to-stock environment where service lsvel
measured by fill rate and determined by the suppliehosen base stock level. The third example
considers a single period problem where competipgplgers decide on order quantities prior to demand
realization and service level is determined by #hdlity of a supplier to fulfill allocated demand
immediately.

The remainder of the paper is organized as folldwsection 2, we provide a brief review of rethte
literature. In section 3, we describe our problemmulation and the two types of competition. Intset
4, we study the effect of allocation functions.skection 5, we describe a model for supplier selacti
under SS competition. In section 6, we discuseample applications. In section 7, we summariee th

main results and comment on possible extensions.

2 Related Literature

The competition described in this paper can be etbas a form of aent-seekinggame (Tullock
1980). In a rent-seeking game, there ldreontestants who compete for a prize. The proltphtiat a
contestant wins the prize (the rent) increases héthexpenditures and decreases in the expenditfires
other contestants. In the rent seeking literatiie probability of winning is typically assumedhave the
form qy/zitlé , Whereeg is the expenditure of contestanN > 1 is the number of contestants g/xl0
is a parameter denoting the ease with which expamedi affect outcome. A focus of this literatures ha
been documenting the inefficiency of rent-seekimgngs. Rent-seeking is viewed as wasteful since,
depending on the value df and y; the total expenditures by the contestants caalefe value of the
prize itself, a phenomenon calleght dissipation Recent papers from the rent seeking literatuckudte

(Nti 1997), (Konrad and Schlesinger 1997), (Skapert©96) and (Perez-Castrillo and Verdier 1992). A



review can be found in (Nitzan 1994). Related &tere on other forms of contests include (Lazear an
Rosen 1981), (Green and Stokey 1983), (Dixit 198, (Kalra and Shi 2001).

There are important differences between the supptimpetition we consider in this paper and rent-
seeking contests. In our models, we explicitly midde parties: a buyer and her suppliers, withiibger
orchestrating the contest. We introduce the notibservice quality, absent in rent-seeking contests
which is used by the buyer to measure the effigiasfcthe contest. Consequently, the buyer does not
necessarily value the cumulative effort over alpdiers, since contests that yield higher levels of
cumulative effort do not necessarily yield higheemge service levels. Furthermore, in our models,
expenditures by contestants occur only after aestant has been declared a winner and is alloeated
fraction of demand. We also allow for general défins of effort cost and demand allocation.

Our supplier competition is also related to contjsetiamong multiple firms for market share, where
the share realized by one firm depends on its dfantée.g., its advertising budget) as well as ¢fifort
of other competing firms. The market share capturedirm i is commonly modeled via market
attraction functionof the form a,-q”/zglaé , Wherea > 0 represents the effectiveness of effort
expended by firm (alternatively, a measure of customer bias towand i) and )y > O theattraction
elasticity of effort of firm i-- see for example (Moorthy 1993, section 5.1), (@ 1993, p. 262),
(Monahan 1987), (Monahan and Sobel 1997), and eferances therein. Bell et al. (1975) identify
attributes that lead to market share functions rwavhis form. Kotler (1984, p. 231) refers to such
market-share allocation as the “Fundamental Theavérivlarket Share.” Demand allocations with a
market-attraction form can also arise as the dauilin of a Markovian consumer choice process
(Mahajan and Van Ryzin 2001a).

Wang and Gerchak (2001) use a market attractioctitmto model marketing effort in the form of
inventory displayed on a retailer’s shelf spaceeyrtonsider a setting with two competing retailgrs,1
and no supplier bias(= 1 fori = 1, 2) but with total demand increasing concavithéncumulative effort
of the competing retailers. Boyaci and Gallego @08@lso use a market attraction function to model
competition between two supply chains, where efforneasured by fill rate. Bernstein and Fedegruen
(2004) consider a more general form of competitismolving both price and fill rate. They also catesi
a general allocation function, of which marketattions functions are special cases.

The above papers are related to a growing litezaior Operations Management amventory
competitionamong multiple firms. Each firm is typically moddl by anewsvendothat decides on an

order quantity prior to observing demand. Two dife approaches for allocating demand have been



considered (Cachon 2003). Under the first approaotal market demand is allocated to firms
proportionally to their order quantities, with régai receivingD; = qD/(q; +...+ qv), whereq; is the
guantity ordered by retailer(i =1, ...,N). In this case, the demands realized by the fianesperfectly
correlated, with either each firm having excess a®in(wherD > qg;+...+qy) or each firm experiencing
shortages (wheb < g;+...+ gy). Under the second approach, each retailer fatésde@pendent demand
D; and only excess demand from fiintan be reallocated among the other retailers doapto some
fixed reallocation rule.

An important insight from this literature is thatailers tend to over-stock, choosing order quiastit
that are higher than those observed in the absehammpetition. Examples of papers that study
inventory competition include (Lippman and McCardl®97), (Parlar 1988), (Karjalainen 1992),
(Netessine and Rudi 2003), (Li and Ha 2003) andh@jtn and Van Ryzin 2001a, 2001b). A review and
discussion of this literature can be found in (@acR003). Inventory competition can be viewed as a
variation on a rent-seeking contest where, instdaa single winner, the prize (total demand) isretia
among the contestants according to an allocatitn Tinere is also a growing literature on marketreh
competition based on service quality, where sergigality is a function of effort parameters othieart
inventory (e.g., delivery lead times). Recent exasjnclude (Hall and Porteus 2000), (Gans 2002, (
etal. 2003), (Allon and Federgruen 2005), (Bernsteid Federgruen 2002), (Boyaci and Ray 2003) and
the references therein.

This literature does not consider settings wherbuger is orchestrating the competition and
specifying the allocation function. Instead, thie@dtion emerges endogenously from the competiifon
independent firms. Consequently most of this liteka is not concerned with identifying forms of
competition that maximize supplier effort. Howewveotable exceptions include recent papers by Eahi
al. (2003) and Cachon and Zhang (2005). Elahi.et28i03) consider a system with a single buyer and
multiple suppliers. The buyer allocates demand amntthre suppliers based on their fill rates. The
suppliers are modeled as make-to-stock queues ¥t gheir fill rates by increasing their invenyor
base-stock levels. This model is revisited in sec.2 and shown to be a special case of the denera
model we describe in this paper. Cachon and ZIf20@5) consider a problem with a single buyer and
multiple suppliers, where the buyer uses suppligetivery lead times to allocate demand. The seppli
are modeled as single server queueing systems ffdxi their lead time performance by exerting ffor
in the form of capacity. The objective of the buigto induce suppliers to invest sufficient capatd

meet a target average leadtime. The authors eeafigateral allocation functions and show that niot al



allocation functions induce the desired capacityegiments. The model described in (Cachon and Zhang
2005) extends previous models by Gilbert and Wé&887) and Kalai et al. (1992).

Much of the literature dealing with firms competifiy market share does not consider forms of
competition where a single firm is allocated théirermarket, except as a result of extreme asynymetr
among the firms (e.g., the existence of a firm véatkero cost of effort). However, there is extemsi
literature dealing with supplier selection whenréhis a single buyer making the procurement detidio
most of this literature, the mechanism by whichpdigps are selected is an auction where pricees th
selection criterion. The literature on procuremaunttions is vast and spans both the fields of Qipaisa
Management and Economics. Reviews can be fouridlémperer 1999), (McAfee and McMillan 1987),
(Laffont and Tirole 1994), and (Elmaghraby 200@)rte of this literature involves auctions with npiki
sourcing as in (Laffont and Tirole 1987), (Antordarao 1989), and (Seshadri 1995).

Recently, there has been renewed interest in therafipns Management literature in supplier
selection and the allocation of supply contracésatiction mechanisms. For example, Cachon and Zhang
(2006) consider a buyer that selects one ol pbtential suppliers with the objective of mininmgithe
sum of procurement, inventory, and backorderingtsco8 supplier is selected using a scoring-rule
auction based on price and leadtime. This creafgica and capacity competition among the suppliers
where in this case each supplier's capacity cogtiiate information. The authors analyze the netat
performance of a number of scoring-rules includirtgl cost, lead-time only (with fixed price), apdce
only (with a fixed lead-time target). Other exargpbf auction-based supplier selection include Che
2004) and (Zemel and Seshadri 2003) who use suppimpetition to determine both price and order
guantity.

Finally, there is an extensive literature dealirithvinventory replenishment policies when there are
multiple suppliers or multiple supply modes. Insthiterature the characteristics of the suppliees a
exogenous and not affected by the amount of dentlamideach supplier receives. Examples include
(Whittemore and Saunders 1977), (Moinzadeh and Neht988), (Ramasesh et al. 1991), (Anupindi
and Akella 1993), (Rosenblat et al. 1998), (Swathima and Shanthikumar 1999), (Chen et al. 2001),

and (Fong et al. 2001), and the references therein.

3 Competition Formulation and Nash Equilibrium

We consider a system with a single buyer that seekaitsource the provisioning of a product with an

expected demand quantiflyto N identical potential suppliers. The price of theduct,p, is fixed and



identical across all suppliers. The supplier reslia revenue = p — per unit sold where is the unit
production cost. Leg = 0 denote the service level offered by suppli@ndA=a;4 the amount of demand
allocated to supplier 0< a; < 1 for alli = 1,...,N. Also, letf(s, A) denote the cost supplieincurs in
providing service leved (s = 0) if given demand allocatiof, with f(s, A) non-decreasing in bothand
Ai. We choose to separate production costs fromcsetgivel costs since we assume that unit production
costs remain the same regardless of the serviet ddfered. We assume that each supplier commits to
fulfilling the amount of demand allocated while miaining the service level promised.
We focus on a particular class of plausible costfions of the form:

f(s.A)=Au(s)+ () 1)
whereu(s) andv(s) are non-decreasing convex functions;jrwith eitheru(s) or v(s) increasing irs and
v(0) = 0, fori=1,...,N. The first termAui(s), captures service related costs that increaserljneéh the
amount of demand allocated. We refer to this ésmaand-dependent cost since it varies with the ddma
allocated to the supplier. The second tews) captures cost that increases only with the serlagel
itself. We refer to this as a demand-independent since it is not affected by the amount of desnan
allocated. In our analysis, we will consider seVapecial cases of this general cost functiodudiog
ones containing only a demand-independent or a d@mapendent cost component. In section 6, we
show how this class of cost functions is suffidignich to model a varied set of applications.

We consider SA and SS competition as two plausittetegies the buyer might use to induce service-
based competition across ti potential suppliers. Under SA competition, the buganounces a
criterion for allocating demand among the supplieith the understanding that a suppli@an increase
her fraction of demand by increasing the servieellshe promises to offer the buyer. This does not
prevent the buyer from taking into account factotiser than service level in making the allocation
decision.

Under SS competition, the buyer selects a singbplger to whom the entire demand is allocatede Th
probability that a particular supplier is selecteéhcreasing in the service level the suppliempises to
offer. Of course, this does not exclude settingeretithe supplier with the highest service levelligays
selected. SS competition is different from SA cotitipe in that awinner takes alunder SS (the supplier
commits a-priori to sole sourcing) while more thare supplier may be awarded a share of the demand
under SA (the supplier does not preclude a-priogi possibility of multi-sourcing from all suppli¢rs
Under SS, only the selected supplier incurs a wbde under SA all suppliers that promise a positiv

service level eventually do. The probabilistic st implies that quality of service alone may not



guarantee that a supplier would be selected ortligae is inherent randomness in the buyer’'s datisi
making process. A supplier only increases her aamd being selected by offering a higher service
level. An alternative interpretation of SA and S8npetition, for which the analysis remains the sage
one where the allocation functions are estimatethbysuppliers rather than explicitly announcedhsy
buyer. In fact, in the case of SS, it is unlikeatt the buyer would explicitly announce the setecti
probability function. Instead the buyer may annaurc decision making process through which the
probability function is inferred by the supplieseé section 5 for further discussion).

We assume that, once promised, service levelseaffey the suppliers are enforceable. In practits,
would occur if the cost or, more likely, the asstedl effort expended by each supplier after theebuy
allocates demand, is observable. The buyer can dkeartain whether or not a supplier has exerted
sufficient effort (expended sufficient cost) to mte promised service level. For instance, theebuyay
observe the amount of capacity invested by the |rpgfter the demand was allocated and determines
whether or not it is sufficient to meet the expddeadtime that was initially promised by the sigplOf
course, there can also be settings where supplieitmntarily deliver on promised service levels
(regardless of observability of cost or effort)caese they worry about their reputation or expepeated
interactions with the buyer in the future.

For SA competition, demand allocation is carried wia a demand allocation function vectot* =
(ah, a3t ..., ad) wherea®(s,s;) specifies the fraction of demand allocated to &appgiven the
supplier’s own service leved as well as the service leveds=(s;, ..., S.1, Si+1,..., Sv) Offered by her
competitors with &< a>X(s,s;) < 1. The functiona®(s, s;) is nondecreasing concavesnand equal
to zero whers =0, fori = 1,...,N. By offering a certain service level, the suppemmits to exerting
the necessargffort (and incurring the associated cost) to maintaia $ervice level regardless of the
demand it may eventually receive. However, sing&’(s,s,) is nondecreasing concave &)
a®s,s;) >0ifs>0anda>\(s,s;) =0if and only ifs = 0.

For SS competition, the demand allocation is edrdut via a selection probability function vea?
= (a2, a5°, ..., ay’) where a°%(s,s;) denotes the probability that supplieris selected.The
probability >%(s, s;) is nondecreasing concavesrand equal to zero when= 0, fori = 1,...,N with O
< a®(s,s;) < 1. Section 5 provides a discussion of how a pritistib selection might arise and how
selection probability functions might be specified.

Let C denote the type of competition chosen by the buyith, C = SA or SS. The expected quality of

service received by the buyer under competitiotyppé C is then



=2 La%s.8) 5, 2)
wheres = (s,, ..., s\). The buyer chooses a structureddito induce high quality of service by rewarding
better performing suppliers with either higher nerkhare (under SA) or a higher probability of st
(under SS) Given the buyer’s choice & anda®, the suppliers respond by competing against etiwr o
for the buyer’s fixed demand.

Each supplier competes by choosing a service kteht maximizes her own expected profit, subject

to the behavior of other suppliers. Under SA coitipet this implies suppliei will chooses to

maximize

m4s.8)=as s = {isq s sM)=q % s M+ Wh- (Vs )
while under SS competition, suppliewill chooses to maximize

755,80 =a°(8 §)(A - 1(31)=a%(s ML+ G ¥-¢°T 5.9 (Vs 4)

Note that in both cases, supplisrexpectedevenue anéxpecteaost depend on her own service leyel
as well as the service level profitg of her competitors. We assume all parties havedotess to
information about each other’'s costs. Also, in eyt where some of the parameters are random
variables, we assume all suppliers to be risk aeatnd to be profit maximizers. Under both forms of
competition, costs are incurred by a supplier @ftger demand allocations are announced by the buyer
and only if the supplier receives a positive portad demand. In the SS case, only the winneringlr
costs, with non-winners walking away with no castd no revenue). The case where some cost may be
incurred prior to demand allocation is discussetth@iend of this section.

It is difficult to show the existence and uniquene$ a Nash equilibrium without further specifying
the allocation functions (we use the term allogafienction in the rest of the paper to refer tohbat"
and a™S even thoughr*®is a selection rather than an allocation functidierefore, in our analysis we
focus on a particular class of allocation functiohghe form:

e = a(s) 5
a; (S,Sﬂ) zjiig(si)+q$)f ()

where g(s) is a non-decreasing concave function spfwith g(0)=0 fori =1,..., N and g is twice
differentiable. In its simplest form, the functig(s) could represent the service level a supplier cimose
to offer, i.e.,, g(s) = s. This leads to aservice-proportional allocation function of the form
at(s,s;)= 5/221 S A more general proportional allocation may take fitrm of a market attraction
function a°(s,s;) = é/zitl &, where 0 <y < 1. We choose to focus on proportional allocation

functions because of their simplicity, mathematitralctability, and their wide use in the literature

9



Proportional allocation functions arise naturally Some cases through buyer decision processes (see
section 5 for an example). Although we do not perisun this paper, we expect that many of our ltssu
would continue to hold for other allocation functioincluding non-concave functions (see (Cachon and
Zhang 2003a) for examples of other allocation fiomst). In section 4, we show how the analysiskman

extended in some cases to proportional but nonas@nallocation functions.

In the following theorem, we show that the suppliempetition defined by either SA or SS admits a

unique symmetric Nash equilibrium. The Appendixvides a proof for this, and all subsequent, results

Theorem 1: A Nash equilibrium for SA and SS competition exdstsis unique with equilibrium service

levelss® = %, wheres® >0 fori=1,...,Nand C=SA, SS.

Although we restrict our discussion in this papersymmetric suppliers, it can be shown that a Nash
equilibrium continues to exist for non-identicapgpliers and for more general service cost and ation
functions -- see Elahi (2006) for details.

To gain some insight into the differences in theildzrium service levels obtained under SA and SS,
it is useful to examine the suppliers’ profit fuiocis (equations 3 and 4) more closely. First nioéé in
the absence of a demand-independent cost compamentyhenv(s) = 0 for alls, SA and SS have the
same profit structure. Consequentlyaif’*(s 'S;) =ai55( s, S ), both SA and SS lead suppliers to choose
the same service levels and consequently leadetedme expected quality of service for the buyer. |
contrast, whew(s) > 0, SA and SS behave quite differently. For 8, fraction of demand allocated to
each supplier decreases wiNhwhich reduces the expected revenue each supetieives. Although the
demand-dependent cost also diminishes, the denmaiegpéndent cost is unaffected. Consequently,
depending on the relative strengthw&ndyv, the incentive for a supplier to offer a high sesvievel
could diminish withN. In contrast, under SS, a selected supplier &@ed the entire demand and incurs
the demand-independent cost only after the supdiérdeed selected. Although the expected revenue
diminishes withN so does the expected cost. Hence, an increddeauld in fact intensify competition,
forcing suppliers to increase their service levels.

Theorems 2 and 3 confirm this intuition and offemtfier comparisons between SA and SS

competitions.

Theorem 2: The following holds for all supplierssi 1,...,N:

(1) If v(s) = 0, thens™ = s** = s°° = 5% and "= ¢

10



(2) If v(s) > 0 fors > 0, thens®* < s°° and "< g°°
Furthermore, if ¥s) > 0, g(5) = ¢ where0 < y<1and both u and v are linear i, shen

N
@) > f(s™ sP)= Nf ts¥> f Ts )= f(°8) and
(4) "= < ;7%= 11 5{ where 71" refers to the equilibrium expected profit for CSA, SS.

Theorem 2 implies that, for a given allocation fimg, SA and SS are equivalent when there are no
demand-independent service costs. However, if thegedemand-independent costs, the service levels
offered by the suppliers under SS are higher tihase offered under SA. Consequently the average
quality of service received by the buyer is alsghlbr under SS. Interestingly, the cumulative cost
incurred by all the suppliers under SA (which idiaative of the cumulativeffort being exerted by the
suppliers) can actually be higher than the coatrieal by the single selected supplier under SSther
words, under SA competition, the buyer is able ¢b guppliers to invest a greater proportion ofrthei
revenues into effort, which explains the lower digpgrofits under SA. Hence, somewhat paradoxjcall
although the suppliers cumulatively spend more ervise under SA competition, both buyers and
suppliers are worse off.

Theorem 3 describes the impact of the number diggaating suppliersN) on service level, quality

of service, and supplier profits.

Theorem 3: The following holds for all supplierssi1,...,N:
(1) For SS sSSand ¢°are increasing in N withsSS — 5S¢ and g°° - G as N — « where $SS and
g°° are positive values,
(2) For SA, we distinguish three cases:
(a) if v(s) = OthensSAand ¢ are increasing in N witlsS” - 55* and q** - G as N - « where
sSA and ™" are positive values,
(b) if u(s) = OthensSAand g”*are decreasing in N witlsS? . 0 and g™ ~ 0 as N - o,
(€)if u(s), v(s)>0fors>0, s - 0andg® -~ 0asN - o.
(3) 7€ is decreasing in N witlit¢ - 0 asN - « fori=1,..., N and C =SA, SS

Theorem 3 shows that the effect of increased catigretan be different under the SA and SS schemes
and is sensitive to the form of the cost functionder SS competition, largét always leads to higher
service levels. Here, the buyer favors having gelanumber of suppliers participate in the selection

process. This also holds true for SA when themoislemand-independent service cost. However, when
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service cost only contains a demand-independenpopent, SA yields the opposite effect with larljer
always leading to lower service levels. When batbes of costs exist with SA, the effect Mfis
generally not monotonic. An increaseNhcan lead to an initial increase in service levbls, further
increases iM eventually lead to a decrease in service leveth, service levels approaching zero in the
limit case.

Supplier profits under both SA and SS decread¢iegardless of the cost function and vanish in the
limiting case of perfect competition (i.8]- o). However subtle differences in supplier profitdse
While under SA, thectual profit of each supplier approaches zerd\abecomes large, onlgxpected
supplier profit may under SS competition (expedepplier profit approaches zero since the prolgbili
of being selected approaches zero). The actuait pfod selected supplier (i.e., a supplier’s grgfiven
that the supplier is selected) can be strictly fpasi This means that the buyer may not be ablenev
under perfect competition, to extract all ffwst-selectiomprofit from the selected supplier.

So far in our analysis, we have assumed that atscare incurred by the suppliers once the
allocations are made. However, in some applicatisosie demand-independent costs could occur before
the allocations are announced. For example, inrdadgualify as potential suppliers, the buyer niigh
require some initial investment from the supplier®rder for them to qualify for the competitionhd
timing of when these demand-independent costs atmes not impact the structure of the supplieriprof
function under SA, but it does change the suprefit function under SS. For example, if supplier
incurs the entire demand-independent comporésit before supplier selection takes place, expected
profit for supplieri becomeszz>%(s, s;)=a % s, $)A[ - ;91— ¢ ¥ This function is identical to the
profit function under SA. Consequently, if the saaflecation function is used for both SA and SShbo
forms of competition are equivalent and yield tlane expected service level. SS would retain some
advantage over SA if suppliers incur only a portafnthe demand-independent cost prior to supplier
selection, with this advantage diminishing as theegelection portion increases. This insight atsplies
that the comparison results between SA and SSilledcin this paper could be recast as a comparison
between two forms of SS competition, one with dedr@lependent costs incurred prior to supplier

selection and one with demand-independent costsriedt post selection.

4 The Effect of Allocation Functions

In this section we explore how the form of the edition function impacts the competition outcomes. |

general, the Nash equilibrium service levels arssitige to the functional form of the allocatiomfttion.
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That is, different allocation functions can indudiferent service levels. This can be verified, for

example, by observing that the Nash equilibriunviserlevels are solutions to the following sets of

equations:
A S
0" _0a™1s,8) ) _91(5.8) g ang (©)
0s s s
07 _ 00,545, 5, ) 0f(s. s) _
= Ar =1 (s,s;)|—aSS(s, =0 7
e %5 [Ar-f(s.s)]-a%(s, §) ’s )

fori =1, ...,N. The solutions appear to dependamc/aq (C = SA, SS), the rate at which market share
increases with increasessn Intuitively, we expect that if the ra@a” /as1 decreases slowly (recall that

C

a® is concave) then the Nash equilibrium would ocatihigher values of service than aix /ds

i
decreased abruptly. In other words, the Nash dmjitn service levels appear to depend on the second
derivative of the allocation function, which can be&wed as a measure of the intensity of the
competition. This is easily verified for proportedn allocation functions of the form
ac(s,s;)= g5 & where 0< y < 1. Here,d%a® /9% is decreasing i, s ands®are increasing in

y, with y=1 maximizing service for the buyer.

In order to apply Theorem 1, we require that 1 so that the allocation function is concave.
However, concavity is sufficient but not a necegsaondition. This leads to the question as to what
would happen if we allowegtto be greater than 1. Would we still have an dgpiuim and would it lead
to an even higher service level for the buyer?olf uld the buyer choose a high enoygio force
suppliers to offer the maximum feasible serviceeleand realize zero profits? In the following
propositions we examine the special case of ligeat functions and show that a Nash equilibrium may
exist for y>1 and that a buyer can indeed induce suppliers inesoases to provide the maximum

feasible service level.

Proposition 1: Under SS competition witlrss(s, s;) = $/ZN g, u(s)=ks, andv(s)=ks, a

=1

unique Nash equilibrium exists for apy> 0. The equilibrium service levels are increasingyiwhile

s*°=Ar/(Ak + k) and lim,__ 77°°=0.

expected supplier profit is decreasingyiwith lim J oo

Yoo
Proposition 2: Under SA competition witlrA(s, s, ) = $/ZL g, a symmetric Nash equilibrium exists
for y> 1if one of the following conditions holds.

(1) u(s)=k, v(s)=ks, and y<y,.. = N/(N-1); the corresponding equilibrium service levels are
increasing iny, with s**=A(r-k)/ Nk, when y = Jua, While the corresponding expected supplier

profits are decreasing igrwith 77" = 0wheny= prax
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(2) u(s)= ks, and v(5) =0; the corresponding equilibrium service levels amereasing iny, with
lim, ., s*=r/k andlim, , 7>"=0.
In the case ofl), the symmetric Nash equilibrium is the unique dgpium if N=2. In the case of2), the

symmetric Nash equilibrium is always the uniqueildgium.

These observations highlight the important rolecation functions play in determining the level of
service suppliers provide. Using a service propasi allocation rule, a buyer may be able to extadic
the profit from the suppliers and induce them tovjgte the maximum feasible service level. These
results appear consistent with those in Cachon Zrahg (2005) who consider an application with
competition similar to SA withu(s) = k and v(s) = ks. It is interesting to note that for SA the
maximum feasible service level under condition {@)decreasing irN while for SS it is always
independent oN. This means that for SA, the buyer can maximizeelxpected service levels by setting
N = 2 and choosing/ = 2, which leads tos* = A(r-k)/2k,. For SS, the maximum feasible service
level s>°=Ar/(Ak +k,) is achievable with ani by letting y — c. The latter is not surprising. When
y — o0, SShecomes equivalent to an auction where the suppita the highest service level is selected
with probability 1.

The above analysis raises the question as to whietisepossible, for every service level achieeabl
with SS, to choose an allocation function that nsalteat service level achievable with SA. In other
words, is it possible for the buyer to specify avige level and then choose allocation functionish whe
one for SA possibly different from the one for &spbtain the specified service level from eithgret of
competition? The answer is this is not always fadesior example, under demand-independent service
costs, the maximum feasible service level undeis&Bvays strictly greater than the one achievedkun
SA. Therefore, there may be a range of servicedefltween the maximum feasible service level for
SA and the maximum feasible service level for SSjievable by SS but not by SA regardless of what
allocation function is used for SA.

We end this section by discussing a useful reftatimn that allows us in certain cases to extend
results to more general service cost functions Wighonly requirement that the function is incregsn
service level. For these cases, we show thaglinays possible for the buyer to orchestrate a editign
that produces a Nash equilibrium, maximizes serlggel, and results in zero expected supplier mofi
Consider first SS competition. Recognizing thatioag asf(s, A) is increasing irs, there is a one-to-one
correspondence between the service lgvahdf(s, A), suppliers can be viewed as competing on cost

expenditures. We refer to supplier cost expenditaseffort and denote it bg whereg = f(s, A). The
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buyer could reformulate the competition, includihg allocation function, in terms of this efforthi$
leads to expected supplier profit functions givgmB>(g, e;) =a g, e )A ~ ©, fori=1, ...,N. If the

buyer uses a proportional allocation functigfi*(e;, ;) = é/ZN &, then the buyer could induce the

=g i
suppliers to exert maximum feasible effort by tatiy — «. This maximum feasible effort is given by
e>>=Ar and the corresponding maximum feasible serviceelles”® is the unique solution to
f(s,A)=Ar.

For SA, a similar reformulation is not always pbkssince there is not a one to one correspondence
between service level and cost expenditures. Cqmtrelitures depend on both the service level aad th
amount of demand allocated. However, a reformulaisofeasible for the following two important cases
(see section 6 for example applications): (X)(s ., (s,s)A)=a (s s)A k+ ¢ 3 and (2)
f.(s.a(s,s)A)=a (s s)1 ¢ 9 where the only requirement enandv is that they are increasing in
s. For case (1), whew(s) is increasing irs, there is a one-to-one correspondence betweesettvice
level s and the demand-independent cef$), and so the buyer could reformulate the supplier
competition in terms of these expenditures. Letgrigv(s), expected supplier profits can be rewritten as
e, e )=a(e e)A( - K-,e If the buyer uses again an allocation function té form
agss:qylzi'ilé, he would maximize service quality by choosing 2 andN = 2, which leads to the
maximum feasible demand-independent cost experditii= A(r —k,) and corresponding service level
s> given by the unique solution ta(s) = A(r-k)/2. A similar treatment can be carried out for case 2
The buyer would induce the suppliers to exert maxinfeasible efforte> =Ar by lettingy — oo, with
the corresponding service level being the uniqletiso to u(s)=Ar.

Finally, we should note that staging a competifioterms of effort can lead to different equililom
service levels than a competition based on setgisds, depending on the cost and allocation foneti
The main advantage of an effort-based competisahat simple allocation functions can be desigoed
induce suppliers to provide maximum service leiewever, clearly the usefulness of the transforomati

depends on whether or not effort is observable gseton 6 for examples where this might be pldekib

5 A Model for Supplier Selection

Choosing an allocation function and announcinig ithe suppliers is straightforward under SA. An
allocation function in this case is a verifiablenfwula for how demand is allocated once servicel$eare
announced. For SS, specifying an allocation funcfwehich corresponds to a selection probabilitye&s

obvious. Typically, a selection probability is inga by the buyer’'s past behavior in choosing sepgli
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The selection probability is often learned by thipiers through repeated interactions between rbuye
and suppliers, rather than being explicitly ann@aghdy the buyer. In this section, we describe an
example supplier selection process through whiptobabilistic selection naturally arises. We shioow
under some conditions the resulting selection goihibafits our assumptions.

Consider a setting where suppliers announce slegitice levels and the buyer responds by assigning
each supplier a scom(s) = g(s) + & whereg is a random variable denoting an error term witamO
and standard deviatioo. The random variables are independent and identically distributed. The
functional form ofg(s) is announced by the buyer to the suppliers befuwg commit tes. However, the
value ofg is revealed only after the suppliers announce gwivice levels. The buyer then chooses the
supplier with the highest scome(s). The termg reflects inherent and unbiased randomness in the
selection process. For example, it could denoteotlieome of an opinion poll of the buyer’s purchgsi
managers or the outcome of an audit of the sugphdier the service levels have been announced.
Alternatively, it could result from a multiplicitpf decision makers at the buyer’s firm (Ha 2004)eT
variance ofg reflects the amount of uncertainty associated withselection process. When variance is
low, the outcome of the selection procedure is grily determined by the service lexelWhen variance
is high, the outcome of the selection is mostlydan and service level is not the main determin&ithe
selection decision.

The probability that supplieris selected can now be stated as

ass(s,s)=[]PldR)+g 2 dp)+g1, ®)
or equivalently
ass(s,s;)=[]Prls -4 = o3)- d9N=[] A 69- G ¥ ©9)

whereF, is the distribution of the differenc€ = ¢, —¢&. Obtaining closed form expressions fofs is
difficult in general. However, in the case where s are Gumbel distributed random variables (i.e.,
F. (X) = e wherey > 0 is a scale parameter such tWatr (¢ ) = 42772 /6, andx = 0.5772... is Euler’s

constant), we have (see for example Chapter 7 lafrTand Van Ryzin (2004))

9(s)
e
N 9
_eH

i=1

ass(s,s,) = . (10)

-

As we can see, the selection probability has tiem fof a proportional allocation function. Furthemapo

by choosingg(s) = #In[ K §)], the buyer can reduce it to
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n(s)
>rh(s)

Therefore, all the analysis and results of the iptessections apply.

a(s, ;) =

The above supplier selection process is one exaafgiew a probabilistic selection might arise. In
practice, it is not uncommon for some uncertaiatystirround the supplier selection process whenever
sole sourcing is involved, even when the declargthgry selection criterion is service level. Sole
sourcing poses greater risks to the buyer anditta $election typically involves deliberations veieo
outcome can be uncertain. Of course, it is possibt®nsider settings where decisions are basgdoon|

service level. This corresponds in our model tocdee whereg - 0.

6 Example Applications

In this section, we illustrate the general framdwamd results of the previous sections with thoesrele
applications. The first example views suppliersrake-to-order service providers who influence servi
through capacity investments. The second views|®rpms make-to-stock manufacturers having fixed
utilization targets who influence service levelsotigh inventory investments. The third example gew
suppliers asnewsvendorsvho make a single-period decision about capacitychv then determines
service levels. The examples illustrate differemes of service levels, different forms of effaahd

different cost functions.

6.1 Competition with Make-to-Order Suppliers

Consider a system &f potential suppliers who operate in a make-to-ofdghion, provisioning services
in response to real-time requests. A buyer, inaurting her service requests to this supply pool, i
interested in inducing high time-based servicequarhnce, using measures such as expected fulfillmen
time of requests or the probability of fulfillingequests within a quoted lead-time. Since time-based
performance is driven primarily by the capacitytbé suppliers, we assume that suppliers commit to
investing in capacity sufficient to meet the sesevievels they promise to offer. Hence, the seriggel
costs incurred by the supplier are capacity investrosts.

We assume that service requests from the buyehdosuppliers occur continuously over time
according to a renewal process with rateeach potential suppligrcan be viewed as a service facility
with service ratgs andi.i.d. service times with meang/fori=1, ...,N. Under SA competition, demand

is partitioned among thd potential suppliers with suppliereceiving a long run fractioor>(s, s ) of
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total demand. Hence, the demand rate that supplees isA =a>(s, s )A. Since service requests
arrive dynamically over timeaiSA in fact specifies the probability that an incomisgyvice request is
assigned to supplier Although a truly probabilistic allocation is ukdily in practice, it is useful in
approximating the behavior of a central dispatdhat attempts to adhere to a specified allocatan f
each supplier. It is also useful in modeling sgimwhere demand arises from a sufficiently largaimer
of sources. The parametegSA(s,, s, ) would then correspond to the fraction of demanarses (e.g.,
geographical locations) for typehat is always satisfied by supplier

Service level in a service system can be definedvariety of ways. For the purpose of illustratiore
consider the probability of fulfilling a serviceqaest within a quoted lead time. For ease of eXiposi
and to allow for closed form expressions for sexlevels, we assume that demand occurs accordiag to
Poisson Process and service times are exponentiialifbuted, This is consistent with assumptioms i
(Cachon and Zhang 2005), (Gilbert and Weng 1997) @alai et al. 1992). Since the probabilistic
splitting of a Poisson process is itself Poissbl, demand process each suppliers sees is als@miRoiss
Thus, each supplier behaves likeMMM/1 queue. Given these assumptions, the probabilityeeting a
guoted lead timeis:

PriM <7)=1- g #aN7 (11)

whereW, is a random variable denoting fulfillment time $ypplieri given service ratg:.

Under SA competition, if a supplier offers seevitevel s =Pr(W <7), then she commits to
acquiring an amount of capacity (in the form okavgce rate) equal toriSA(s1 , S, )A+In[l/(1- s)]/r. The
fraction of demand:riSA(q, s, ) allocated to suppligris increasing irg with Zitlais“ (§, s )<1 Under
SS competition, suppliercommits to acquiring an amount of capacity eqaad tIn[1/(1-5)]/7 if she
wins the business, with the probabilia® (s, s ) that suppliei is selected as the sole service provider
increasing ins and zi'ilaiss (s, s )<1 Each supplier incurs a variable production cosper unit
produced and an amortized capacity cost pér unit of service rate (the treatment can bereded to a

general increasing capacity cost function). Expeestepplier profit can then be written as

s, 5)=a(s $)A p ¥ k= k[L/a- ¥/7, (12)
and

7%(s,8)=a (s $ WA p- & k- KL/Q- ¥/3. (13)
Letting u(s) = k and v(s) = KIn[1/(1- s)]/7 and noting that(s) is increasing convex ig, we can see
that the profit functions have the same form asa(®) (4). Therefore all the associated resulteofiens

3 and 4 immediately apply.
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The example illustrates a case where the demapehdent cost is linear in the allocated demand but
independent of the service level. Hence, the sefeieel is solely determined by the demand-indepehd
cost. Since costs correspond to capacity investieeels, this means that the total capacity invkbtga
supplier is always equal to the amount of demalwtated (the minimum capacity needed to guarantee
finite fulfillment time) plus a fixed amount thaepends only on service level. Comparing the rewlti
capacity utilizations, we can see that under SApBeri has an average utilization

PS8 =a (s §)A1q s sY+In[L(L-; 9)/r)=A/A+In[L/(L-; 31/@%*( s.97)
while under SS

P, 8,) = AIA+In[LIA- 8))/7).

It is not difficult to verify that®3(s, s, )= g %(s, s ), This implies that under SS the supplier is able to
maintain a higher utilization (i.e., invest in lesgpacity relative to the allocated demand) tharw®#le
providing the same service level to the buyer. Thisonsistent with results about the benefit afling
in queueing systems where it is known that lesadapis needed to meet a target service level in a
system with a single server and a single queue ithansystem with multiple servers and independent
gueues, see for example (Benjaafar et al. 2005).

As described in section 4, the buyer could refdateuthe competition in terms of the demand-
independent costs or, equivalently, the extra dgpdeyond the minimum required. The results of
section 4 could then be used to show that if thgebiwchooses a proportional allocation function
aic = q”/zi'il(-;y, whereeg = v(s), he would be able to maximize his expected sergieality by choosing
y=2 andN = 2 under SA and by letting - o under SS. The corresponding maximum feasible grvi

levels would be given bg>*=1- €772 ands>S=1-e* "'k

6.2 Competition with Make-to-Stock Suppliers

Consider a buyer who seeks to outsource the manuifag of a physical good among a set\opotential
suppliers. The problem is similar to the one désatiin the previous section, except that now seppli
are able to produce goods ahead of demand in a-toaiteck fashion. By holding finished goods
inventory, each supplier is able to improve thelityiaf service (in terms of order fulfillment defashe
offers the buyer.

As in the previous example, we assume that therfages demand that takes place continuously over
time. We assume again that this demand forms avedrgrocess with ratd and is allocated to suppliers

according to either the SA or SS competition scheach supplier has a finite production rateEach
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supplier may hold a buffer of finished goods inwent If so, we assume that this buffer is managed
according to a base-stock policy with base-stoeklle. This means that a replenishment order is placed
with the production system each time inventory drbplow the base-stock level. This also means that
each demand arrival triggers a replenishment order.

We assume that a supplier scales her capacity propally to the demand she receives so that she
always maintains a fixed target utilization leyst Ai/z4. That is, supplier sets her capacity @ = aA/g
This assumption, in addition to being plausibleniany settings, allows us to focus on only one fofm
effort, inventory level. Various measures of sesviiality could be used. For illustration, we cdesifill
rate, the probability of fulfilling an order frormehand inventory, which is a commonly used meastire
service level in inventory management.

There are three types of cost incurred by a seppdi unit variable production costan amortized
capacity cosk per unit of capacity per unit time, and a holdawgth per unit of finished goods inventory
held per unit time. Expected supplier profit caniiten as

mNs,8)=a (s sl p & kol- hE( %, (14)
and

7°%5.5)=a°s s HA( P & ko) - hE (3 (15)
where E[li(s)] denotes expected inventory level for suppligjiven a choice of service levsl If we
assume the demand occurs according to a Poissoregsroand production times are i.i.d. and
exponentially distributed, then given a base-steskl b;, the fill rate of supplier is given by (see for
example Buzacott and Shanthikumar 1993)

Pr(, > 0)=1-p" . (16)
If supplieri commits to service level (fill rate}, supplieri commits to choosing base-stock level
b(s)=In(A- $)/In(p). If we treat base-stock levels as continuous, ancomassumption in inventory
theory (see (Zipkin 2000), (Benjaafar et al. 20@4)] (Buzacott and Shanthikumar 1993)), then erplect
inventory can be obtained as (Buzacott and Shamtiak 1993)
L)) = b - 20",

or equivalently

I —
E[li(s)]:%—ﬁs»

which is increasing convex & Expected supplier profits can be rewritten as:

As,s,)=a® Ko pn@=s)_ o
s s)=a s sl e e ] J{ (o) 1_p.%, and
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s _ s ky_ fn@-s)_ »p
%(s,%) =06 (s $ A pr e-p) iy{ In(p) 1-p'

Letting u(s) = k/p and v(s) = h(In(l— s)/In(p)- pl(1- p) §) and noting that(s) is increasing convex

in s, we can see that the profit functions have theestorm as in the previous example of section 6.1.
Hence, similar analysis and insights apply. In ipalar, since there is a one-to-one correspondence
between service levels and the fixed inventoryseg$), the buyer could reformulate the competition in
terms of these cost expenditures. If the buyer tlebonoses a proportional allocation function
at = q"/ziNzlerV, wheree = v(s), he would be able to maximize her expected seryiality by setting/

= 2 andN = 2 under SA and by lettingg — o under SS. The corresponding maximum feasible cervi
levels would be given by the unique solutionh(jn(l— s)/ln(,o)—,o/(l—,o)$) =Ar/2k under SA and

by the unique solution ta(In(1- 5)/In(0) - p/(1- p)s)=A r/ k under SS.

6.3 Competition with Newsvendor Suppliers

Now consider a setting with a single period. Thmaded of the buyer during this period is stochaastid
described by a random varialibewith distributionFp. The buyer wishes to outsource the fulfillment of
this demand to one or more outside suppliers frosetaof N potential suppliers. The selection of
suppliers and allocation of demand among supptigkes place prior to demand realization. Prior to
demand realization suppliers also choose capamitgld (e.g., the quantity of the product to prodoce
purchase). Once demand is realized, these capecils determine how much of the demand is satisfie
using existing capacity. The buyer is interestethitucing the suppliers to invest in as much capaxs
possible so as to maximize the service level heives from these suppliers, as measured by the
probability that all demand allocated to a supphdulfilled immediately from available capacity.

Prior to demand realization, the buyer shares inédion about the demand with the suppliers,
specified in the form of the distributiofp,. The buyer also announces the allocation functidme
suppliers respond by specifying the service letledy each commit to offer. In turn, the buyer resjm
with a specification of the fraction of the demahédt will be allocated to each supplier after dethan
realized, consistent with the announced allocafigrction. Once the suppliers know the fraction of
demand they will be allocated, they each procedd a¢quiring the capacity necessary to provide the
promised service level. When demand is realizezlatttual allocations are carried out. Dependinthen
realized demand, a supplier may not be able tdlfalf of her allocated demand. This excess demiand

backlogged and fulfilled once the supplier is atdeacquire the additional capacity (e.g., produce
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additional units). Depending on the realized demandupplier may also be left with excess capacity
whose salvage price we assume is zero. Althoughhalldemand that is allocated to a supplier is
eventually satisfied, the buyer is interested imimizing the delays that result from backlogging.
Therefore, the buyer is interested in inducing shgpliers to invest in as much initial capacity as
possible. In contrast, suppliers are interesteahiimimizing their risk and would prefer to invest latde
initial capacity as possible.

By committing to a service leved, supplieri commits to investing in capacitg; such that
Pr@>(s,s, )D< ¢)= s under SA andPr(D<q )=s under SS (in factg could be substituted for
service level in this case since there is a oren correspondence betwegrands). Letc denote the
cost to a supplier of one unit of capacity anthe price paid by the supplier for each unit dbedted

demand. Also le®(s) be the unique solution tB, (x) = 5. Expected supplier profit can then be written

as
mNs,8)=Hm*(s §) O max@*(s,sP( 39 °( 5.9 X an
=a ¢ s, E[pD- cmaq (),D)],
and
s,8)=a (s ) E pB>- max@(;9, Ol (18)

Expressions 17 and 18 can be rewritten as
m(s.s)=a°(s $) & D= ¢9], J19
whereC= SA, SSy=p-c, V(§) =0, u(s) = cH[8( § - D) andu(s) is increasing irs.

The above illustrates an example where therelis@demand-dependent service cost that increases
linearly in the allocated demand. We know from tleeo 2 that SA and SS lead to identical servicelseve
in this case. Since there is a one-to-one correkpwe between(s) and the service level, here too it is
possible for the buyer to reformulate the compamtitin terms ofu(s). The buyer would then realize the
maximum feasible service level under either SA 8rt& choosing a proportional allocation function
at = QV/ZiN:lc-;Y wheree = u(s) and lettingy — o« . The maximum service level would be given by the
unique solution of E([&(s°) — O0*) = rE D/ ¢ for C = SA, SS. In addition to inducing the maximu
feasible service levels, the advantage of thisrnefitation is that a unique equilibrium is always
guaranteed regardless of the functional propedfi@s(e.g., concave, convex, or neither), as long &s
increasing irs.

It may appear surprising that there is no pooliagdiit associated here with SS the way there was in

the previous two examples. This is because the ata@mf demand allocated to the suppliers under SA
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are now perfectly correlated due to the proporti@ication, with all the suppliers either alloedt
amounts in excess of their capacity or allocatedwants less than their capacity. Therefore, comnsiste
with known results from inventory theory (see faample (Eppen 1979)), there is no benefit to paplin
under these conditions. This was not the caskerexamples of sections 6.1 and 6.2 where the d&man
streams seen by the different suppliers under $&isbof independent Poisson processes.

Finally we note that one might have expected thgebtio apply a backorder penalty to suppliers
whenever shortages occur. However, such penaléesrmecessary here. Competition alone is sufficien
to guarantee that suppliers provide good serviag awith the appropriate allocation function, the

maximum feasible service level.

7 Conclusion

In this paper we have studied the value of comipatias a mechanism for the buyer to elicit service
quality from a set of suppliers. We examined tw@rapches the buyer could use to orchestrate this
competition. The first is a supplier-allocation (S#pproach in which a portion of demand is alloddte
each supplier based on the supplier's promisedcgetevel. The second is a supplier-selection (SS)
approach where a single supplier is selected wi¢hpgrobability of being selected depending on the
supplier's promised service level. The analysiseads that ¢ a buyer could indeed orchestrate a
competition among potential suppliers to promot®ise quality, b) under identical allocation functions,
the existence of a demand-independent servicegogss a distinct advantage to SS type competitions,
terms of higher service quality for the buyer aighbr expected profit for the suppliec) the relative
advantage of SS versus SA depends on the magrufudlemand-independent versus demand-dependent
service costs,d) in the presence of a demand-independent sereste & buyer should limit theumber

of competing supplierander SA competition but impose no such limits uri® competition, anc) a
buyer can induce suppliers to provide higher seriggels by selecting an appropriate allocatiorcfiom

and number of suppliers.

Our results suggest that, given similar allocafigrctions, SS competition is preferable to SA fram
quality of service perspective when there is a delindependent cost incurred after demand is
allocated. Under this condition, competition thedds to single sourcing is preferable to compaetitiat
leads to multi-sourcing, and if multi-sourcing mmglemented then dual sourcing is optimal. However,
these results do not take into account additioaetofs that may favor one form of sourcing verdigs t

other. For example, in environments where therdeawebuyers (e.g., defense industries), a suphiatr
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does not receive an allocation could go out ofiess. In that case, the buyer needs to supporipiheult
suppliers to ensure continued competition in thariu A decision on the part of the buyer to sindigal

or multi-source should trade off service qualitynéfits with these other tangible and less tangible
benefits. In fact, our results are most usefukparately documenting the impact of different peatzrs

on the performance of each type of competitionaljinour results show that the differences betwsAn
and SS depend on the timing of when the demandg@mtent costs are incurred. In particular, if the
independent costs are incurred prior to the denadllodation under SA and prior to supplier selection
under SS, SA and SS are equivalent in terms aéxpected service level they yield to the buyer.

Our results comparing SA and SS can be recast asnmgarison between two forms of SS
competition, one with demand-independent costsrieduprior to demand allocation and one with
demand-independent costs incurred post demandatiloc These results could be extended to examine
settings where demand-independent costs are incurtevo stages: one portion occurring pre-allamati
and the other post allocation. In practice, preealtion costs may be desirable since they couldcesthe
risk of a supplier reneging on the promised serigégels. However, this risk-mitigation benefit nedd
be balanced against the service level reductimnliices.

There are several possible avenues for future rgse@ur analysis currently relies on the assumptio
of identical service cost functions among suppliddsopping this assumption would allow us to cdesi
situations where some suppliers are more costeffithan others. The degree of cost asymmetridcou
affect the behavior and performance of our two $yp& competition, as well as the type of allocation
functions that maximize service quality. Allocatibmctions that intensify competition could leaddan
SA to a small number of suppliers capturing mosthef demand. With asymmetry, it is also not cléar i
there would always be allocation functions thatdléa zero supplier profits. In highly asymmetric
settings, the most cost-effective supplier coulgtwae most of the demand while expending only a
fraction of her revenue on service cost.

We have also assumed that the set of participatimgpliers is exogenously determined. However,
one could consider the joint decision of choodihguppliers out of the pool df and then allocating
demand among the$& winners. SA and SS are actually special casdsi®htore general problem, with
SA implyingM = N and SS implyingM = 1. Under this generalized scheme, the buyerddsain both a
selectionfunction to determine th® winners and amllocation function to determine how demand is
divided. This generalized form of the competitiaulel capture benefits of both SA and SS. For exampl

by choosing a large value fbtthe buyer (with appropriate choice of selectiod altocation functions)
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may be able to intensify the competition and exttagh service levels while still maintaining mple
suppliers, which might be desirable to managemantdasons other than service quality. However, we
suspect that the effect bf, the number of suppliers that are eventually $etkavould remain the same.
In particular, smalleM leads to higher service quality with the highesvice quality realized wheM =

1.

In certain settings, the buyer may not be intetestenaximizing the average service quality receive
from his suppliers. Instead, the buyer may be a@#txd in measures of service that depend in differe
ways on the effort profile of the various supplieFor example, the buyer could be interested in
cumulative expenditures by the suppliers (e.g.altatapacity investments in the supply chain).
Alternatively, the buyer could be interested inugidg the variance of service levels across differe
suppliers (e.g., minimizing maximum delay overslppliers). We expect different service measures to
favor different types of competition. For example know that SA induces a lower average servicel lev
but a higher total cost expenditures on serviceerdiore when buyers care about cumulative
expenditures, SA becomes superior and multi-sogneiare desirable.

Finally, our analysis could be extended to settiwbere the buyer may choose to outsource only a
fraction of her demand under SA or reserve thet mgit to select any suppliers under SS. This cbeld
implemented by the buyer by choosing for example alocation function of the form
ac(s,s;)= 5/(K+zi’\il S) wherex > 0 (see Elahi (2006) for further discussion). Bn&A, the
fraction K/(K +Zihils1 ) corresponds to the fraction of demand that isaliotated to any supplier, while
under SA the same fraction corresponds to the pilityathat no supplier is selected. The parameter
could correspond to a known service level offergdabincumbent(current) supplier or to the service
level realized if the buyer decides to produce onde. We expect the threat of partial outsourcing t
affect the outcome of the competition. In casesratitbe buyer can choose the paramatewe also
suspect there may be values of this parameter ntzatimize the service levels received from the

suppliers.
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Appendix

Proof of theorem 1
We first note that the decision space for each lgipiFl, ..., N is given by[0,s"], where ' is the
unique solution ofAr — f (s;,0)= 0 for the case of SA competition antt - f (s,,4) =0 for the case of

SS competition. The service lev&l! is finite since f is increasing convex.

SA competition
It can be easily shown that the profit function sofpplieri is concave with respect tg, i=1,...N.
Therefore, a Nash equilibrium can be obtained assthiution to the following system of first order
optimality condition equations:
aﬂiSA(s'S—i):aa?SA(ﬁi §)/1(r —U(S))—[OQSAAO 49,
0s 0s 0s 0§
or equivalently

LU= 0y s [ o(s) Au(s)ws] o
(Zras) >(s)

Let s**>0 be the unique solution to the following equation:

g(s)A(r—u(s)) [1/]U($+((}5}=0. (A3)

ﬂ 0 fori=1,..,N, (Al)

N2 a(9

Also, let A%(s)=(N-1) d(94( r- U 3)/ N ¢ ¥ and BSX(s)=AU(9/ N+ {( ». Therefore, A3 can be
written as AS(s) - BS(§ =0. This equation has a unique strictly positive otusince
@ limg_ o AS(9 =+,
(b) AS(s)=0, wheres, is the solution to =u(s,); furthermore, A°*(s) =0 does not admit any other
solution,
(c) the positive part ofA%*(s) is decreasing is,
(d) B%(0)=0,
(e) B%A(9) is non-decreasing i) and
(f) BSA(s) >0 fors>0.
It is easy to check that= s i=1,...,Nis a solution to the system of equations A2. Hehme&omplete
the proof of the theorem, it only remains to shdwattthere cannot be another solution to A2, which
implies thats= s> fori=1, ...,N, is the unique Nash equilibrium.

The following system oN+1 equations with unknowns and G is equivalent to the system of
equations A2:

G%($)g(s)/]( L($)) [q§),] g+ Y $:| 0, fori=1,...,Nand (A4)
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> 9(s)- G=0. (A5)
By virtue of lemma Al below, each equation in A4réid at most one positive solution in the decision
space of each supplier. Therefae s> fori = 1,...,N andG=Ng(s*) is the only solution for the system
of equations A4-Ab.
Lemma Al: Let ¢(5A(§,G):[(G— d 8)/ c-%] Q92+ 63)-[( a¥ B '4)% '(v)$ where G
0 is a constant, g'(5)=09(s)/0s, u(s)=0us)/ds, and V(s)=0\s$s)/ds. Then equation
#(s,G) =0 admits at most one strictly positive solutionfie tiecision space of supplier i.
Proof: Let ¢°(5,G)=¢.(s, O-¢,(;s G, where
2.(5.9=[ (G- d )/ G| A9( F ¢3) and @,(5,9)=[(d(5)/ A U3+ \(3].
We know that
(a) since u(s) is an increasing convex function there is at tlease finite solution to equation
?.(5,G) =0, letso be the smallest solution to this equation,
(b) #,(0.G)>0,
(© @.(s,G) is decreasing iy 1[0, $,], and
(d) @,(s,G) is non-negative and increasingsin
Consequently, equatiog™(s,G)=0 admits a unique positive solution {i0,s ] if ¢*(0,G)=0.
Otherwise, it admits no solution. We also noticat e term(r —u(s)) in g, is always non-negative
for 5 0[0,3], where§ is the unique solution t()r —u(a)) =0. Therefore,g, =0 cannot admit more
than one solution in this interval. As a resgft/(s, G) =0 cannot have more than one solutiorfors .
Since fors > 5 the profit of suppliei is negative we can conclude tH&§] contains the decision
space of suppligr This completes the proof of the lemma.

SS competition
It can be easily shown that the profit function sofpplieri is concave with respect tg, i=1,...N.

Therefore, a Nash equilibrium can be obtained asstiiution to the following system o&f first order
optimality condition equations:
S S
aiYIS (S’ S—i ) - aq iS’ § )(/“- _AU(S) _ \($))_0,ISS(/1 a la is + a 6/|$]:0 fOI’i:l,..,N, (AG)
05 0% og 0§
or equivalently
N
4 9(8) - d9) , :
z"l NS 2$ g'(s)4 (/l r-Au(s) - §))—%(A w9+ '\ 3;):0 fori=1,..,N. (A7)
(zizlg(s)) zizlg(S)

Let s°>>0 be the unique solution to the following equation:

N-1 PR | v
Nzg(QQ(S)(/‘r Au(9 - \(3) N(/H(F+ ()3=0. (A8)

31



Also, let AS(9)=(N-1)d(9(A r-Au 3$- ¢ P/ R @) and B%(9)=(AU(3+ ¥ })/ N Therefore,

A9 can be written a®\*3(s) - B3{ 9 =0. This equation has a unique strictly positive solusince

@) lim,_ o, ASY(9 = +oo,

(b) ASS(s)=0, wheres, is the solution toAr —Au(s,) - A(g) =0; furthermore, A%S(9) =0 does not
admit any other solution,

(c) the positive part ofAS3(s) is decreasing is,

(d) B%%(0)20,

(e) B°3(9) is non-decreasing i and

(f) B®%(s) >0 fors>0.

It is easy to check tha = sSfori =1,...,N is a solution to the system of equations A7. Henae

complete the proof of the theorem, we only neeshtmw that there cannot be another solution to A7.

The following system oN+1 equations with unknowns and G is equivalent to the system of

equations A8.

98 g (g)(Ar-Aus) - \(ﬁ))‘%(/‘ 9+ ;3)=0, fori=l,...N.and (A9

GZ
N
Y.,9(s)- G=0. (A10)
By virtue of lemma A2 below, each equation in AXréits at most one positive solution in the decision
space of each supplier. Therefases s°5 i=1,...N andG=Ng(s™) is the only solution for the system of
equations A9-A10.

Lemma A2: Let

75,09 =[ (G- )/ G| A9(4 #2443~ ¢ P-[( @¥ ) '@)s (WA,
where G>0is a constantg'(§) =0g($)/0 s, u'(§)=0U $)/0 5, andV'(5) =0\ $)/d s. Then equation
@°(s, G) =0 admits at most one strictly positive solutionia tlecision space of supplier i.

Proof: Let ¢°%(5,G)=¢.(s, O-¢,(;s G, where
?1(5.6)=[(G-d§)/ G| g 3(4 ¥4 ¢;3- &) and
7,5, 9=[(ds)/ G(A W9+ \(;3)]

We know that
(a) sinceu(s) andv(s) are an increasing convex functions there isasdtlene finite solution to equation

#?.(5,.6)=0; lets o be the smallest solution to this equation,
(b) ¢.(0,G)>0,
(©) @.(s.G) is decreasing iy [0, $,], and
(d) @.(s,G) is non-negative and increasingsivith ¢,(0,G)= 0.
Consequently, equatiog”>(s, G) =0 admits a unique positive solution [0,5,]. Note also that the
term (/lr -Au(s) - \,($)) in ¢, is always non-negative in the decision space ppkeri, [0,5'] where
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' is defined in the proof of theorem 1. Therefogg,=0 cannot admit more than one solution in this
interval. As a resultg(s, G) =0 cannot have more than one solutiorffrs'] .

Proof of Theorem 2
Result (1)

The result is obvious since the profit functionsséf and SS competitions have the same form.

Result (2)

First recall that the Nash equilibria for SA and &8npetitions are, respectively, the solutionshe t
following equations:

SA: N'\:g(ls) g'(9A(r- u(s)):{%/} u( 3+ Y }s} and (A11)
ss: %g’(s)p(r— U3)- €3]=4 U 3+ s (A12)
which can also be rewritten as

. _ N9 e N A3y,
SA: A(r-u(s)) Ng,(s) V(9 N g(s)[/l u 3+ € . and (A13)
ss: A(r—u(s))—v(s):Nl_l%(A a3+ (B, (A14)

In order to show that the solution to equation A$3, is always less than the solution to equation Al4,
s°5 we state and prove the following set of claims.

Claim 1: For the functions g, u, and @(s)/ d(9= su(9/U(9< s andv(s)/V(9< <
To verify claim 1, letg, (s) = o(9/ d( $— ¢ theng,(0)=0 and

d6,(9 _ g'(9d(9- d3 & 3 ,_~ 0)s"6)s
ds g'(9° g9
Therefore,6,(s) = 9(9/ d( 3— «0. Next, letg,(s) = W9/ U( $— stheng,(0)=0 and
d6,(9 _U(9U(3- U3 U 3 ,_~ 0)s"O)s
ds u'(9)? u(9?
Therefore,g,(s) = u(9/ u( $— 0. Similarly, we can show tha,(s) =9/ ¥ $- 0.

Claim 2: Let 77,(s) =A(r-u(9)- N( o 3/ & ¥ ¢ ) and 7,(s) =A(r-u(9)- \ $. For any s>0 we
have 77,(s) >17,(9 -
Claim 2 follows by noting that, by virtue of Claiip we have

m(9)-m(9=N(d 3 P ) Ve N&)s (y=s (Nws()»8.
Claim 3: Let 775(s) = N/(N-1)( o( 9/ ¢( $)(A U B+ '¢)}, S be the unique solution afy(s) =77,(9,
and $be the unique solution af,(s) =7,(9, then §< s",
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Claim 3 can be shown by arguing that, singés) is increasing irs and 7,(s) > 7,(9, we haves’ < s".
Recognizing thas' = s°° ands? = s> proves the result. Figure A1 offers a graphidaktration of the this

argument.

¢ <t

Figure Al — A graphical representation of the fior 771, 77,, ands;

Results (3) and (4)

Substitutingg(s)= as” andu(s)=k,s, andv(s)=k,s in the supplier expected profit functions, we cewrite

equations A13 and Al14 as follows:

_ A(r —kls)) N
SA: 9) . N 1A: A+ @}
SS: A(r=k;s) - kzs‘—_( k+ k),
from which we obtain
SA _ Ary(N -1) and sSS = Ary(N -1) .
N[Ak + Nk]+2 ky( N-1) (Ak, +k,) (V(N-1)+ N)

It is easy to verify thalNs®* > s°5 Furthermore, we have
FS4s%AA)=Ak s N+ k s¥and f35(s551)= Ak s* k s ¥
Hence,
NFSASA) - F5Us SA)=(A k+ Nk) s®2(A k+ K s*°

(N[)Ikl+Nkz]+/| ky( N- 1))(y( N-1)+ N

=Ary N-

Rewriting the profit functions as
N N(N+p(N-DAK/(A k+ Nk)) N N(N+y(N 1)’

we can also easily see that” < 77°%
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Proof of Theorem 3

Result (1)
The Nash equilibrium service level is the solutiorthe following equation:
N _1 I [/
—g(9(Ar-Au9-\(3)=1 U B+ ) (A15)
Ng(9)

Since, the right hand side is independent @nd increasing is and the left hand side is increasind\in
the Nash equilibrium service lev&l® is also increasing iN. Furthermore, since

N-1 _g(9
Noo| —— Ar=Au 9 - =22} A ¢ B~ ,
Ng(s)g(s)(r CERE) 9(3( A5 )9

lim

the Nash equilibrium service level approacis&§, the unique solution to

g(9(Ar-Au9-3)/ ¢ B=1 ¢ ) '¢)-

Since the solution is symmetric we hag§é>='s %%,

Result (2)

Wheny(s)=0, the proof is similar to that of the result,(ahd > = G*" is the solution to the following
equation:
g((Ar-Au9)/ d $=2 U ¥
Whenu;(s)=0, the Nash equilibrium service level solvesftiilbwing equation:
N{\jf%/n —V/(s).
The right hand side is independentNfind increasing i, while the left hand side is decreasing\in

Consequently, the equilibrium poist” is decreasing ifN. Finally, sinceaiSAzllN and v(0) = 0,
limg_., niSAZO. For part €), when bothu(s) andv(s) are positive fois>0, the profit function is given
by

NS 8) =0 (s $)A( §9)- 63
Since aiSA approaches zero & goes to infinity, the only service level which disato a non-negative
profit is s¥= 0. In this case, the Nash equilibrium is the soluto

N_lm - :i y
NE g(s)/](r u(s)) NU(9+V($-

Noting that both sides of the above equation aceedesing irN, the right hand side is increasingsirand

the left hand side is decreasing $nthe solution to this equation is not necessairilgreasing or
decreasing iMN. However, since the solution approaches zemd gses to infinity it should be decreasing
for large values of.

Result (3)

Result (3) follows immediately from results (1) a2
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Proof of Proposition 1
We can rewrite the profit function as follows:
y
N
%S, S;) :%(/l r-Aks— k9 wherez=3 " s/,
The derivative of the profit function of suppliewith respect to her service level is:

o
;: 8) 228 et - ds - k9 - g(/] k+ k).
The Nash equilibrium is therefore the solutionhte following set of equations.
(Z-5"VAr-Aks- k) =Z(A k+ k) ;s for #1.. N

Using an approach similar to the one used in tbefpsf theorem 2, one can show that there is auaiq

symmetric solution to this set of equations whistinie Nash equilibrium. Since the Nash equilibrism

symmetric it is also the solution to the followiaguation:
SS = (N-Dyar _
(Ak +kp) (N+ y(N-1))

To see if this solution is increasing ;i'nnote that its derivative with respectpj positive:
_(N-DAr N
ay Ak +k, N+ py(N- 1)

It is easy to verify thatlim, ,s**=Ar/(Ak +k). Expected supplier profit is given by

m>°=Ar/(N + y(N -1)), which is decreasing ipand approaches zero gis-» .

Proof of Proposition 2
Result (1)

The expected supplier profit functions can be emiths

4
7S 8) = A0 )~ g s wherez = YL s fori=1, ..N,

which leads to

0rmNs,8) _2- ¢

y—l/] r—
s 57 (r-k)—k.
The Nash equilibrium could be the solution to tbikofving set of equations:
(Z-5")ys"A(r-k)=2?k, for i=1,..,N. (A16)
Since allN equations have the same form, there exists a symenselution s, =...= §, = s that solves

Al6. To show thas is indeed a Nash equilibrium service level, wednteshow that the profit function
of supplieri has a unique maximum a&ts when all other suppliers choose Given that all other
suppliers choose service leethe expected profit function of suppligs given by:
4
s, s, =3 A(r-K) -k
e o v G
This leads to
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aIZiSA(S’S—i): (N-Ds ys”A(r-k) -k, =0,
05 ((N -1+ $V)2

or equivalently
(N-1)s"
(N-Dg+ ¢)

s ¥s"TA(r-k) = k. (A17)

It is easy to see that A17 could admit more tham swiution. To show that the expected supplieriprof
function cannot have more than one maximum, we lchiee behavior of the second derivative of the
profit function with respect te:
°°Xs, 8:)

0s”

§2[(V-D(N-D)¢ - (r+ D¢ |
(=D +9)

=(N-Ds’ P(r-K). (A18)

If a function with continuous first and second #ative has more than one local maximum, then the si
of the second derivative of the function must cleangpre than once. Since the second derivativeeof th
profit function of supplieri is positive for s” <(y-1)(N-1)8 /(y+1) and remains negative for
g >(y-1)(N-1)8 /(y + 1), this profit function cannot have more than one imaxm. We know when
s=s the first order optimality condition is satisfied. condition for the profit function to admit its
maximum ats =s is for the second derivative to be negativesats. This condition is satisfied if
<N/(N-2). Hence, the solution to equation A16 is a Nashliegum if y<N/(N-2) and the resulting

Nash equilibrium service levels and profit functiare given by

e (NZDAC=k) g e (NZ(NZDY)ACk)
NZ?K, N

To ensure a non-negative profit we need the camdigk ), =N/(N-1), which is more restrictive than
Y<N/(N-2).

It is straightforward to verify that the equilibm service level is increasing jnand the equilibrium
expected profit is decreasing jn For =y we haves® = A(r-k)/ Nk, and 7°*=0. Furthermore,

when ofN=2, equation A16 simplifies to

2
=£—(91V+§:) , for i=1,2.
o (ss)”

It is easy to check that the solution to the ateystem of equations is unique.

S

Result (2)
The proof is similar to that of Proposition A1 wik}=0.
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