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1.1 Introduction

Provision of real-time information by firms to their custaméas become preva-
lent in recent years in both the service and retail sect@si& providers use an-
nouncements to inform customers about anticipated delaysieas retailers pro-
vide the customers with information about the inventoreland the likelihood of
a stock-out. Often, this information cannot be crediblyified by the customers.
The question of which information should the firm share withdustomers is a
complex one, and its answer depends among other things atyttanics of the
underlying operations and the customer behavior.

Most of the Operations Management literature addressiisggbue analyzed
two categories of information provided to the customerifull information - the

1



2 CHAPTER 1. CHEAP TALK IN OPERATIONS

state of the system, as known to the system manager when starer arrives,
and (ii) no information - where no information is provideddacustomers must
base their decisions on their expectation regarding thiesyperformance. The
main assumption made in the former category of literatutbds customers treat
the information provided regarding the state of the system-griori verified (i.e.,
credible), and act accordingly in making their decisionise Two main issues with
this assumption are: (i) Customers are seldom naive in #igiude towards any
information provided by interested parties, and thus talkd snnouncements with
a “grain of salt”. Moreover, under the assumption of “nayet makes sense for
the firm to deviate from the truth-telling policy. The optitrat the firm mightie,
given that the customer always believes the firm, is nevdoeaqg in the literature.
(ii) Further, prior work implicitly assumes that the annoaments have a literal
meaning in terms of the availability (in retail) or delay @ervices) or average
waiting time. However, as stated above, many service peosidse verbal mes-
sages that need to be further processed in order for custdmerake the decision.
For example, without processing, it is not clear what “highume of calls” or “al-
most gone” mean in terms of delay in the system (in serviced)aailability of
the product (in retail) in these commonly used statemertis groblem is clearly a
conseguence of the first issue since, without processirg ammouncements with
literal meaning are possible. The combination of these sgads contributed to
the fact that only simple (i.e., no-information or full-arimation) announcements
were discussed, while in practice we observe a much richégtyaof announce-
ments.

This chapter surveys models that address these issuestrtilcufaa, the cus-
tomers in these models treat information provided by theisemrovider as un-
verified and non-binding. These models, thus, treat cus®m@e strategic in the
way they process information, as well as in making the dewss{that is, in service
settings whether to join or balk, and whether to buy or waieiail), and the firm
as strategic in the way it provides the information. The @usrs and the firm
are assumed to be self-interested in making their decisitresfirm in choosing
which announcements to make and the customers in intargristese and making
the decisions. Note that, while previous models assumddmess to be strategic
in the way they make decisions (being forward-looking) othia way they form
expectations, these models are the first to study settingshich customers are
strategic in the way theinterpretinformation provided by other parties. That is,
customers do not take the messages or the information gty the firm at their
“face value.”

This allows us to characterize the equilibrium languagé ¢haerges between
the firm and its customers. By doing so, not only do these nsoddax the as-
sumption that customers are naive in their treatment of th®ancements, but
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also demonstrate that many of the commonly used announdégragse in equi-
librium. For example, in services, the spectrum of possdgjeilibria will range
from announcements that are analogous to the verbal typeridimg the volume
of arriving customers as high or low to the detailed waitiimget announcements,
both common in service systems. In retail settings, it issshtihat an informative
language is not possible between a single retail and it®ests. These models
are among the first to show that the spectrum of announcertigitexists in real-
world applications can emerge as an equilibrium of a gamedw® the provider
and her customers.

This chapter surveys the emerging literature that dealstvé strategic nature
of the information transmission in a practical operatiosetting, where unverifi-
able, non-committal, real-time information is provideddwgelf-interested firm to
selfish customers.

In this literature, the announcements made by the systenagearis mod-
elled as “cheap talk,” i.e., pre-play communication thatiea no cost. Cheap talk
consists of costle$snon-binding, non-verifiable messages that may affecttise c
tomer’s beliefs. It is important to note that while providithe information does
notdirectly affect the payoffs, it has an indirect implication througk tustomer’s
reaction and the equilibrium outcomes. The information@snpact on the pay-
offs of the different players per se, i.e., the payoffs ofrbsides depend only on
the actions taken by the customer and queueing dynamics, ithiurn, means
that if the customer does not follow the recommendation nigd#he firm, he is
not penalized, nor is he rewarded when he follows them. Heweas it will be
shown, the announcements do have an impact on the servigden's profits and
the customers’ utility, in equilibrium. This is in agreentemith both the cheap
talk literature (See Crawford and Sobel (1982)) and the aifmrs management
literature with strategic customers (See Naor (1969) fareuging application and
Aviv and Pazgal (2007) for a retail application, where thferimation provided to
the customer in the form of full visibility of the state of tlsgstem does not al-
ter the customers utility directly; however, it allows himrmake a knowledgeable
decision and thus affects his utility in a indirect manner).

The focus of these models is dealing with #ietegicinteraction between the
customer and the firm in a setting in which their incentivesraisaligned when
unverifiable, costless, and non-bindimdormation is provided to the customer. In

We assume that the cost associated with conveying the meeissaggligible. In most practical
service organizations, while the provider needs to incuedizosts, for example, by investing in a
more sophisticated IT infrastructure to learn the statdefdystem, the marginal cost of providing
the information to the customer is insignificant. There islminous literature starting with Spence
(1973) dealing with models where signaling is not costless,the mere fact that players are willing
to incur a cost provides a signal.
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all of the instances described in this chapter, the infoionas always unverifiable
and has no contractual bearing. This is in contrast to seitedelguaranteessuch
as those made by Dominos Pizza, Ameritrade, afitafle to name a few, where
the commitment is both contractually binding and verifiable

A reading guide. The next section reviews the classical cheap talk model in-
troduced by Crawford and Sobel (1982). We discuss the cig#ke one faces in
developing a framework that echoes the classical cheamtaltiel for dynamic
operational settings. Section 1.3 describes the cheagaatle in a service setting,
and Section 1.4 describes the cheap talk game in fefdikese sections are almost
independent and can be read in any order. Section 1.5 sumagsdhe finding in
the previous section and contrasts the equilibrium languadghe queueing with
the retail one. We conclude the chapter by surveying relidture and future
direction.

1.2 Classical Cheap Talk Game

In this section, we provide an overview of the cheap talk garreduced in Craw-
ford and Sobel (1982). This a game played betwesera@emwho has some private
information and aeceiverwho takes the action which impacts the payoff of both
players. We next define the game and highlight the key findings

1.2.1 Model

The game proceeds as follows: The Sender observes the sthgeworld, which

we shall denote by, which is private information and is uniformly distributio

on the unit interval. The Sender then sends a signal (or aagessienoted by

m € M. (Here M denotes the set of all signals that can be used by the Sender.)
The Receiver processes this information and chooses amgairhich determines

the players payoff. The Sender obtains a utility which dejgemn: (a) the action
taken by the Receivey;; (b) the state of the world) and (c) his bias which we
denote byb, and is given by (y, @Q,b) = —(y — (Q + b))?. The Receiver, on the
other hand, obtains a utility which depends only on: (a) s actiony, and (b)

the state of the world, and is given by (y, Q) = —(y — Q). 3

2All the proofs of the results in Sections 1.3 and 1.4 are iroAlet al. (2007) and Allon and
Bassamboo (2008), respectively.

3We adopt a notation that is different from the one used in @ehand Sobel (1982). This is
done in order to be consistent with the notation developadeérmodel used in the latter part of the
chapter. For instancé), which denotes the state of the world, would correspondeatieue length
in services, and the quantity-on-hand for retail.
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The Markov Perfect Bayesian Nash equilibrium of the aboveeyeequires that
(a) The Sender’s signaling rule yields an expected-utifitgximizing action for
each of the state of the world, fixing the action rule for the Receiver; and (b) The
Receiver responds optimally to each possible signal usene8 Rule to update
his prior, taking into account the Sender’s Signaling ruld ¢he message/signal
received from the Sender.

1.2.2 Key Results

For this classical cheap talk game, there always exists aititgqum whereno
informationis transmitted from the Sender to the Receiver, irrespectfthe pa-
rameters of the problem. In fact this is the only equilibriofthe game when the
biasb exceedd /4. However, wherb is less thar /4, informative equilibria exist.
All these equilibria share the same structure that theytjparthe state-space (i.e.,
the unit interval) into finite number of intervals. On eachtloése intervals the
Sender uses the same message. Further, they show that themafnmtervals is
bounded from above by an integer which is a function of the hiad is denoted
by N(b). The equilibrium where the sender partitions the stateesato exactly
N (b) partitions is referred to as thmost informative equilibrium Further, it is
shown that among all the equilibria, both the Sender and iRRecare better off in
expectation under the most-informative equilibrium.

1.2.3 Other Applications of the Classical Cheap Talk Model

A variety of papers study mixed-motive economic interattiovolving private
information and the impact of cheap talk on the outcomesreffaand Gibbons
(1989) study cheap talk in bargaining; in political contekieap talk has been
studied in multiple papers including Austen-Smith (199)d Matthews (1989).
A recent paper by Ren et al. (2007) studies a cheap talk ganeeevehretailer
shares forecast information with a supplier. These modelest exclusively focus
on static environments. In operational systems informati@nsmission which is
typically done in real-time, cannot be categorized in tressical model and the
dynamic environment is, in general, multidimensional aochplex.

1.2.4 Discussion

The framework used in this chapter echoes the cheap-tallelpooposed in Craw-
ford and Sobel (1982). Driven by the applications in operetj the models have
two novel features: first, the game is played with multipleeigers (customers)
whose actions have externalities on other receivers; atmhde the stochasticity
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of the state-of-the-world (i.e., the state of the systemmpisexogenously given but
is determined endogenously. In particular, the privaterimition in these model
(for example, the queue length or the inventory positionngt@ven time in ser-
vice and retail setting, respectively) is driven by the egstdynamics, which in
turn depend on the equilibrium strategies regarding tharmétion and actions of
both the firm and the customers. As we shall see, this muliiplof receivers with
externalities and the endogenization impacts both the@atithe communication
as well as the outcome for the various players. This enddtyemnehich is cru-
cial for modeling operational setting with customers iatgion, is absent in the
previous cheap talk literature.

To highlight the impact of the system dynamics, note thatelase two types
of uncertainties faced in these models: (i) Uncertaintyardmg the state of the
system when a customer arrives, which is a private infoionatield by the service
provider. This type of uncertainty exists in Crawford and&& model as well.
(i) Uncertainty regarding the evolution of the system: Eater announcements
are made and the customer decides on his action, both theesprevider and the
customers are exposed to uncertainty regarding the futurandics. Note that the
latter type of uncertainty is not modeled in Crawford ande&¢h982). Hence, the
definition of the equilibrium concept would require solviagynamic optimization
problem.

1.3 Service Application

In this section, we will survey aeandogenize@heap-talk model which studies the
equilibrium language emerging in a service setting. Thislehds motivated by
the prevalence of the practice of informing customers i@iggranticipated delays.
Call centers often use recorded announcements to inforlargalf the conges-
tion in the system and encourage them to wait for an availagéast. While some
of these announcements do not provide much informationh asdhe common
message, “Due to high volume of calls, we are unable to angmercall immedi-
ately,” some call centers go as far as providing the custawiteran estimate of his
waiting time or his place in the queue. In many service systetmere the real state
of the system is invisible to customers, delay announcesneititaffect customers’
behavior and may, in turn, have significant impact on theesygierformance.

1.3.1 Model

We consider a service provider, modeled as an M/M/1 systeustathers arrive
to the system according to a Poisson process withXxateervice times are expo-
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nentially distributed with meat/n. We assume that < . We assume that all
customer are ex-ante symmetric: customers obtain a Valtithey are served, and
incur a waiting cost that is proportional to the time sperthe system, with a unit
waiting cost ofc. Thus, a customer arriving to the system obtains the fotigwi
utility:

R —cw if y="oin,”
Uly) = { 0 if y="balk, (1.1
wherey is the decision made by this customer andienotes its sojourn time in
the system. Throughout the paper, we shall assumeRhat <, this assump-
tion ensures that in the absence of delays, the service &ibehto the customer,
on average. Clearly, iR < ﬁ no customer will join regardless of the system
announcements. When a customer arrives, the system mamagyerivate infor-
mation regarding the number of customers currently waitingueue, denoted by
the random variablé€). Its distribution will depend on the equilibrium strateg)ief
both the provider and the customers, unlike in the classtoahp talk games where
the distribution of the state-of-the-world is exogenous.

We assume that if the customer is satisfied (i.e., he obtainsegative utility
from the transaction), the service provider obtains a pasievenue of, while if
the customer is dissatisfied (i.e. he obtains a negativigylitilhe service provider
incurs a cost of-v. Thus the profit function captures the fact that the firm makes
higher profit when the customer is satisfied versus when hatis n

Formally, depending on the action taken by the a customerhanactual so-
journ time in the system, the firm obtains the following reves

v >0 if y="oin”and R > cw,
m(y) =< v <0 ify="join"and R < cw, (1.2)
0 if y="balk.”

Such profit functions arise naturally in several settingsne G@uch environ-
ment is service processes outsourcing. Typically, theoomténg firm requires the
provider, (for example, a call center) to provide an adesjaaid timely service to
the referred customers. The referring firm then pays thecesiter only for the
satisfied customers and penalizes the provider for thetiiisd ones. Such a
structure will also arise in cases where the firm earns cer&ienues from satis-
fied customers but loses goodwill with every dissatisfied. dhgrther, we would
like to point out that this analysis can be generalized fersitting where the firm’s
profit from a customer is a monotone decreasing functionettistomer’s waiting
time.

We assume that the customer decides whether to join or netll@sthe in-
formation he can infer from the system manager regardinghent state of the
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system, denoted by, in order to maximize its expected utility. Therefore the-cu
tomer will join, if and only if R > cE(w|I), wherel is the information provided
to this customer.

Note that the customer’s and the service provider's ingeatiare not com-
pletely misaligned: both prefer short waiting times, whrelsult in higher utility
for the customer and higher profits for the service providéithe same time, we
observe that the incentives are not perfectly aligned aisdsbuld lead to equilib-
ria described in the next section. We refer the reader teefFamd Rabin (1996)
for a discussion of settings in which incentives are pelfanisaligned.

1.3.2 Problem formulation

In this section we formally define the game between the serpiovider and
the customers. The equilibrium concept we employ is one ofkila Perfect
Bayesian Nash equilibrium, which is simply a Nash equilibriin the decision
rules that relate agents’ actions to their information amthe situation in which
they find themselves, allowing for the strategies to depemlg payoff-relevant
histories. Recall that customers are indistinguishabté thrir strategies are ex-
ante symmetric, both in their interpretations of the sigraadd in their actions. Let
M = {mq,mq, ...} represent the set of feasible signals that the firm can peovid
to the customer. We can represent the signaling rule by aifumg : Z — M,
whereg(q) = m if the firm uses the signah when the queue lenght iz Let

y : M — 0,1 denote the strategy of the customer, wheg(e:) is the proba-
bility that a customer joins when the firm signals Consequently, we interpret
y(m) = 1 as a “join” decision andy(m) = 0 as a “balk” decision and we will
use this alternative terminology interchangeably. No# the above signaling and
action rules restrict attention to pure strategies. Theirements of a Markov
Perfect Bayesian Nash equilibrium in our context are raittteitive. Given a sig-
naling rule for the system, customers with an action rulé¢ dhietates joining the
system when the signal i& will not deviate from this rule if their expected con-
ditional utility, given by E[R — c%m(q) = m], will be negative by doing so.
Given the customer’s action rulgm ), the firm will deviate from its signaling rule
g(q) if it maximizes its steady-state profit, i.egifq) solves an appropriate Markov
Decision Process (see below) with respect to the actionyfute). The above is
formalized in the following definition.

Definition 1.3.1 (Markov Perfect Bayesian Nash Equilibrium) We say that the
signaling ruleg(q) and the action ruley(m) constitute a Markov Perfect Bayesian
Nash Equilibrium (MPBNE), if they satisfy the following diions:

1. LetN = inf{q : y(g(q)) = 0}. Letp) be the steady state probability that
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the number of customers in an M/M/1/Ngis For eachm € M, we have

+1
1 E{q g(@)=m} [R Cq_}

y(m) = 2 {go(a)=m} Pq
0 otherwise.

Pq >0

2. Withf(j) = (@—v)P{W (j+1) < £} +, there exist constantg), J; . . .,
and~ that solve the following set of equations:

g = e {0 g0y + o}
- 1O A(O)) +Jo(1 = y(9(0)) + ry(9(0)
_ fq 1 A

gy = g IOV g (0 =yl + Ty}
= { q)yA n Z) +5 i P ﬁ(tfq(l —y(9(9))) + Jq+1y(g(q§l)%)

In the above definition of MPBNE, the first condition uses tlagy@&sian rule for the
customer based on the signaling functipto determine whether to join or balk.
The second condition states that the composite fungtion solves theadmission
control typeMDP for the firm. In the optimality equations (1.3), the camgty
represents the long-run average profit made by the firm urenal policy, and
constants/y, Ji, . . . represent theelative costfor state9), 1, .. ..

1.3.3 Informative equilibria

While the definition of the pure strategy MPBNE in the pre@@ection is com-
plete, it is not directly amenable for further analysis. $hthe first step towards
characterizing the equilibria is to show that any pure sgatMPBNE can be de-
scribed using a threshold level. The next proposition shibxassuch a mapping
always exists.

Proposition 1.3.1 Let the pairy(m) and g(q) be a pure strategy MPBNE such
that N defined in condition (1) of Definition 1.3.1 is finite. Thenr¢hexists a
constantg such that the pai(g(-), () given by

~ o my q < q, ~ o 1 m= my,
9la) = { mq otherwise. ’ ylm) = { 0 otherwise. (1.4)

forms a MPBNE with the same firm profit and customer utility.

“Note thatpfl\’ can be thought of as the beliefs of the agents on the statedystems. These
beliefs are consistent with the the strategy of the othgrgnia
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The above result implies that instead of studying the astiaken by customers
and the announcement made by the firm in each state of thevsysee, queue
length), we can focus on the threshold queue length, beloishathe customer’s
action will be “join,” while above which it will be “balk.” Nte that the equilibria
characterized using the above proposition requires teatdghstantV in Definition
1.3.1 befinite. There may exist equilibria where the corishais infinite. We shall
discuss these in Section 1.3.4.

While every pure strategy MPBNE with finit® is equivalent to a pure strat-
egy BNE induced by some threshold, the converse is not teienpt all thresholds
induce a pure strategy MPBNE. Indeed thresholds befowefined by (1.5) be-
low and above a certain level cannot form a pure strategy MPBMus, given a
threshold level, one needs to verify that it indeed inducpsra strategy MPBNE
via the functionsy andy. Since we frequently use this notion, we formally define
it below.

Definition 1.3.2  We say that the thresholg induces a pure strategy MPBNE if
the pair (g(-),y(-)) given by (1.4) forms a MPBNE, and this pair is said to be the
induced MPBNE by this threshold.

Before delving into the analysis of the model and the charittion of the equi-
librium, we would like to take a step back and develop intuitinto the possible
regimes and outcomes. In order to do that, and knowing thatamefocus on
threshold levels, we characterize two important thresleldls: the firstg*, de-
notes the threshold value above which a custowitmot join, given that he has
full information of the state of the system, and below whichwid join. The
second threshold leve], is motivated by the service provider’s point of view, and
denotes the threshold level below which the service prowewmild like the cus-
tomers to join, and above which she would like them to balgh& hadull control
of their actions.

Full information. We will define ¢* to be the threshold value above which
the customer will not obtain positive utility, in expectati given full queue length
information. It is easy to see that

0= [@} , (15)

&
where|-] is the bracket function; i.eq* is the largest integer not exceedifiy./c.
Note that this threshold pertains to the marginal custonter eecides to balk. We
will refer to this as the first-best from the customer’s peddjpe, as this maxi-
mizes the utility for the individual (selfish) customer. HMdhat, as shown in Naor
(1969), this threshold, which is based on self-optimizatfto use Naor (1969)’s
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terminology), falls short of maximizing the overall expedtutility of the customer
population.

Full control. From the service provider’s point of view, deciding on a #fvad
level amounts to deciding what should be the finite waitirgcegn anM /M /1/k
queueing system. For each valuekotthe expected number of customers joining

the queue per unit of time equa!lq:)—fil wherep = % Let ¢ denote the optimal
waiting space. Thug; solves the following full control optimization problem:

ok
= argmax ATy [86(0) + (1 = B()] (L6)

whereg(k) = P (W), < £), andW} is the steady-state sojourn time of the cus-
tomers who join thél/ /M /1/k queue. The following proposition is given to show
that such a threshold exists, and to discuss the propefttae objective function
of the full-control optimization problem faced by the sees/provider.

Proposition 1.3.2 The function defined by

1-— p’l‘C _
(k) = Ay OA(K) + (1 = B(R))]

is unimodal ink, i.e., there existg* € {1,2,...,00} such that the functiohl(%)
is strictly increasing fork < k* and strictly decreasing fok > £*.

Using these two quantitieg;" andg, which are based on unilateral optimization
under full information to the customers and the full contsbthe service provider
respectively, we can identify three regions. These regarasbased on the mis-
alignment between the customers and service provider anespmnd to different
levels of, the so calletiasin the cheap talk literature. Each of these regions results
in a different type of conflict of interest, and thus differequilibria and outcomes
for both sides. Figure 1.3.3 depicts the different regiams the equilibrium an-
nouncements in each one, which we will next discuss. We itikilly outline the
key equilibrium in each of three regions, and the intuiti@hind them. The intu-
ition will be followed by a formal statement in PropositiotB13. The three cases
are:

I. Complete alignment: ¢* = . In this region, the interests of the two parties are
completely aligned, and thus the pure strategy MPBNE is Boafs: The
firm gives two signals: i) the first for low congestion, whiciincbe denoted
as “Low.” This signal is announced if the queue length is Wweld. ii)

A second signal denoted by “High,” which indicates high cestgn, and is
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given when the queue length exceetisThus we have(q) = “Low” if ¢ <

q¢* andg(q) = “High” otherwise; the customer joins the queue when he/she
receives the signal “Low” and balks otherwise, i.g(;Low”) = “join”,
y(“High”) = “balk”.

As stated before, this is the key equilibrium in this regitwowever, this
need not be the unique pure strategy MPBNE. As discussediam At al.
(2007) there are multiple equilibria in this model. Howegvecan be shown
that even the more informative equilibria are equivalerthtoone described
above.

Il. Overly patient customers: ¢* > g. In this region, if customers are endowed

with full information, they would like to join the system avavhen the ser-
vice provider would like them to balk (if she had full confrolThus, we

use the term “overly patient” to emphasize the fact thathia tase, cus-
tomers are willing to join a more congested system than wieatitm would

like. Specifically, when the queue length is betw@emndq*, the customers
would like to join whereas the firm would like them to balk.

We will show that there is no threshold which is immune to deéém by
both the customers and the firm and consequently that theceNdPBNE in
pure strategies. Indeed, for pure strategy MPBNE to exssfitm should be
able to signal “High” and customers who receive “High” siibbalk. The
only threshold immune to profitable deviation by the firnfjisGiven that
under any pure strategy MPBNE, the customers respond tch”Hbig balk-
ing, a profitable deviation for the firm from any other cantiédthreshold
is to announce “High” a§. The customers, however, know thak ¢* so
thatg cannot induce an equilibrium: an arriving customer thaeness the
signal that instructs him to “balk”, can deviate from thegmébed equilib-
rium strategy by joining; the customer will then earn pesitutility (since
theonly state in which he can receive such a signal is on the thregdtselfl
which is, by assumption, beloy/), and thusdetect(on average) that such
a deviation is profitable - hence ruling out the possibilifyagure strategy
MPBNE.

[ll. Impatient customers: ¢* < ¢. In this region, the service provider would

like the customers to join a more congested system than thehay wish

to join. Specifically, when the queue length is betwegérand g, the firm
would like the customers to join, whereas the customers avitke to balk.

In order to study this region, we defirfé(q) to be the customer’s expected
utility if he finds ¢ customers in the system upon arrival and decides to join
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the queue; i.ef'(q) := R — c%. We define for < k,

k—1
G(t,k) =Y pEF(q), (1.7)
q=C

wherep} := ’1’(1_(;;{’1) is the steady state measure of th&/M/1/k queue.
Here, G(0, k) is interpreted as the average utility of a customer joinhmg t
M/M/1/k queue.

Then, we have two subcases to consider:

a) G(0,q) > 0: if the firm announces “Low” when the queue length is
below g and “High” otherwise, the customer would like to join when
they get the “Low” signal, as their expected utility is pogt(since
G(0,q) > 0). Further, since in equilibrium “High” would be an-
nounced only when the queue exactly equalshe customer would
balk as they know thag* < ¢. This is optimal for the firm and also
describes our pure strategy MPBNE for this setting. Thues fitim is
capable of achieving its first best profits and operates ashdg full
control over the customer decisions.

b) G(0,q) < 0: In this case there is no threshold-induced pure strategy
MPBNE. For pure strategies to exist the firm should be ablego s
nal “Low” and customers who receive “Low” should join. As iase
I, the only threshold immune to profitable deviation of thenfiis g.
However, the customers know that> ¢*, thus the thresholg@ cannot
constitute an equilibrium: an arriving customer that reegia signal
that instructs him to “join” would obtain negative expectadity and
thus can deviate from the prescribed equilibrium strategydiking
and obtaining zero utility. This rules out the possibilifiyacthreshold-
induced pure strategy MPBNE.

The intuition of the above is as follows: if the expectediytibf the
customers under ak/ /M /1/q system, as given b§ (0, ), is positive,
they will have no incentive to deviate. Any deviation herd \giad to
zero utility for the customers. If, on the other hand, thdility is
negative, they would be better-off by not joining at all. Gequently,
the threshold; can not induce a pure strategy MPBNE. Further, no
other threshold is immune to profitable deviation on the frpart.
Thus, in case lli(b) there does not exist a pure strategy MPBNe
emphasize, however, that in case lli(a) the customer canred,l by
using intentional vagueness, to join the system even iesstatwhich
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they obtain negative expected utility as long as theirtytéiveraged
over all state in which they join is positive.

A
Case lll(b) N
L
2
q
q Case lli(a)
Case Il
»
q*

Figure 1.1: Three regions based on full control and full infation

We turn now to the formal statement and proof of the equdilwe have dis-
cussed thus far. To this end, we Iéf; andIlz¢~ be the firm’s profit under full
information and full control respectively. Léfr; andUrc denote the expected
utility of the customers under full information and full dool, respectively. As
discussed beford] z¢ is the first-best profit for the firm andz; is the first-best
utility for the customer. The next proposition summarizes above result and
also compares the firm’s profit and expected customer utilitfer the different
equilibria.

Proposition 1.3.3

I. If ¢* = q, theng® induces a pure strategy MPBNE. Under this equilibrium
the firm’s profit equaldl ¢ and the expected utility of the customerg/js;.
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[. If ¢* > g, there is no finitey that induces a pure strategy MPBNE.
. If ¢* < g, then:

(@ If G(0,q) > 0, ginduces a pure strategy MPBNE. Under this equilib-
rium the firm’s profit equal§lr- and the expected utility of the cus-
tomers isUpc.

(b) If G(0,q) < 0, there is no finite that induces a pure strategy MPBNE.

To summarize the findings so far: we have identified threeoregieach with
a different equilibrium behavior. We observed that a puratsgy MPBNE ex-
ists only if the firm’s and the customers’ incentives are @&ty aligned or if the
customers are mildly impatient. We find that in these equdilbonly a two-signal
language is required, thus providing analytical suppothéocommon “high con-
gestion/low congestion” announcement observed in pcBcoposition 1.3.3 es-
tablishes conditions for the existence of pure-stratefgrmative MPBNE's as a
function of the system parameters and characterizes thieseewer they exist. It
also raises two important questions: are the equilibri¢iret above (where they
exist) the only equilibria. Further, does the lack of eduil (for the appropriate
regions) suggests that no equilibrium language whatsasymssible. To discuss
these questions, we shall consider these two types of keqaili First, we show
the existence of dabbling equilibria, where the firm provides no information.
Next, we extend the definition of MPBNE to allow customersandomize their
actions. We characterize then-informativeas well as thénformative mixedtrat-
egy MPBNE. Here, the informative mixed strategy MPBNE isiagatwo-signal
language. While other equilibria can be constructed as el are equivalent to
the two-signal equilibrium.

1.3.4 Non-informative and Other equilibria

The equilibria constructed above are based on a signalilegwith two signals.
In practice, however, there are many service providersghate no information
whatsoever with the customer, whether it is direct infoiorabr one that is im-
plicit in the type of recorded music heard while waiting. Alhese systems, where
no information is transmitted, in equilibrium? It turns @&t such an equilibrium
may indeed exist in our setting. When it does exist, it isrrefitto as a “babbling”
equilibrium, to denote that no information is transmittadd any information pro-
vided is treated by the customers as meaningless. In thegseftCrawford and
Sobel (1982), such an equilibrium always exists and is somestthe only possible
one. In our model, however, such an equilibrium-in-puratsgies exists only un-
der certain conditions derived below. In our model, a “batgoequilibrium” exists
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in pure strategies if, in the absence of information, altaungers join (otherwise,
given that customers know that all customers balk, they aavimcentive to join
and earn positive utility). If all customers join, the rasw queueing system is an
M /M /1 queue (i.e. with infinite waiting space), in which case therage waiting
time is E[W] = 1/(n — A) and customers join ift > cE[W], i.e, if R > 5.
In this equilibrium, if indeed all customers join, the syatenanager can obtain the
following profits 77 = Ae= =Y (7 — v) + \v.

Observe that if? < =, we cannot have a babbling equilibrium. This under-
scores one of the the differences between the setting offGrdwand Sobel (1982)
and our setting. While the uncertainty in Crawford and S¢b@82) is independent
of the equilibrium dynamics, in our setting there is a clegpehdence between the
uncertainty (as embedded in the steady-state distribatitihe queue) and the re-
sulting equilibrium. This manifests itself in the fact tliaeé babbling equilibrium

may not exist. To provide rigorous characterization we tHhedollowing result.

Proposition 1.3.4 There exists a pure strategy babbling equilibrium if andyonl
if R > qu. Further, if¢* < gandG(0,q) < 0, i.e. Case lli(b) of Proposition
1.3.3, there does not exist a pure strategy babbling eqitili.

The following proposition shows that even though a babbdiggilibrium may
exist, the firm’s profit obtained under it is dominated by thhen% profits under
the two-signal equilibria described above. Further, therall customer’s expected
utility is lower under the babbling equilibrium as compatedhat achieved under
the two-signal one.

Proposition 1.3.5 Assume thaf? > —< so that the babbling equilibrium is a
pure strategy MPBNE. The firm’s profits under babbling equlim are always
dominated by the two-signal equilibrium described in Pisipon 1.3.3, if it exists.
Further, the customers’ expected utility is higher under #guilibrium described

in Proposition 1.3.3 than under the babbling equilibriurit exists..

Proposition 1.3.5 emphasizes the value of communicatieanEhough a non-
informative (babbling) equilibria does exist, both thevéss provider and the cus-
tomers are always better off when they move to more infoneaquilibria if such
equilibria exist, i.e., to a two-signal equilibria. Thismmunication does not neces-
sarily maximize the customer’s overall expected utility ibdoes improve it. The
logic behind Proposition 1.3.5 is as follows: Naor (1969w that when cus-
tomers are self interested and can observe the length olngegprior to joining,
their optimal threshold™* will be higher than what the social optimum prescribes
but it will be finite. In our setting, we observe that for theohsignal equilibrium,
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the threshold queue length is at least as high*a$-urther, for the babbling equi-
librium, when it exists, the threshold is infinite. Thus,ngsinformation improves
the customer’s overall expected utility when compared torngs where the ser-
vice provider is giving no information. Note that this impemnent is present in the
absence of any verification or credibility of the informatiprovided by the service
provider.

At this point, we remind the reader that in the region wheeedhstomers are
very impatient (region lll(b)), there is no pure strategy BNFE neither informa-
tive nor non-informative. Without expanding the strategy for the customer or
the firm, it is unclear how the system would behave in this ipatar regime. In
particular, the customer behavior is unpredictable forg@evice provider. This
issue is alleviated by considering randomization on theé @athe customer. We
next discuss these results in passing. For more detailsoaméf analysis of these
equilibria the reader is referred to Allon et al. (2007).

Mixed strategy non-informative equilibria  With the restriction to pure-strategies
MPBNE we have shown above that babbling equilibria need xist.e/When cus-
tomers are allowed to use mixed strategies, such equildbrnays exist.

The customers randomize among joining and balking, to fomixad strategy
MPBNE as follows: they choose a probability of joinifAighat satisfies? = u——cex
if R < —%; andf = 1 otherwise. Under this equilibria, the arrival process is
thinned by the customer randomization such that an arrsrsgomer is indifferent
between joining and balking. In particular, the customersaat have any profitable
deviation.

Informative cheap talk can be viewed as a mechanism to aueatedincentives
of the service provider and the customers when crediblerimdtion cannot be
transmitted. If only babbling equilibrium exists, it mightiggest that the non-
creditability is hampering any possibility of coordinatizvhatsoever between the
players. This is exactly the issue we explore below when \aeixe whether there
is a possibility of improvement in the coordination betweka service provider
and its customers.

Mixed strategy informative equilibrium  Allon et al. (2007) shows that in ad-
dition to the babbling equilibria, there may exist manéormative MPBNES in
mixed strategies. The results in Allon et al. (2007) implgttthere are only two
possible types of two-signal mixed strategy MPBNE in whiehdomization is
used. The two types can be described as follows: The firm aruesu‘High” and
“Low” based on the thresholg,,;.., () in the first type of MPBNE, which we shall
refer to asJoin or Randomizequilibria, the customers who receive “Low” join the
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system and the customers who receive “High” would join th&tesy with proba-
bility # € (0, 1) and balk otherwise; (b) in the second type of MPBNE, which we
shall refer to aslkandomize or Balkquilibria, the customers who receive “Low”
join the system with probability and balk otherwise, and the customers who re-
ceive “High” would balk. Note that both of these types of ditpuia are completely
defined by two parameters: the threshglg.. used by the firm for signaling and
the randomization parametér

Intentional vagueness Allon et al. (2007) shows that unless the firm and the
customer are perfectly aligned (that 48, = ¢), the equilibrium language always
involves intentional vaguenessFor example, under region (llla), the firm uses
intentional vagueness to lure customer to join a systemwloayd not join if they
had full information. Under mixed strategy equilibria, tfien uses intentional
vagueness to ensure that the customer randomizes betweiaig jand balking.

Thus, the firm even though always tells the truth it is almbsags anincom-
pletetruth.

1.4 Retail Application

In this section we shall apply the above framework to a redaiting. Here, a
retailer is trying to sell a product over a time horizon, amdvides availability
information to the arriving customers who makes a decisidrether to buy or
wait. For example, the web-retailsti er r at r adi ngpost .comuses the tag
“almost gone!” for some of the products, and in its Frequehttked Questions
section explains this tag as follows:

If an “almost gone!” label appears next to the item, the seit dsk
is very high. We recommend that you place your order immelgiat

Several other web based retailers, such as Barnesanddwhlend Circuitc-
ity.com, allow customers to search for the availability pesific products for
in-store pick-up. Along the same lines, web-based traveheigs such as Ex-
pedia.com allow customers to view the availability of aiglitickets on specific
flights, prior to making the purchasing decision. Similabgick-and-mortar stores
use different display modes to inform customers about abiily. The different
displays range from showing ample stock per item to showinlg a single item
per available product. In all of these examples, the inféionashared cannot be
fully verified by the customers. In the brick-and-mortar mdes, a customer does
not know if there are more than a single item available evamiy one is dis-
played, and cannot verify whether the stock is indeed lownet a tag “almost
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gone!” is attached to an item in web-retailing. In this sactiwe shall study a for-
mal model and study the emerging equilibrium language batvtke retailer and
its customers. We shall also study the setting when therenatiple decenteral-
ized information channels available to the customers.

1.4.1 Model

Consider a firm that sells a product during a finite length legseason denoted
by [0, 7] followed by a sales season. Hereis a stopping time whose distribution
is known to both the firm and the customers. Thus, the saléscbbegins at a
random time and both the firm and its customers observe it ontge the sales
season starts. Further, we assume that the cumulativéodiigin function ofr is
F-. We shall make the following assumption with regards to ts&itdution of the
length of the regular season,

Assumption 1.4.1E[r — t|7 > t] is a non-increasing function.

Simply put, the above assumption requires that in expectdtie “sales period”

is getting closer as time goes on. The impossibility rese#ictibed in the paper
would hold even under general conditions but to chara&edhe specific structure
of the equilibrium we shall make this assumption. Let {Q(¢) : t € [0, 7]} be
the quantity on hand process, i.€)(t) denotes the number of products on hand
at timet € [0, 7]. Thus,Q(0) denotes the initial inventory at the beginning of the
regular season. Similarlg)(7) denotes the inventory at the end of the regular sea-
son and hence the inventory which is being offered at a digeolprice during the
sale season. Note that the actual evolution of the quantititand proces€(t)

is determined by both the arrival process of the customedsttagir buying deci-
sions, which depend on the information they have, whichughes the information
provided by the firm.

Customers arrive according to a Poisson process with\tatée denote this ar-
rival process byV = {N(t) : ¢t € [0, 7]}, whereN (t) is the number of customers
that arrived in the intervgl, ¢t]. We assume that the firm sells the product for the
pricep during the regular season. All units that are left at tinage discounted and
sold at a random pric€. We assume théft is a random variable which is indepen-
dent on all other stochasticity in the system and satigfigs < p) = 1. Further,
we assume that the products during the sale season are staldtaneously at time
7. Thus, the firm's revenue 5 Q(0) — Q(7)) + SQ(7). Customers are assumed
to be ex-ante symmetric and obtain valuir the purchased product. Here, we as-
sumev > p. A customer that arrives at tintec [0, 7] makes the decision whether
to buy immediately or wait for the sales season.(f(t) = 0 then there is no de-
cision to be made.) If he buys immediately, he obtains atytif v — p which we
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assume to be positive. If he decides to wait until the end ®pigriod for the sale
then he obtains the product with probabilityQ (7)), whereA(x) is the probabil-

ity that any single customer can obtain the product duriegstide period if the sale
starts withz units on hanel. Depending on whether he is able to buy the product
during the sales season or not, he obtdins- S) — ¢V (7 — t) or —cV (7 — 1),
respectively. Here" is the waiting cost incurred by the customer, associatell wit
the inconvenience of not obtaining the product immediatélgnce his expected
utility is given by E[(v — S)A(Q(7)) — ¢V (7 — t)|7 > t], where the expectation

is over the quantity available at the beginning of salesoge)().

We shall refer toA(Q(7)) as theavailability of the product during the sale
season. The customer has the option to leave the market,aaith aero utility,
but it can be easily seen sinee > p that the option of leaving the market is
dominated by the “buying now” option. One can envision a nelaborate model
for the availability of the product during the sale seasofi.thfe structural results
from the paper will continue to hold, even if the availalilfinction depends on
other factors. However, since the focus of this paper is ercttimmunication, we
restrict attention to the above described availability elod

1.4.2 No Information and Full Information Strategies

The main focus of this paper is to characterize the abilitygok thereof) to com-
municate unverifiable information to a strategic customea Ipetailer. In order to
be able to discuss the specific model of communication weimitiblly discuss

the customers behavior under two benchmarks. These cormegp two possible
strategies on the firm’s part: (i) The strategy of providirgimformation, and (ii)

The strategy of providing the customer full information aedjng the availability

of the item upon his arrival. The question whether theseegjies would emerge in
equilibrium is a separate one and would be addressed latiee ichapter when we
study the game between the retailer and its customers. T{&ze Section 1.4.3)
we will allow the firm to use different information sharinges. We will next de-

scribe the customers behavior in response to both of thestegies, forming an
equilibrium among themselves.

SWe assume the probability that a customer can obtain theuptoldiring the sales period depends
on the demand during the period only through the number ekghlat occurred. This corresponds,
for example, to cases where there are other customers that during the sale period, and do not
arrive during the regular season. Cachon and Swinney (25ribe these customers as “bargain
hunters,” who frequent the store only during the sale seaBoe resulting availability for a specific
customer in their model is similar to ours.
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No information Solution In this setting, we assume that the firm is not providing
any information with regards to the inventory position. &ldtat this is equivalent
to the case, where the customers have decided to disregaidfarmation pro-
vided by the firm. Since the customers cannot observe the at#te system, they
have to rely on the time to make their decisions. Thus, thetegy of the cus-
tomer shall simply be a function of time. The customer’stetyg is represented
byy = {y(t) : t € [0,00)}, wherey(t) € [0, 1] is the probability that a customer
arriving at timet buys the product if faced with a decision. (Note that if 7 or
Q(t) = 0 then the customer can not buy the product and there is noialet¢isbe
made.) We next define the notion of Markov Perfect BayseiashNayuilibrium
(NE) under-no-information:

Definition 1.4.1  We say thaty forms aMPBNE under no informationif the
following is satisfied for alt € [0, 7]:

y() € arg max 0[(v —p) — (v = SE[A@y ()] + M(r—t)|r > 1],

where@, () is the quantity on hand at timeif the customers follow strategy

The definition requires that the customer buys with prolitsthine if his utility
from buying is strictly greater than his utility from waign assuming other cus-
tomers follow their time-dependent strategiesSimilarly, his probability of buy-
ing is zero if the utility from buying is strictly dominatedylihat obtained from
waiting. If the utilities from buying and waiting are equibg randomizes between
buying and waiting.

The next result shows that there exists a MPBNE under norirdtion inpure
strategies, i.e., a MPBNE for whigf{m) € {0, 1}.

Proposition 1.4.1 There exists a NE under no information in pure strategies.
Specifically, there existssuch that

y(t)Z{é i

forms a pure strategy NE.

X

<
> T

The above theorem shows that there exists an equilibriunmgitihe customers
when the firm does not provide any information. One can viagvequilibrium as
self-organization of the customers among themselves ialtsence of any infor-
mation. Further, this equilibrium exists in pure stratag, the arriving customer
would buy or wait with probability one, depending on the\atiepoch. Note that
under the monotonicity assumption 1.4.1, we have that teeists a threshold
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until which the customer buys and does not buy after that. évew if this assump-
tion is relaxed, then there still exists pure strategy d@opiilm in which multiple
switch-over points exist, that is, a customer arriving uprtee ¢, will purchase the
product, a customer arriving betwegnandit. will wait, and a customer arriving
aftert, will buy immediately, again.

Full Information Solution In this setting we assume that the customers have
perfect information regarding the quantity on hand, basedvhich they make
their buying/waiting decisions. The customers’ stratagyhis setting is defined
via a mappingy : Z4 x [0,00) — [0,1], wherey(q,t) is the probability that a
customer arriving at time buys the product immediately when the quantity on
hand isq andt < 7. We next define the NE under-full-information.

Definition 1.4.2 We say thay forms aNE under-full-information if the follow-
ing is satisfied for alk € [0, c0):

y(g.t) € arg max 6|(v—p)—(v-E[S])E[A(Qy(M))|Q() = .7 > t+cVE[(r—t)|7 > t]],

)

whereQ, (7) is the quantity on hand at timeif the customers follow strategy

To characterize the NE under full information, without ladsgenerality we
can restrict ourselves to threshold induced NE. The reasothis is the fact that
for anyq,t € Z, x [0,00), if y(q,t) = 0theny(¢,t) = 0forall ¢ > ¢. In
addition, if two equilibriay andy’ differ on a set of Lebesgue measure zero, then
the outcomes of the games, in terms of the customers’ uéifity the firm’s profit,
are identical. We next define the customer strategy indugedthreshold function

n={n(t):tel0,00)}

Definition 1.4.3 We say that a function induces the customer strategyf

_J 1 oa<n)
y(a,t) = { 0 otherwise

Further, we say that) induces a NE under-full-information if-induced customer
strategyy forms a NE under-full-information.

The next result shows that there is a unique threshdaict induces a NE under full
information. To this end, note that sinel-) is non-increasing function, we have
that A—', which denotes the inverse df is well defined and is also non-increasing
function.
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Proposition 1.4.2 There is a unique NE under full information and it is induced
bynr;(-) which is defined as the pointwise solution to the followingaipn:

npr(t) = ’VA—l <(v - ) +(ZVV—EIEE([;]; t)|r > t]ﬂ ‘ 1.8)

One might suspect that the utility obtained by an averageoomer endowed
with full information is higher than the utility obtained kan average customer
under the no-information equilibrium. However this is ndways the case, as
shown in the numerical study in Allon and Bassamboo (2008pteNhat when
we move from no-information to full-informatiomall the customers have more
information. The utility obtained by a given customer in ooodel is driven not
only by his own information but also by the actions of the othestomers, which
drive the availability of the product during the sales peérieurther, these actions
are driven by their own information set. When we move to fafbrmation, other
customers are also making more informed decisions, thusvbege customer
may obtain lower utility.

1.4.3 Cheap Talk Equilibrium

In the last section, we fixed the strategy of the firm with rdg@r information
sharing and studied the equilibrium emerging among theousts. In this section,
we explore the game played between the firm and its customvbese the firm is
allowed to use any information sharing strategy. In paldiGuhe firm can choose
full information as well as no information but is not resteid to do so. To define
the single-retailer game formally, we shall start by definthe strategy of the
customer followed by the strategy of the firm.

Let M be the Borel set which comprises of feasible signals thafithrecan
use. Lety : M x [0,00) — [0, 1] represent the strategy of the customers. Here,
y(m,t) is the probability that a customer arriving at timereceiving a signal
m € M, buys the product immediately. Thus, this customer waitstie sale
period which starts at time with probability 1 — y(m, t). Let the space of feasible
strategies for the customer be denoted)by Letg : Z x [0,00) x M +— R
represent the strategy of the firm. Hex@, ¢, -) induces a probability measure on
M from which the firm announces a realization, if the quantityhand at time
is g. Thus, we will impose the condition thg@w g(q,t,m)dm = 1forallqg € Z
andt € [0,00). Let the space of feasible strategies for the firm be denoged. b
Note that the quantity on hand proc&gss determined by the customer’s strategy
as well as the firm’s strategy. Let ;. ,(t) represent the distribution of the signal
transmitted at time if the firm follows strategyy and the customers follow strategy
y. Ar.v. with measureg: shall be represented by,,. Further, let the firms profit
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under the strategy paif, y be written adI(g,y), andQ, ,(t) be the inventory on
hand process under the strategy paiy.

Definition 1.4.4  We say that the paifg,y) € G x ) forms a Markov Perfect
Bayesian Nash Equilibrium (MPBNE) in the single-retailemge if and only if it
satisfies the following two conditions:

1. Forallm € M andt € [0, c0),

y(m,t) € arg ylél[%ﬁ Y [(U —p) —E[(v—5)A(Qqgy(T)) — CW(T —t)|T > ty Xy (t)

2. Fixing the strategy of the customeyrsthe strategy of the firm solves:

g € argmaxIl(y, ).
geg

The above definition requires that both the firm and the custsrdo not have
any unilateral profitable deviation. Specifically, the feendition in the definition
requires that fixing the strategy of the rest of the custoraarsthe firm, a cus-
tomer arriving at timet, should not have any profitable deviation. Similarly, the
second condition requires that given the customer’s actitey as fixed, the firm
maximizes its profit by using strategy

Next, we characterize the emerging equilibria in the simgtailer game. We
prove that it is impossible for the firm to credibly communéany information to
its customers. This result is equivalent to saying that tie type of equilibria that
may arise in such a game are non-informative. Thus, it i®eitfie case that the
firm provides no information or the firm provides informatidout the customers
disregard it in making their decisions due to the lack of ity on the part
of the firm. The equilibrium language that emerges in this galmes not carry
any information, and is equivalent to babbling. We shall filsfine the class of
equilibria which are non-informative, and hence referedgbabblingequilibria.

Definition 1.4.5 We say that the paity, g) € )V x G forms a babbling equilibrium
if and only if the pair(y,g) forms a MPBNE and;(m1,t) = y(me,t) for all
mi, my € M and for allt € [0, 7].

This definition states that a MPBNE is a babbling equilibridinthe customer’s
actions in equilibrium do not depend on the information jmed by the firm.

Note that Proposition 1.4.1 already established that sn@&ugailibrium always
exists in pure strategies in the single retailer game. We steow that babbling is
theonly type of equilibria that can arise in the single retailer game

:m]]
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Proposition 1.4.3 (The impossibility result) Under any MPBNE of the single-
retailer cheap talk game, the customer’s realized buyingaber satisfies the fol-
lowing

Y( Xy, 1) t) =y () as,
for almost allt € [0, 7], where there exists a babbling equilibrium where the cus-
tomer purchases with probability* (¢) at timet € [0, 7].

Proof: Consider any paify, g) € Y xG MPBNE of the above cheap talk game. We
shall first show that at any point in time the firm would provaisignal that would
maximize the probability of an arriving customer buying greduct immediately.
That is,

/
Y( Xy, 0 t) = max y(m',t).

For this, consider condition 2 in the definition of the MPBN&Ie single retailer
game. It can be expressed using Markov Decision Processagipas follows: let
V' (g, t) be the total expected profit starting from perioaitil the sales period and
haveq units on hand. Since the firm would maximize its reverii¢, -) should
solve:

PALD) e [3yom, )(p + V(0 ~ 1,8)) + A1~ ylm, )V (a,8) + h(OEIS)a — A+ hE)V (g, )
(1.9)

whereh(t) is the hazard rate af which defines the beginning of the sales period.
The above can be reexpressed as

ng 2g max y(m, )Alp + V(g = 1,) = V(g, )] + h(H)E[S]g — h(t)V (g,t).
(1.10)

Further, we havé/(q,t) < p + V(¢ — 1,t). Thus, we get the desired result that
the support ofj(q, t, s) is a subset ofirg max,,,c A y(m, t). So, we have

Y( Xy y(t): 1) = max y(m/,t), as.

Definey(m,t) = arg max,,y e y(m/, t) for all m € M andt € [0,00). We can
easily verify that the paify, ¢) is again a MPBNE. Further, by construction it is a
babbling equilibrium. This completes the proof. |

The above proposition shows that no matter what signallitg the firm uses,
the customers would simply ignore all the signals and mae buying decisions
irrespective of any information provided. Thus, in this apaalk game no credi-
bility whatsoever can be created.
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While a babbling equilibrium exists in all variants of thea@iford and Sobel
cheap talk game, Allon et al. (2007) demonstrates that it f@i&jo exist in games
with endogonized cheap talk. The result that there existgra gtrategy babbling
equilibrium in a retail setting is driven by the fact that mmers want to mimic
other customers. This is in contrast to Allon et al. (2007 eweh if no customer
joins/purchases the service, an individual customer wiikidto join the service.
See Section 1.5 for a detailed discussion.

Generalization of the Impossibility Result In this section, we consider the set-
ting where the pricing and the timing is done endogenouslhbyirm. We assume
that the valuation of the product at times given bywv(¢). The firm chooses the
regular season price, the sales period price and the beginning of the sales pe-
riod 7. An equilibrium for this generalized cheap talk game can &kned in an
analogous manner to Definition 1.4.5 where the strategyeofitin now includes
the pricing and timing as well. Next we state the generabpadf the impossibility
result.

Consider any equilibrium of the generalized cheap talk galire the pricing
and the timing strategy of the firm. The signalling stratefjthe firm and the buy-
ing/waiting behavior of the customer must also form an MPBa&¢ilibrium of
a modified game where the pricing and the length of the reg@ason is exoge-
nously fixed. Further note that Proposition 1.4.3 also héddshe setting where
the valuation are decreasing. Thus this equilibrium mustdyeinformative. Fur-
ther, note that if there is no equilibrium for the generalizdeap talk game, the
result holds trivially. Thus we have the following generegult.

Proposition 1.4.1 There does not exist any informative equilibrium for theagen
alized cheap talk game.

The fact that only babbling equilibria exist in the singléarker game suggests
the inability to credibly disclose information is hampeyiany possibility of in-
formation sharing. We explore this issue next, examiningtvér it is possible
to improve coordination between the retailer and its custsrby offering several
remedies and studying the resulting games.

1.4.4 Remedies and Discussion

Multiple channels of information While the previous section showed that the
only equilibrium that emerges in the single retailer ganmeehsbbling one, we next
study a decentralized setting where the existence of a dénformation provider
enables the retailers to gain “some” credibility.
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There are numerous cases in practice where multiple cheseélinventory
from the same pool of inventory and independently providalakility informa-
tion; (this inventory may either be physically co-locatedyirtually pooled). For
example,Dicks.comand Modells.com— whose operations are both run by GSI
commerce — compete on the same pool of potential customérprgeide in-
formation on the same pool of inventory for the same items.nWlarick-and-
mortar retailers such a@arnes & Nobleand Circuit City allow the customer to
check the availability at the different stores on their vaites. Furthermore, Wal-
mart.com, BN.com and Circuitcity.com have autonomy in ngamatheir market-
ing and availability decisions. Demery (2004) explainshé&@nels run under dif-
ferent responsibility centers and profit centers, so a dot;& catalog and brick-
and-mortar store were run as separate businesses.” Weshballthat this multi-
plicity of information sources can actually help the firmsatdieve some credibil-
ity. In cases in which such a system is not yet implementddwalg customers
to obtain information through multiple channels can be @éwas a remedy to the
inability to communicate un-verifiable information withlgra single retailer.

To study this multiple-retailer setting and to explore howatm credibility “de-
centralization” can create in this setting, we shall nefingethe model and proceed
to analyze it. We consider multiple autonomous sales cHamfithe same retailer
or multiple sellers sharing a common inventory whose stitesustomer cannot
see or verify. In this setting the sellers’ signals are basethe common inventory
and the customers make their buying decisions based on igohis We assume
that the utility function and profit of the firms are similar ttze previous section
with the following modification: the firms receive the profftem the products
that are sold through them. Note that similar analysis cacabeed out for more
general systems, where the retailers carry some inventomsite” and share the
rest.

To illustrate that an informative equilibria exists in teistting, we shall restrict
ourselves to pure strategies. To describe the game formedlylenote the strate-
gies of the firms by functiong,; : Z x [0,00) — M andgs : Z x [0,00) — M
to represent the signalling rule for the two sellers gnd M x M x [0,00) —
{“buy”, “buy-1", “buy-2", “wait” , “wait-1", “wait-2" } to represent the purchasing
behavior of the customer. Herg(q,t) represents the signal given by the firm
1 = 1,2 to a customer arriving at timewhen the common inventory on hand is
q at timet. Herey(mqy, mo,t) is “buy” if the customer arriving at time decides
to buy with equal probability from firmi and firm2 when he receives the signals
my € M andms € M from firm 1 and firm?2, respectively. The functiop is
“wait” if the customer decides to wait for the sales period &ren buy from either
one with equal probability. The action “wait-1" correspsnid the customer de-
ciding to wait for the sales period and buy from retailer 1 eHuction “wait-2" is
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defined similarly where the customer buys from retailer hagales period. Sim-
ilarly, the actions “buy-1" and “buy-2" correspond to theseavhen the customer
decides to purchase from retailer 1 and 2 with probabilitg, mespectively. Let
g1 andg, be the set of feasible strategies for the retailer 1 and 2: Fol, 2, let
1°(g1, g2, y) be the profit of the!” retailer if retailerl follows strategyy , retailer
2 follows strategyg, and the customers follow strategy

For the purpose of this study, we shall restrict our attertocthreshold induced
strategies for the firms. We next define these strategiedlag/$o

Definition 1.4.6 Letn;(t) i = 1,2 be a decreasing function over the time interval
[0, 00). The triplet of strategie$g: , g2, y) induced byy is defined as follows:

. M < n;(t)
i _ 1 4=
9@t = { M, otherwise (1.11)
“buy” my =mg = M
Y1) (1 my) = “wait” my =mg = My (1.12)
’ “wait — 17 mq = My andme 75 My

“wait — 27 me = My andmy 75 Moy

Further, letlI,, be the total combined profit of the two firms under strategies-
n2 =1

This definition is based on the following logic for the custs action. Herel/;
corresponds to a “buy” state afid, corresponds to a “wait” state. Note that the the
announcemend/, that induces “wait”, can actually be a lack of a signal (ilee t
firm is “silent” about the inventory status, and signals ahly/; is used). Thus, if
the firms agree about the information, the customer makeddbision as if there
is just one signal. However if they disagree, then the custatecides not to buy
and wait for the sales period. Further, during the salegdhe customer (who
came during the regular season) visits the firm that providedthe information
that it has ample inventory (did not signal;) when the other firm did not provide
a similar signal.

Next we define the MPBNE for strategies induced by threshaidtions(»;, 72).
For this letQ,, n, = {Qn () : t € [0,00)} be the quantity on hand pro-
cess, wher&),, ., (t) is quantity on hand at time under the strategies induced
by (7717 772)'

Definition 1.4.7  We say that the tripletg:,g2,y) € G x G x Y induced by
(m,n2) forms a MPBNE in the multi-retailer game if and only if it sdies the
following three conditions:

1. For all my, mq € {M;, Mz} andt € [0, ), y satisfy the following
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(@) y(mi, ma,t) is “buy” if
(v=p) > E[(v—5) A(Qny ms (7)) = (T—1)| 9" (Qy o (1), £) = m; fori = 1,2andr > ¢].
(b) y(mq, mo,t) is “wait”, “wait-1" or “wait-2" if
(v—p) < E[(v=5)A(Qu, 1o (7)) =" (T=1)|g;" (@ mz (t), 1) = m; fori =1,2andr > ¢].
2. Fixingns (henceg,?) andy, 1 solves:

9" € argmax1I'(g, g5, y).
geg

3. Fixingn; (henceg{') andy, 1, solves:

g9 € arg max 112 (g, 9,v).
geg

In Section 1.4.3 we showed that a babbling equilibrium abveyists. This
equilibrium trivially exists also in the multi-retail gameThe next proposition
shows that there also exists a MPBNE where the firms reveapleteninforma-
tion regarding their inventory to their customers. This M¥BIs induced by the
threshold functions); = npy for i = 1,2, wherenpg; is the function that induces
the NE under-full-information defined in Section 1.4.2.

Proposition 1.4.4 Letp > 2s. Then the strategy induced lyy(-) = ng;(-) for
1 = 1,2 forms a MPBNE.

The importance of this result stems from the somewhat negedsult obtained
in Proposition 1.4.3, where it was shown that only a nonsimfative equilibria can
exist in the single retailer game. Here, we show that thegmess of another re-
tailer sharing a common inventory can induce full revelatid the quantity in the
common pool at any given time. Thus, we show that competitioned the infor-
mation sharing from being completely non-informative tanlgefully-informative.

This result also stands in stark contrast to the existimgdtture on cheap talk
games with multiple senders providing information regagdiariability in a single
dimension. The key driver for the existence of a fully reirgalequilibrium even
though the inventory status is one-dimensional, is the tfeatt the customer can
“punish” the two senders differently given the signals. Eteough both senders
are identical, when faced with a signal which is off-theiuum path, the cus-
tomer punishes the senders in a differential manner. Fonpbe if the quantity on
hand is greater than(t), one firm announces “buy” and the other firm announces
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“wait”: the customer punishes the firm announcing “buy” aedards the one say-
ing “wait” by purchasing in the sale period from the firm thahaunced “wait.” In
this manner, the customer punishes the firm deviating androsathe other. Note
that in some cases, such as when the equilibrium prescrthgg’ ‘the customer
punishes both firms if one firm deviates and tries to inducdt:Wwehe intuition is
that the customer may “need” to punish both firms to ensurentbdirm tries to
induce “buy” while the equilibrium prescribes “wait.”

While the above proposition shows that the presence of cbiimpeor decen-
tralization allows firms to credibly disclose information their customers, one
should note that decentralization may “destroy” the efjuiim as well if the gains
of selling during the regular season are not high enough wberpared to those
gained during the sale season. Since both firms are compmtinige same cus-
tomer pool, it may create an incentive for a firm to deviata] defer their cus-
tomers to the sale season in the hope of exclusivity.

Next we pose the question whether there are any other infivenequilibria
(which are induced by some functioy) that are not equivalent to the above de-
scribed fully revealing MPBNE, yet provide the customerhagbme information
regarding the availability level.

Proposition 1.4.5 There exist two functiongand?, such that for any;; = 72 = 7
which induces strategies that form a MPBNE in the multiitetagame, we have

n=n=<T7n.

The above proposition shows that there exist two functipasid7 such that
any threshold which induces a MPBNE must lie betwgemd7. Figure 1.2 illus-
trates this result. Under anythat induces an equilibrium, at any point in tie
the signals provided by the retailers depend on whethemtlentory on hand lie
in the “buy” region or the “wait”, corresponding to the regibelow and above the
threshold, respectively. Note that the threshold functjionust lie betweem and
77 at each point in time. Furthermore, these envelopes thessiiduce MPBNE.
The exact characterization of these envelope thresholgisaa in Allon and Bas-
samboo (2008). Here, we shall outline the intuition behhmdharacterization of
these thresholds.

The informative equilibria corresponding 4aand7; exhibhit two extreme con-
sumer behaviors: one in which maximum volume of purchasewlisced during
the regular season and one in which minimum volume is indudetk that in both
of these equilibria the firms do not reveal the actual inventevel and usénten-
tional vaguenessFor example, in the MPBNE induced gy the number of pur-
chases is maximized by luring the customers to purchasatiessbf the inventory
they would not buy had they known the exact information. Tiiaccomplished
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Wait

Inventory
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~

~
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Buy

Time

Figure 1.2: Various thresholds that induce MPBNE. For elacbshold function,
the area below the the threshold represents a “buy” regidritamarea above the
threshold represents a “wait” region.

by giving one signal on the set over which the average utiliitained from wait-

ing equals the utility obtained by buying the product imnagely. To illustrate the
idea behind intentional vagueness, consider the followitgnario: Suppose at a
certain point in timet € [0,00), 77(t) = 5, and say that > ¢ and at thist had

the customer known the exact status of the inventory theydMwave bought if the
inventory was belovg. The firm uses the same signal as long as the inventory level
is below5, i.e., up to3 (where the customer would have bought anyway) and also
when the inventory id (where the customer wouldot have bought). The firm,
however, refrains from telling the truth for lower states,itawill not be able to
induce customers to buy when the inventory level.ig his is due to the fact that
the customer would then be able to distinguish between thentory being below

3 and the state being

Noting the fact that there exist multiple equilibria, an ionfant question to
study is which equilibrium does the firm prefer among theseariswer this ques-
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tion we first note that any possible equilibrium must lie bedw the above men-
tioned envelopes. Thus, while there is clearly multipjicitf equilibria in this
model, one can bound both the threshold functions that meuwilibria and the
possible outcomes for the firms.

Next, we identify the equilibrium which maximizes the prdét the firms. To
that end, we shall denote this thresholdfy Thus we have

sk
€ argmax II
n gneB 75

whereB is the set of all decreasing functions that can induce a MPBINHI,, is
the combined profit made by the firms under the MPBNE inducegl iNoting the
fact that ifn; andn, both induce MPBNE, andg; < 75, then the firms’ combined
profit is higher under the MPBNE induced by, i.e.,Il,, > II,, . Then, we have
the following corollary.

Corollary 1.4.2 If p > 2s then the profit maximizing MPBNE in the multi-retailer
game is induced by, i.e.,n* = 1.

The above result shows that the presence of decenteratifmchiation by mul-
tiple partieamayimprove the firms’ profits, if managing to induce, non-coaigely,
equilibrium using the threshold function

Third party endorsement. In many settings, organizations can create credibil-
ity by being endorsed by others, often called “third-pamyg@sement”. These
third-parties, typically do not have a vested interest i $pecific firm: they can
either be firms that provide certification or generte ratiorgnon-profit consumer
organization. The same role can be played by weblogs cayéhia specific in-
dustry, or bulletin boards where consumers can share irfttom regarding their
purchasing experience. One can show that these institutiay allow the retail-
ers to credibly disclose availaibility information. Thetberd party endorsements
reduce the strategy space for the firm and improves both fecra@ability and the
firm’s profit.

1.5 Summary

In this chapter, we survey the emerging literature of infation sharing between
the firms and its customers. A novel frameworkeoidogenizedheap talk is de-
veloped. In these models, the customers are not only sitdtetheir actions but
also in the way they interpret information, while the firm isagegic in the way it
provides information. The developed framework helps anguestions concern-
ing the ability (or the lack thereof) to communicate cregibhverifiablereal-time
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information. This framework uses a game-theoretic consti study this type
of communication and discusses the equilibrium languagerging between the
firm and its customers. We survey applications of this fraorévwas applied to
two models, which are central to the Operations Managenitenature: the first
is a service provider model, and the second is a retail oefiniientory model.
We show that one obtains diametrically opposite resultk veitjard to information
sharing in service systems and retail systems.

In the setting of a single retailer, the only equilibriumdaage that may emerge
is the one in which no information is revealed to the custondris result is in
contrast to the service setting where a single service geowan “create” some
credibility with respect to sharing real-time system imfation. Further, in the
service setting, non-informative, pure strategies eguilm may not exist. These
differences in the nature of equilibrium emerge due to ttlevieng distinguishing
features of the service and retail operations: a) In refalrations, the incentives
of the customers and the firm are aligned for low inventorgleyi.e., both “agree”
that the customer should purchase in these states), antigmézhfor high inven-
tory level (i.e., the firm would like the customers to purdahasowever given that
the inventory is high the customers can improve their ytbly postponing the pur-
chase to the sales season). However, in service operatienservice provider's
and its customers’ incentives are aligned both when the suwficustomers wait-
ing in the system is “high” or “low.” The only misalignment wvghen the number
of customers is moderate. Since misalignment is limitechagervice setting it
helps the provider create some credibility. Thus, the odedsonly agreement in
retail operations games prevents the firm from creating aeglilgility when it is
providing the information on its own. b) The non-existen€armequilibrium when
no information is provided in the service setting is due ®“tontrarian” behavior
characteristic of queueing systems, i.e. customers pj@féng an empty system
and resent joining a congested one. On the other hand, cesstwehavior in retalil
is one of mimicking, i.e. customers are more interested lirtguif many cus-
tomers buy during the regular season, due to the fear of leedility during the
sale season.

One of the strongest phenomena common to both settings igsthef in-
tentional vagueness. In the service setting, the firm mightdgue either to lure
customers to join the systems in states they would othetvéle or to create cred-
ibility. In the retail setting, when an informative equilibm exists (e.g., when the
information is provided by multiple autonomous retailetle firm would always
favor using a language that is intentionally vague.
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1.6 The Past and the future

Recent literature in Operations Management analyzes arklsithe impact of
strategic customers on managing operational systems. Wi bg surveying this
literature, both for queueing systems and inventory models

Queueing models with strategic customersThe literature on queueing mod-
els with strategic customers began with Naor (1969), whdistla system in
which strategic customers observe the length of the quaaetprmaking the de-
cision whether to join or balk. There is a (partial) conflittiterest between the
self-interested customer and the interests of the soahve-maximizing service
provider. Naor (1969) shows that pricing can be used to sehiee first-best so-
lution. The follow-up literature that extends Naor (1968nhde broadly divided
into two: one that studies models where the firm offers différgrades of ser-
vices (see Mendelson and Whang (1990) and the recent papdeblye (2004)),
and the other that focuses on competition in the presencergfestion-sensitive
customers (see Cachon and Harker (2002) and the recentipapéion and Fed-
ergruen (2007)). All of these papers assume that the anemarnts made by the
firm are long-term averages, (unlike real-time informafjcare credible, and are
treated as such by customers.

Inventory models with strategic customer.The literature on inventory mod-
els with strategic customers can be broadly divided intodategories: a) models
where no availability information is provided to the cuswmand, b) models where
customer are provided complete information regardinglalviity.

Aviv and Pazgal (2007), which falls in the first categoryds#s pricing strate-
gies for a retailer facing a stochastic arrival stream ofaugrs. When customers
arrive, they have no information about the current statdefitventory, and thus
their model with fixed-discount strategy corresponds tormimformation model.
Cachon and Swinney (2007) considers a model of a retailérseis a product
with uncertain demand over a finite selling season. The asittttaracterize the ra-
tional expectation equilibrium between the firm, who setsrittial quantity level,
and the strategic customers, who choose whether to buygdtirenselling season
or during the clearance season. Cachon and Swinney (2Q@#¢sthe impact of
quick response and the interplay between the existenceabégic customers and
this option. Su and Zhang (2007b) shows that the presendeatégic customers
can impact the performance of a centralized supply chaimwiecustomers form
rational expectation regarding quantities and prices.y®&mow that, while firms
cannot commit to specific levels of inventory, decentralizapply chains can use
contractual arrangements as indirect commitment devicagtdin the desired out-
comes with commitment.

Yin et al. (2007), and Su and Zhang (2007a) belong to the skcategory.
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Yin et al. (2007) considers a retailer that announces thdaegrice and the sales-
season clearance price at the beginning of the selling seasdn our model. In
the presence of either myopic customers or strategic ces®rthe authors com-
pare two display modes: one where the retailers displaythalbvailable units
(and corresponds to providing full information to the cusérs) and one where
it shows only one unit. Customer treat this one unit as a @bt proof that the
firm has at least one unit in stock. The authors show that ttaglees will earn
higher expected profits under the “display one unit” fornvetten the customers
are strategic. Su and Zhang (2007a) studies the role obality and its impact on
consumer demand by analyzing a newsvendor model with gicatastomers that
incur some search cost in order to visit the retailer. Theyrest the rational ex-
pectations equilibrium in a game where the availabilitymfation is not provided
to the customer with the scenario, where such informatigmasided. It is shown
that the retailer can improve its profits in the latter. Inesrtb deal with the lack
of credibility of the above information, the authors studgitability guarantees, in
which the seller compensates the consumers in the everdgai-stits.

Delay announcements in other settingsThere are several papers that study
models in which either a service provider shares waitingetinformation or a
make-to-stock manufacturer shares lead time information.

Hassin (1986) studies the problem of a price-setting, ne@anaximizing ser-
vice provider that has the option to reveal the queue lergytrriving customers,
but may choose not to disclose this information, thus leptlre customers to
decide whether to join the queue on the basis of the knowrilaisibn of the wait-
ing times. The author shows that it may be - but not always iafipooptimal
to prevent suppression of information, and that it is ney@meal to encourage
suppression when the revenue maximizer prefers to reveajubue length. Ar-
mony and Maglaras (2004b) analyzes a service system whermgrcustomers
can decide whether to join, balk, or wait for the providerad) within a guaranteed
time. The customers’ decisions are based on the equilibwaiting time (which
is equivalent to not providing any information). Armony akthglaras (2004a)
extends the above model to allow the service manager togedhie customers
an estimate of the delay, based on the state of the systemthprarrival. The
authors show that providing information on the estimatddydenproves the sys-
tem performance. Armony et al. (2007) studies the perfoomampact of making
delay announcements to arriving customers who must wairéetarting service
in a many-server queue setting with customer abandonmeisto@ers who must
wait are told upon arrival either the delay of the last cusioto enter service or an
appropriate average delay. Two approximations are prabdgethe equilibrium
delay in a deterministic fluid model and (ii) the equilibritsteady-state delay in
a stochastic model with fixed delay announcements. The euihmw that within
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the fluid-model framework, under certain conditions, theualcdelay coincides
with the announced delay.

Duenyas and Hopp (1995) studies the problem of quoting mestéead times
in a manufacturing environment, both under infinite and dimiapacity. For the
latter, the authors prove the optimality of different forofscontrol limit policies
for the situations where the lead time is dictated by the etadnd the the firms
are able to compete on the basis of the lead time. Ata and @2€87) studies a
related problem for large systems under convex-concavestrosture.

Dobson and Pinker (2006) develops a stochastic model of tarougroduc-
tion environment with pricing, where customers have défertolerances for wait-
ing. The authors model intermediate levels of informatibarigg (with a specific
structure) ranging from none to complete state-depends-time information,
and compare the performance from the firm’s and customer&ppetives. They
show that for this specific structure it is not always the dhsé sharing informa-
tion improves the profits of the firm. Guo and Zipkin (2007)ds8$ a model in
which customers are provided with information and makesiecs based on their
expected waiting times, conditional on the provided infation. Three types of
information are studied: (i) no information, (ii) queue dgin, and (iii) the exact
waiting time (in systems in which such information is avlaiég. The authors pro-
vide examples in which accurate delay information improwehlurts the system
performance.

1.6.1 Future Research

The framework surveyed in this chapter can be also appliesther operations
management settings where the customers cannot creditify tree information

provided to them. One scenario worth exploring is the sgttvhere the firm and
the customer engage in “long cheap talk,” i.e. the customgeiiodically receiving
information regarding the inventory. This is common in maetail settings where
customers can request to be notified about the future audyadf products, and
service systems where the customer is informed repeateldile waiting to be

served. It is also worth exploring how this framework applte fashion retalil
operations where the customer’s utility depends eitheteri‘éxclusivity” of the

item or its “trendiness,” usually conveyed by the retailer.
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