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Aclassic example that illustrates how observed customer behavior impacts other customers’ decisions is the
selection of a restaurant whose quality is uncertain. Customers often choose the busier restaurant, inferring

that other customers in that restaurant know something that they do not. In an environment with random arrival
and service times, customer behavior is reflected in the lengths of the queues that form at the individual servers.
Therefore, queue lengths could signal two factors—potentially higher arrivals to the server or potentially slower
service at the server. In this paper, we focus on both factors when customers’ waiting costs are negligible.
This allows us to understand how information externalities due to congestion impact customers’ service choice
behavior.

In our model, based on private information about both the service-quality and queue-length information,
customers decide which queue to join. When the service rates are the same and known, we confirm that it may
be rational to ignore private information and purchase from the service provider with the longer queue when
only one additional customer is present in the longer queue. We find that, due to the information externalities
contained in queue lengths, there exist cycles during which one service firm is thriving whereas the other is
not. Which service provider is thriving depends on luck; i.e., it is determined by the private signal of the
customer arriving when both service providers are idle. These phenomena continue to hold when each service
facility has multiple servers, or when a facility may go out of business when it cannot attract customers for a
certain amount of time. Finally, we find that when the service rates are unknown but are negatively correlated
with service values, our results are strengthened; long queues are now doubly informative. The market share
of the high-quality firm is higher when there is service rate uncertainty, and it increases as the service rate
decreases. When the service rates are positively correlated with unknown service values, long queues become
less informative and customers might even join shorter queues.
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1. Introduction
In many real-life situations, we often have to choose
between service providers whose quality is not per-
fectly known in advance. For example, when selecting
a restaurant at which to dine, a movie to watch, or
a sports event to attend, we often do not know the
exact valuation of the experience (although we might
have an expectation about the service). The examples
above have the following common feature: They cre-
ate congestion. Waiting lines in front of a restaurant,
or queues for a movie or a sports event are com-
monly observed. Therefore, it is not unreasonable to
expect that we are influenced by the “level of busi-

ness” or “buzz” at each service facility when making
our selection. In other words, we complement our
incomplete private information regarding which ser-
vice provider to choose with publicly available infor-
mation such as observed congestion at one service
facility.
Long queues at one server but not at another may

provide an indication that several customers chose
that particular service, perhaps because of its per-
ceived superior value compared to the other server.
Because queues are typically generated by random-
ness of either the customer arrival process or the
service provision process, long queues may be cre-
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ated by chance, possibly triggering other customers
to join the same queue. What then, is the information
contained in a queue that forms in front of a service?
A long queue in front of a service provider might be
an indication of slow service. On the other hand, a
long queue in front of the service provider might be
an indication that it provides higher quality of service
and therefore more customers have chosen that ser-
vice. However, if more and more people join a longer
queue, ignoring their own private valuation, then the
signal quality provided by the queue weakens. There-
fore, it is unclear what information a longer queue
might contain.
Consider a customer who has the flexibility to watch

a touring Broadway show that is playing in town.
She has to decide on only one of two shows X and Y
(perhaps due to limited budget). Because many such
shows are experience goods, she does not surely know
which show is better. She also does not mind seeing a
show a few days later if tickets are unavailable imme-
diately. Her private belief is that X might be a bet-
ter show, but like every other customer, she is unsure
about it. Suppose that the customer could get tickets
for show X almost immediately, whereas the show Y is
not available for, say, 10 days. Hence, she notices that
Y is more popular than X. She can infer that one show
is considerably less popular than the other by using
the waiting information of 10 days. However, she also
knows that other customers would have made dif-
ferent observations and their own rational decisions.
She wonders how those choices of other customers
would have in turn influenced what she sees. Using all
this information, she determines which show is bet-
ter and makes her choice. At an aggregate level, the
choices of many customers will be linked with each
other and determine the aggregate demand that each
show attracts.
In a famous example, Becker (1991, p. 1110) notes

a puzzling implication of how individual decisions
that are linked with each other impact the aggre-
gate demand of two seafood restaurants in Palo Alto;
one is always crowded and the other nearly empty,
even though they have similar prices and amenities,
and writes,

Suppose that the pleasure from a good is greater when
many people want to consume it, perhaps because a
person does not wish to be out of step with what is

popular or because confidence in the quality of food,
writing, or performance is greater when the restaurant,
book, or theater is more popular.

Such an assumption would indicate that all cus-
tomers have a higher ex post utility when they con-
sume the more popular product. Becker’s model
is static and postulates that demand for a good
is directly and positively influenced by other con-
sumers’ demand or its popularity by assuming a func-
tional form.
Motivated by the examples mentioned, we posit

that customers do not make a service selection deci-
sion in a “vacuum,” but they are influenced by what
they observe around them and, in particular, by the
congestion at the service providers. As queue dynam-
ics play an important role in the service context,
we develop a simple, stylized, two-server queueing
system that captures the aforementioned idea. These
features have not yet been explored jointly in the
previous literature. In our model, service providers
are identical ex ante and have an infinite waiting
space. By allowing the buffer space to be infinite, we
can focus on the information contained by queues.
The customers, each carrying some private informa-
tion about which server provides the best quality,
arrive according to a Poisson process and observe the
queue lengths at both of the servers. Based on this
information, they decide which queue to join. There
is no jockeying or reneging in the system. We assume
that all customers are rational Bayesian decision mak-
ers that maximize their expected utility.
The dynamics introduced in such systems may be

intricate. Due to uncertainty about the service value,
it may be possible that customers purchase the service
that provides lower value. This may even result in
an inferior service provider becoming more popular,
and hence a longer queue forms at the inferior service
provider. It may take a long time for the less popular
service provider (the one with the shortest queue) to
attract customers despite offering the best quality in
the market.
Our model allows us to answer the following ques-

tions: When do customers ignore their private infor-
mation and make their purchasing decision based
on the observed queue-length information? How do
service rates of service providers affect the queue-
choice behavior? How does information from the
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queue lengths impact the formation and decay of
these queues? How long do services remain popu-
lar (i.e., have long queues)? Could a server that pro-
vides higher-valuation service perform poorly against
another inferior service provider with the same ser-
vice rate? Could a slower service provider gain a
higher market share by providing better service?
The paper starts by reviewing the related litera-

ture in §2, and then outlining our analytical model
in §3. In §4, we develop the conditions for pure-
strategy equilibria to exist, and then discuss the prop-
erties of resulting equilibrium strategies for service
providers with symmetric service rates. Focusing ini-
tially on the equal service rates allows us to study
the effect of arrival rates alone on customer choice
behavior. We analyze various extensions of the sym-
metric service model, including multiserver queues
and service providers’ survival in equilibrium in §5.
We then study the effect of service departures on cus-
tomer choice behavior in §6 by modeling asymmetric
service rates. Finally, in the concluding §7, we discuss
our insights and future research directions.

2. Related Literature
We are interested in studying how different agents
in a market influence each other’s purchasing deci-
sions when the quality of a good or service is uncer-
tain and there is potential for congestion to impact
service provider selection. Related issues have been
addressed separately in the economics, queue choice,
and operations management literatures, but the inter-
action between congestion, service rate, and service
choice between service providers has not been stud-
ied. In the following paragraphs, we describe the lit-
erature in each area and differentiate our model.

2.1. Economics Literature
Becker (1991) observed that a popular seafood restau-
rant (in Palo Alto) had long queues during prime
hours every day, whereas the restaurant across the
street, with comparable food, had many empty seats
most of the time. In explaining the phenomenon, he
focuses on monopoly pricing and perfect informa-
tion. Becker explains why consumer demand is very
“fickle” and why “shift of restaurants between ‘in’
and ‘out’ categories occurs” using a pair of equilib-
ria that are unstable under large demand changes.

Chamley (2004) notes that an analysis of the above
interesting problem that employs “optimization
behavior for the consumers, and a dynamic analysis
with imperfect information � � �” remains to be done.
We examine how the observation made by Becker
(1991) can be explained by modeling the rational
behavior of customers in a queueing system.
Bikhchandani et al. (BHW, 1992) study the role that

the observed behavior of other actors plays when pur-
chasing an asset whose value is not perfectly known.
They explain how informational cascades are created.
Informational cascades occur when a series of actors
makes a decision that is observed by every subsequent
actor, each of whom also makes the same decision
independent of his/her private signal. BHW assume
that the entire history of the agents’ decisions and their
sequence is available to every arriving agent. BHW do
not incorporate any supply effects such as congestion
or departure of observed customers from the system
due to completion of service. BHW find that a com-
monly observed history of actions can dominate pri-
vate beliefs. In such cases, agents will choose actions
that will not reveal their private information.
However, in many cases, arriving customers may

not observe the entire history. For instance, nothing
might be known about the decisions of customers
whose service had been completed. Therefore, the
information set of customers in our paper modeled
along the following ways. First, the customer does
not know his arrival sequence number. Second, the
arriving customer does not know the full history of
prior decisions. Finally, every arriving customer sees
only the number of current customers and their queue
choices, but does not see the order those customers
arrived.
To our knowledge, there are only a few papers

in herding literature that consider herding behavior
under a limited amount of information. Smith and
Sorensen (1998) consider a model where all arriving
agents sample exactly two observations. The actions
that each agent observes are exogenously generated
using a “seed” population. Smith and Sorensen are
interested in the probability of convergence to the
truth. In Banerjee and Fudenberg (2004), in each
period a continuum of customers simultaneously
chooses their actions after observing exogenously cho-
sen N previous actions. The aforementioned papers
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do not model endogenous censoring of information,
and are concerned about convergence of public belief.
Our paper differs from the analysis in both papers
in several ways. First, we do not restrict all the
customers to see the same number of observations.
Moreover, the probabilities of those observations are
endogenously generated in our model. Finally, ours is
a stationary model.
In this respect, the closest paper to ours is a work-

ing paper by Callander and Horner (2006), who con-
sider a queuing system with a restricted state space.
Callander and Horner focus on market heterogeneity,
i.e., how the agents in the market are differentially
informed, and argue how a minority of informed
agents can cause other uninformed agents to follow
shorter queues. In contrast, we study a market where
all customers are equally informed, and focus on
understanding the queue lengths at which herding
occurs. In addition, we also study the effect of ser-
vice rates that are correlated with service value on
customer choice behavior. In contrast with herding lit-
erature, depending on the service rates of the service
providers or strength of the signal, we find that cus-
tomers might not herd at all.

2.2. Queue Choice and Operations
Management Literature

There is a wealth of literature that discusses the
decision process of choosing between queues. Hassin
and Haviv (2003) provide a comprehensive sur-
vey of the literature in equilibrium behavior of
customers and service providers in queuing sys-
tems. The effect of negative externalities on choice
between two queues has been well studied (Whinston
1977, Whitt 1986). Although the focus has been on
joining shorter queues, simple characterizations of
the probability distributions do not exist even for
join-the-shortest queue discipline. The steady-state
probabilities generated by joining the longer queues
have not been studied, perhaps because of perceived
lack of applicability.
Consequently, the number of papers that model

positive externalities in multiple queues is limited.
In a working paper by Debo et al. (2007), customers
arriving in the market choose between joining a sin-
gle queue or not. When there are no waiting costs,
they find a threshold length below which customers

with pessimistic information do not join and above
which they do join. When there are waiting costs,
they show that a nonthreshold strategy may deter-
mine the equilibrium. In contrast, using a richer two-
queue model, we are able to show that both positive
and negative externalities in queues could arise due
to queue-length information alone.
Su and Zenios (2004, 2005) study patient choice in

kidney allocation in a queueing context. Gans (2002)
studies customers who choose among various service
providers with uncertain quality. Customers learn the
true quality of every service provider through (expen-
sive) repeated service sampling. There are no con-
gestion externalities in the model (i.e., each customer
learns about the service only by experiencing the ser-
vice and not by observing the choices of other cus-
tomers). At each service episode a single customer
determines which service provider to visit. Lariviere
and van Mieghem (2004) model a system in which
customers find congestion costly, and therefore plan
to arrive when the system is underutilized. They
show that when customers choose arrival times strate-
gically, the equilibrium arrival pattern approaches a
Poisson process as the number of customers gets
large. In our paper, customers arriving according to a
Poisson process have the option to choose from differ-
ent service providers after having observed the queue
length at each service provider. We show that if the
service providers are symmetric in service rates, then
longest-queue joining behavior occurs as soon as the
queue difference is one.
Our model differs from existing literature in sev-

eral aspects. We focus on information externalities
and show that uncertainty in service valuations alone
may either cause customers to join longer queues or
to avoid longer queues. We demonstrate that if the
service rates are different enough, customers might
ignore the queue lengths completely and may follow
their imperfect private signals. If the service valua-
tions are positively correlated with speed, we find
that customers may not necessarily join longer (or
slower) queues. We show that in contrast to the exist-
ing literature, providers of a better-quality service in a
market containing uninformed customers might have
a higher market share by having lower service capac-
ity (lower service speed). Thus, investing in promo-
tion efforts to indicate quality could be more attractive
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than investing in higher service speeds or increasing
service value further.

3. Model
In this section, we discuss the players, information
sets, and decisions of the customers in the game we
model. Next, we determine the conditions for equi-
librium. These conditions allow us to find an equi-
librium whose qualitative properties are discussed in
the conclusion.

3.1. Market Arrivals and Service Rates
We consider a game in which customers arrive sequen-
tially according to a Poisson process with arrival rate �

to a market with two servers, labeled i = 1 and i = 2.
We assume that the service times at both servers are
exponentially distributed with mean 1/�. We allow
the servers to have different service rates in §6. Also
define � = �/�. We assume that � < 1, allowing a sin-
gle server to capture the market. The service discipline
does not need to be first-come-first-served (FCFS), as
long as the service rates are exponentially distributed.

3.2. Service Value, Public Observation, and
Private Signals

The exact service value of the service provided by a
server i, vi, is unknown to the customers. We assume
that �v1�v2� ∈ 	�vh�vl�� �vl� vh�
, where vh > vl > 0.
Thus, if vi = vh, then v−i = vl, where i = 1�2 and
−i = 2�1. The initial priors are symmetric; i.e., Pr�v1 =
vh� = Pr�v1 = vl� = 1/2. Without loss of generality, we
can assume that service values are fixed, and that
server 1 is better. Upon arrival at the market, cus-
tomers observe the queue length in front of each ser-
vice provider; n = �n1�n2�. We refer to n as the state
of the system. We assume that the customers incur
no waiting costs. This assumption helps us focus on
the information value contained in the length of the
queue. Our results are sensitive to the presence of
waiting costs, and we point out the complexity of ana-
lyzing waiting costs in §5. Following the assumption,
we note that the value eventually accrued from the
service is either vh or vl, regardless of the length of the
queue. However, the expected value of the service is
updated with the queue-length information. In addi-
tion to observing the queue length at both servers,
each customer receives a private signal, s ∈� = 	1�2
,

where � is the set of private signals. The signal is an
imperfect indicator of which server provides the high-
est value; s ∈� is such that Pr�s = 1 � v1 > v2� = Pr�s =
2 � v1 < v2� = g; i.e., if the true state of nature is that
server i provides better value than server j , each agent
receives signal s = i with probability g and signal s = j
with probability 1− g. Note that the signal is imper-
fect because 1/2< g < 1. When g = 1, the signal com-
pletely reveals the better service provider, and every
customer would then choose the better server, ignor-
ing the choices of other customers. When g = 1/2, the
signal does not reveal any information about the qual-
ity of the service providers. We term such a signal as
being completely noisy.

3.3. Customer Behavior
Consider any customer to arrive at the market. Let
� = 	1�2
 be the set of possible actions that the cus-
tomer can take upon arrival; 1 represents joining
server 1, and 2 represents joining server 2. A mixed
strategy for this customer is then a mapping 
� �×
� ×�2 → �0�1�. Let 
j�a� s�n� be the probability that
this customer j joins queue a after observing sig-
nal s and state n (with

∑
a∈� 
j�a� s�n� = 1). As all

customers are homogeneous ex ante, we consider
only symmetric strategies. For a given strategy 
 , let
�i�n�
� be the long-run probability that the system
state is n conditional on vi > v−i, with −i denoting 2
(1) if i = 1 (2), with 
 being the customer’s strategy.
With the PASTA property (Wolff 1982), �i�n�
� is also
the probability that the system is in state n for any
randomly arriving customer conditional on vi > v−i.
Using Bayes’ theorem, we have

Pr�v1 > v2 � n� s�
�

=

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

g�s�n�
�

g�s�n�
� + �1− g��−s�n�
�
v1 > v2�

�1− g��−s�n�
�

g�s�n�
� + �1− g��−s�n�
�
otherwise�

(1)

After observing �n� s�, the customer updates
her prior expected service value for both service
providers:

E�vr � n� s�
�

= g�s�n�
�E�vr �v1 >v2�+�1−g��−s�n�E�vr �v2 >v1�

g�s�n�
�+�1−g��−s�n�
�
�

r� s ∈ 	1�2
�
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where E�v1 � v1 > v2� = E�v2 � v1 < v2� = vh and
E�v1 � v1 < v2� = E�v2 � v2 < v1� = vl. Notice that only vh

and vl are relevant for a risk-neutral customer. Con-
sequently, any symmetric distribution F �v1�v2� over a
discrete or continuous domain with the same condi-
tional expectations will lead to the same equilibrium.
Note that we have assumed that vl > 0, which, along
with the absence of waiting costs, allows us to exclude
balking action from �.

3.4. Customer Equilibrium
Let 
i be customer i’s strategy. Fix the strategy of all
customers j �= i at 
 . From (1), customer i’s belief of
the service value upon observing �s�n� is Pr�v1 > v2 �
n� s�
�. Let BR�
� be the best response of a customer
to 
 . Then, 
i ∈ BR�
� if and only if{

E�vs �n�s�
�≥E�v−s �n�s�
� ⇒ 
i�s�s�n�=1�

E�v−s �n�s�
�≥E�vs �n�s�
� ⇒ 
i�−s�s�n�=1�
(2)


∗ is a pure-strategy symmetric Nash equilibrium if

∗ ∈ BR�
∗�. It is apparent from the definition of best
responses that the magnitude of the difference in ser-
vice valuations does not play a role in affecting cus-
tomers’ decisions and, consequently, the equilibrium
joining behavior. This is especially true for customers
without waiting costs. We indicate a∗�s�n� as the equi-
librium action in a pure-strategy equilibrium upon
observing �s�n�. A mixed strategy is determined anal-
ogously. For convenience of notation, we drop the
dependency of the long-run probabilities and beliefs
on 
 . In the next section, we characterize 
∗.

4. Model Analysis for Symmetric
Service Rates

4.1. Road Map of the Analysis
In this section, we first derive conditions for the cus-
tomers’ queue-joining strategy to be an equilibrium
strategy when the service providers have identical ser-
vice rates. To achieve this result, we begin with a
restricted set of (pure) threshold strategies that exam-
ine “fixed queue-length differences.” We show that
the following strategy is an equilibrium strategy: Cus-
tomers follow their signals when the queue lengths are
equal, and follow the longer queue otherwise. Relax-
ing the restricted set of strategies to include all pos-
sible threshold strategies, any equilibrium threshold

strategy is identical to the aforementioned strategy at
all recurrent states. We find that our equilibrium result
is robust when extended to mixed equilibrium strate-
gies, multiple servers, and the possibility that service
providers may go out of business if they operate a long
time without customers. We describe the challenges of
a full waiting cost analysis in §5.3. Finally, we expand
the analysis of symmetric service rates to include cor-
related asymmetric services in §6.

4.2. Equilibrium Customer Strategies
We begin by describing the actions of a valuation-
maximizing rational customer. We derive the condi-
tions for each action every rational customer would
take at each state and each signal. A strategy is a cus-
tomer action at each state n and each private signal s

(i.e., join queue 1, Join a queue according to the sig-
nal, join queue 2). Based on the customer’s action at
each state, we can construct a two-dimensional birth
and death process and the corresponding steady-state
probabilities for all states of the system. A strategy is
an equilibrium strategy if it gives rise to stationary
probabilities that support the existence of the strat-
egy at each state. To reduce the notational burden,
we drop the dependency of �i�n�
� on 
 . As defined
before, �1�n� is the probability that the system is in
state n for any randomly arriving customer condi-
tional on v1 > v2, and �2�n� can be defined in a sim-
ilar way. Let the likelihood ratio1 l�n� = �1�n�/�2�n�

be the likelihood that server 1 is better than server 2,
given that the state of the system is n. Then, we can
show that

Lemma 1. The equilibrium strategy satisfies

a∗�1�n� = 1 �2� if l�n�≥ �≤�
1− g

g
�

a∗�2�n� = 1 �2� if l�n�≥ �≤�
g

1− g
�

At equality, customers are indifferent between queues 1
and 2.

Lemma 1 relates the choice of the customer
(whether to choose queue 1 or queue 2) to the ob-
served signal, state of the system (defined by the

1 Note l�n� ≥ 0 wherever it exists. When �1�n� > 0, �2�n� = 0,
l�n� = �1�n�/�2�n� = 
. When �1�n� = 0 and �2�n� = 0, l�n� is
indeterminate.
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number of customers waiting in each queue), and the
likelihood ratio at that state. A customer chooses to
join queue 1 after seeing signal 1 if the likelihood
ratio is greater than �1− g�/g. If the likelihood ratio is
less than �1− g�/g, the customer chooses queue 2. The
above equilibrium conditions combine the imperfect
information gained from the signal about the quali-
ties of the servers, and information about the service
provider acquired through the choices that other cus-
tomers have made.
Lemma 1 can be understood using joint probabili-

ties. For example, a customer joins queue 1 upon ob-
serving signal 1 or a�1�n� = 1, when l�n� ≥ �1− g�/g,
i.e., when g�1�n� ≥ �1 − g��2�n�. In other words, the
customer arriving at some state n on seeing signal
1 follows queue 1 rationally, when the probability of
being at the “right” state of nature and seeing the
“true” signal (1 is better than 2 and this signal is true)
is higher than the probability of being in the “wrong”
state (server 2 is better than server 1) and seeing a
false signal (signal 1). Conversely, a�1�n� = 2 when
l�n� ≤ �1− g�/g, i.e., when g�1�n� ≤ �1− g��2�n�.
Arriving at state n, the customer has the following

choices: follow the shorter queue; follow the longer
queue independent of the signal realized; or, finally,
just follow one’s own private signal. Now we are
ready to define herding in our model. A customer
herds at n when she joins the longer queue at n inde-
pendent of her signal.2 The customer is herding at
that state by ignoring her private signal and joining
the longer queue based on the public information.
Now we can postulate the structure of differ-

ent strategies and analyze the equilibrium behavior.
Clearly, there are several possible rational strategies
that exist in this game.

4.2.1. Fixed-Threshold Strategies. We initially
focus on a class of strategies that are fixed queue
difference threshold strategies. Consider the following
strategy for a customer arriving at some state n:
The customer follows her own private signal when
�n1 − n2� ≤ B and follows the longest queue at all
other states. A consumer arrives at some state and

2 Our definition of herding is slightly different from the classical
herding literature (see, e.g., Chamley 2003, pp. 64–65). We consider
the decision of an arriving customer in a steady state, whereas the
classical literature considers a transient regime.

observes the queue lengths at the servers. If the
difference between the queue lengths is strictly
greater than B, the customer joins the longer queue.
Otherwise, she follows her signal. We denote such
a strategy by �B. B denotes the threshold (queue
difference) above which each arriving customer will
join the longer queue. The term fixed refers to the fact
that the queue-length difference thresholds are fixed
at B regardless of the length of the shorter queue.
In other words, regardless of the state at which
the customers arrive, if the queue-length difference
is in the set 	−B�−�B − 1�� � � � �0� � � � �B − 1�B
, the
customers follow their own private signal. Because
the threshold always refers to the difference in queue
lengths, we refer to fixed queue difference threshold
strategies as just fixed-threshold strategies, whenever it
is unambiguous.
Fixed-threshold strategies might be a reason-

able behavioral assumption, because the assumption
reduces the queue-selection problem of a customer
to a simple comparison between a single decision
parameter (namely, the queue-length difference) and
her own private signal. In §4.2.3, we generalize the
fixed-threshold strategies.
Note that when B = 
, customers always follow

their private signal and ignore the queue-length infor-
mation. Notice that in a game in which customers
would not observe the queue length, customers would
follow their signal because this is the only differen-
tiator of the two service providers. We now explore
whether this strategy is an equilibrium strategy when
queue lengths are observable:

Proposition 2. It is never an equilibrium strategy for
customers to always follow their private signal (i.e., to
always choose a queue independent of the queue lengths).

In other words, when service providers are sym-
metric in service rates, ignoring queue lengths (�
) is
never an equilibrium strategy. This result holds inde-
pendent of the strength of the private signal as long
as the signal is imperfect or noisy �g < 1�. If every cus-
tomer follows his or her signal, we find that the longer
queue forms in front of the higher-valuation provider
because more customers get the right signal (because
g > 1/2). Hence, an arriving customer has an incen-
tive to deviate from just following her signal, and
would join the longer queue to improve her expected
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service valuation. Therefore, �
 fails to be an equi-
librium strategy. Proposition 2 captures the argument
that customer decisions are influenced by externali-
ties. It is never an equilibrium strategy to completely
ignore the available public information pertaining to
the decisions that other customers have made. This
emphasizes the importance of studying the value of
information accrued from the available public infor-
mation, such as queue lengths.
We now examine which fixed queue difference

threshold strategies are in equilibrium in the follow-
ing proposition. At any state of the system, if follow-
ing one’s private signal is an equilibrium strategy,
then at that state the customer must have likelihood
ratios between �1− g�/g and g/�1− g�. Therefore,
for a fixed-threshold strategy B to hold in equilib-
rium, the likelihood ratios in all the states within
the queue difference B should be between �1− g�/g

and g/�1− g�. Within the fixed threshold, if these like-
lihood conditions do not hold, the customers have
an incentive to not follow their signal. The likelihood
ratios must be greater than g/�1− g� if the customers
ignore the signal and follow the longer queue outside
the fixed queue difference.

Proposition 3. It is never an equilibrium strategy for
customers to join the longest queue only if the queue-length
difference is greater than some positive threshold B ≥ 1,
and follow their private signal otherwise.

In other words, Proposition 3 implies that �B is
never an equilibrium strategy for any B ≥ 1. Strategies
in which customers follow their private signal within
the fixed queue difference (of size one or more) gener-
ate stationary probabilities (and likelihood ratios) that
do not satisfy the condition required for following
the signal (from Lemma 1) in all states whose queue
difference is bounded by the fixed threshold. Hence,
they fail to hold in equilibrium. For instance, suppose
all the customers follow the strategy �1, i.e., each cus-
tomer follows her private signal if the queue lengths
are equal or differ by one. Otherwise, she chooses the
longer queue. Solving the two-dimensional birth and
death process corresponding to the actions taken in
the strategy �1, we obtain the stationary probabilities
of being at each state. Using these probabilities, we
can obtain the likelihood ratios at each state. If �1 is
an equilibrium strategy, the likelihood ratios at each

state should in turn satisfy the requirements accord-
ing to Lemma 1 at each state. However, they do not.
The intuition for why �1 is not an equilibrium strat-

egy is the following: Consider a customer arriving
at the system and observing the state �1�0� and fol-
lowing her own private signal. If the customer sees
signal 1, the customer follows the signal because his
signal is consistent with the longer queue. If the cus-
tomer receives signal 2 at �1�0�, she will follow her
signal rationally only if the probability of being at the
“right” state of nature and seeing the “false” signal
(server 1 is better than server 2, but the signal says 2)
is lower than the probability of being in the “wrong”
state (server 2 is better than server 1) and seeing a
“true” signal (signal 2) (i.e., �1−g��1�1�0� ≤ g�2�1�0�

or simply, l�1�0� ≤ g/�1− g�).
Based on the customer actions at each state under

the strategy �1, we derive the probabilities of observ-
ing the state �1�0� when server 1 is better (�1�1�0�)
and when server 2 is better (�2�1�0�). Based on these
probabilities, we show in the proof of Proposition 3
that the likelihood ratio at �1�0� violates the afore-
mentioned condition (i.e., we show that l�1�0� >

g/�1 − g�). Hence, through Lemma 1 we find that
the best response of a customer arriving at �1�0�

is to follow the longer queue at �1�0� if everyone
else follows the strategy �1. Each customer arriving
at the state �1�0� has an incentive to deviate from
the strategy �1 and improve her payoff, given that
every other customer follows the �1 strategy. There-
fore, the �1 strategy fails to be an equilibrium strategy.
Similar arguments can be made for all other fixed-
threshold strategies by showing that at the state �1�0�

or some other state, an arriving customer has an
incentive to deviate from �B. Finally, note that when
all customers follow the fixed-threshold strategy with
B ≥ 1, the customers can queue up in front of both
servers with nonzero probability.
We consider the sole remaining candidate for the

equilibrium strategy in the class of fixed queue differ-
ence threshold strategies, �0, in Proposition 4.

Proposition 4. It is an equilibrium strategy for cus-
tomers to follow their signal when the queue lengths are
equal, and join the longer queue otherwise.

The result implies that �0 strategy is supported
in equilibrium. Because g > 1/2 whenever the queue



Veeraraghavan and Debo: Information Externalities in Queue Choice
Manufacturing & Service Operations Management 11(4), pp. 543–562, © 2009 INFORMS 551

lengths are equal, the customers join the better server
with higher probability (because all customers fol-
low their own signal, and the signal is accurate with
probability g > 1/2). Once a particular queue becomes
longer than the other queue, it keeps growing with
every new arrival until eventual service departures
(note that � > �) from the longer queue bring the
queue lengths back to being equal. Therefore, on aver-
age, the better service provider has a longer queue.
The notion that if all the arriving customers join the
longer queue they have a higher likelihood of get-
ting better service value is true. It can be shown that
l�n�0� (or l�0�n�) is equal to g/�1 − g� (or �1 − g�/g)
∀n under �0. Hence, the customers weakly prefer
the longer queue. This is because under �0, when
the queue is not empty, the private information held
by a customer is not reflected in her queue choice.
In other words, the herd behavior dilutes the informa-
tion contained in the queue. Only when a customer
arrives at an empty system, is the private informa-
tion she holds revealed (because she follows her sig-
nal at that state). This naturally raises a question as
to whether the customers could randomize their deci-
sions in equilibrium.

4.2.2. Mixed Strategies. Our next result asserts
that the customers will never mix between the strate-
gies of joining the longer queue and following their
signal when they are indifferent between the valua-
tions gained. Let pk be the probability that the cus-
tomer follows the signal at state �k�0� (he ignores it
and joins the longer queue with probability 1−pk). Let
the actions be symmetric in state �0� k�. We show such
a mixing strategy will not be an equilibrium strategy.

Proposition 5. Under �0, it is never an equilibrium
strategy for customers to mix at all states in which they
are indifferent. There exists at least one state at which
customers will always follow the longer queue as a best
response.

The notion that the customers join the longer queue,
ignoring shorter queue lengths, is appealing. We note
that in many real-life occasions, such as when select-
ing restaurants, there is some evidence for customers
choosing the longest queue (Becker 1991, Hill 2007).

4.2.3. General Threshold Strategies. It is certain-
ly a restriction to explore only fixed-threshold strate-
gies, although such a restriction allows us to reduce

the complexity of the equilibrium analysis. Con-
sider the following two states �2�0� and �102�100�.
Although queue-length differences in those states are
the same, the queue-length difference may be of
much more significance at the state �2�0� than at
the state �102�100�. Customers might join the longer
queue at �2�0� and not at �102�100�. We address this
issue by considering general threshold strategies where
the queue-joining behavior not only depends on the
queue-length differences alone, but also on the length
of the individual queues. Under the class of gen-
eral threshold strategies, the customers join the longer
queue when the length of the longer queue is greater
than Tk + k, where k is the length of the shorter
queue and Tk is a nonnegative integer (no other struc-
ture is imposed on Tk). Define the class of threshold
strategy where each strategy is defined by � 	T0�T1����


where T � � �→� as a threshold strategy. Clearly, fixed
queue difference strategy �B is a threshold strategy
where Tk = B for all k. In other words, �B ≡ � 	B�B����
.
In the following proposition, we show that the equi-
librium threshold strategies are almost surely identi-
cal to the �0 strategy.

Proposition 6. Threshold strategies are in equilibrium
only if T0 = 0, i.e., when customers always join the longer
queue when the shorter queue is empty.

Hence, equilibrium threshold strategies are identi-
cal to the �0 strategy at all nonzero probability states.
We observe that in equilibrium, regardless of the val-
ues of threshold levels that exist at states when the
shorter queue k ≥ 1, the best response for a customer
arriving at �1�0� or �0�1� is to join the longer queue.
Thus, just as with �0, when customers queue in front
of one server, the other server is empty. Therefore,
the two queues can never develop simultaneously in
steady state.

4.3. Market Implications of
the Equilibrium Strategies

We observe that among all the strategies where the
customers follow the longer queue above a threshold,
the unique best-response strategy at �1�0� and �0�1�

is to follow the longer queue. The results we derived
in the section imply the following corollary.

Corllary 7. The better server (of the two servers) is
busy (and the other server is empty) during a fraction �g
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of time. The worse server is busy during a fraction ��1−g�

of time.

It follows from Corollary 7 that the market share
for the high-quality service provider is equal to
the strength of the signal. The low-quality service
provider captures the residual market. Somewhat sur-
prisingly, the service rate does not play a role for
the market share. It only determines the total traffic
� to both servers. This is because no customers ever
balk at the system. The same market share (and busy
times of each service provider) would be obtained if
customers would completely ignore the queue-length
information and just follow their private informa-
tion.3 However, the total number of customers in the
system differs significantly: If customers completely
ignored the queue-length information, the average
number in the system would be much lower. This
is intuitive: The herding reduces the effective system
capacity because only one service provider is active
at any point in time. The stationary equilibrium thus
has the following properties:
1. At all times, one of the service providers is nec-

essarily empty.
2. The system is empty with a nonzero probabil-

ity. A customer that arrives when the queues are
empty follows her private signal. Once she chooses
a service, all future customers continue to choose the
same service provider until the queue depletes to
zero. These cycles then repeat with independent pri-
vate signal realizations (for the customer arriving at
the empty system), deciding which service provider’s
queue grows next.
3. Queues grow and decay in cycles. The propor-

tion of time that a high-quality service provider is
busy increases with the strength of the private sig-
nal. A service provider that is busy clears the queue
at a rate that decreases in �. The long-run market
share of the better firm, however, is equal to the signal
strength g.

4.4. Survival Likelihood
A consequence of the analyzed equilibrium strategy
is that all the customers line up at the service offered
by one of the service providers. Consider the service

3 In that case, the arrival rate to the high (low)-quality service
provider would be g� (�1− g��).

provider that has an empty queue. We describe this
service provider as “starving” for customers. So far
we had assumed that starvation does not impact the
service provider in our model. However, starving ser-
vice providers do not earn revenues that cover their
fixed costs. This may be especially important for start-
ups (Archibald et al. 2002) that do not have easy
access to capital markets. In this subsection, we model
the possibility that a service provider goes out of busi-
ness because of a lack of revenues from customer
arrivals.
Let both service providers in the market be

described by a 2-tuple �v� �� where v is the valuation
the service provider offers to the consumers from its
service, � ∈ ���
� is the survival parameter, and � is
a lower bound on � . � denotes the time a starving
service provider can survive without any revenues
from arriving customers. � is determined by the firm’s
ability to cover its fixed costs without earning rev-
enues. After � units of time starving for customers,
the service provider goes out of business. Suppose
��1� �2� is distributed with a symmetric density func-
tion ���1� �2� in the market. In the following result,
we show that �0 remains an equilibrium strategy,
although starving service providers might go out of
business.

Proposition 8. Let a service provider i in the market
be described by �vi� �i�, where vi is the valuation offered
to customers, �i denotes the time it can survive without
any revenues from arriving customers, and �i ∈ ���
�, i ∈
	1�2
, � > 0. Conditional on the presence of two servers in
the market, strategy �0 is an equilibrium strategy. When
there is one server in the market, all customers join the
server.

Proposition 8 extends the applicability of the results
obtained earlier in this section. The intuition is that
the observation by the customers that both service
providers are in the market does not contain any addi-
tional information about the relative quality of the
service providers. Once one service provider goes out
of business, the customers in the market are forced to
join the other one for the lack of an alternative. Hence,
the queue-joining problem becomes trivial when there
is only one firm in the market. Note that with prob-
ability one, the remaining service provider will even-
tually go out of business too, because it cannot be
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guaranteed that the idle period with a single service
provider is less than � .

5. Extensions of Modeling
Assumptions

In the previous section we resorted to simplify-
ing assumptions, primarily to obtain sharp analytical
insights. In this section, we explore extensions of the
base model. Specifically, we consider multiple servers,
allow the priors to be asymmetric, and discuss the
effect of waiting costs on the decision of a single cus-
tomer in the system.

5.1. Multiserver Extension
We now model each service provider as a service sta-
tion with N identical servers. In this extension, the
customers arrive at restaurants or facilities that have
multiple service providers (for example, think of a
restaurant with N tables where each table hosts one
customer and all the tables are served by waiting per-
sonnel with identical service speeds).

Proposition 9. �0 is an equilibrium strategy when
each service provider has N multiple servers.

Proposition 9 notes that �0 continues to hold in
equilibrium. We can apply our insights to two service
providers offering services through several identical
servers, or selling products with unknown valuation
through identical retailing centers. It is also worth
noting that customers continue to weakly prefer the
longer queue when they are indifferent between val-
uations gained, just as in the single-server case.

5.2. Asymmetric Priors About Service Valuations
We assumed the initial priors of customers were sym-
metric, i.e., Pr�v1 = vh� = Pr�v1 = vl� = 1/2. However,
customers might have asymmetric priors. Without
loss of generality, let customers believe that service
provider 1 is better with probability q0; i.e., Pr�v1 = vh�
= q0 and Pr�v1 = vl� = 1 − q0. We can rederive the
likelihood ratio conditions similar to Lemma 1, now
employing asymmetric priors, and show that the
equilibrium strategy satisfies the following condition:

a∗�1�n� = 1 �2� if l�n�≥ �≤�
1− g

g

1− q0
q0

�

a∗�2�n� = 1 �2� if l�n�≥ �≤�
g

1− g

1− q0
q0

�

At equality, customers are indifferent between
queues 1 and 2. Exploring fixed-threshold strategies
over the conditions, we find that
1. When q0 ≥ g, customers always join service

provider 1 at all states.
2. When q0 ≤ 1 − g, customers always join service

provider 2 at all states.
3. When 1− g < q0 < 1/2 and 1/2 < q0 < g, none of

the symmetric fixed-threshold strategies are in equi-
librium. We conjecture that customers always join a
longer queue identical to their initial prior at small
queue-length differences, and join a longer queue
opposite to their prior when those queues are much
longer.
The first two results are not surprising. Suppose

the strength of the private signal that the customers
acquire is much weaker than their initial priors. Then
the private signals that customers observe are not
strong enough to overcome the initial priors that cus-
tomers have against or for the service value from a
service provider. Hence, all customers follow what
the prior dictates. As a result, one service provider
attracts all customers and the queue lengths become
uninformative. When the priors are strictly asymmet-
ric, but neither too strong nor too weak, we find
that none of the symmetric fixed-threshold strate-
gies are in equilibrium. In the case with weak initial
priors, the equilibrium strategy will have charac-
teristics of the case with symmetric priors and the
case with extremely strong priors. In particular, we
conjecture that if q0 > 1/2, customers might follow
longer queue 1 when the queue difference is small.
They might follow queue 2 if it is the longer queue,
but only if queue-length difference is sufficiently
large.

5.3. Waiting Cost Challenges
The presence of waiting costs poses significant chal-
lenges to analysis. In this subsection, we discuss the
underlying complexity of analyzing waiting costs,
and defer a full analysis of the waiting cost problem
to future research. The model with waiting cost intro-
duces the customer to a trade-off she was not facing
before: Observing a long queue indicates that more
people chose this service, but it also indicates that the
customer will have to wait longer for the service. This
presence of additional trade-offs changes the prop-
erties of the equilibrium strategy we have derived.
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An additional issue is that given some waiting cost,
there is no tractable way to theoretically model a two-
queue system with large buffer space and analyze the
best response at each state. We illustrate this com-
plexity by considering the best response of a single
customer in the system.
Let c be the waiting cost per unit of time for cus-

tomers arriving at a system containing two symmetric
servers. Again, let � = 	0�1�2
 be the set of possible
actions that the customer can take upon arrival; 1 rep-
resents joining server 1, 2 represents joining server 2,
and 0 represents balking from the system.4 A mixed
strategy for this customer is then a mapping 
� � ×
� ×�2 → �0�1�. Let 
j�a� s�n� be the probability that
this customer j joins queue a after observing signal s

and state n (with
∑

a∈� 
j�a� s�n� = 1). Let 
i be cus-
tomer i’s strategy. Fix the strategy of all customers
j �= i at 
 . Customer i’s belief of the service value
upon observing �s�n� is Pr�v1 > v2 � n� s�
�. The cus-
tomer balks from the system if the expected valuation
on seeing the signal is lower than the waiting cost.
We can now characterize the best response of this cus-
tomer (similar to Equation (2)). Let BR�
� be the best
response of a customer to 
 . Then, 
i ∈ BR�
� if and
only if⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Ɛ�Vs � n� s�
� − c�ns + 1�/�

>max�0�Ɛ�V−s � n� s�
� − c�n−s + 1�/��

⇒ 
i�s� s�n� = 1�

Ɛ�V−s � n� s�
� − c�n−s + 1�/�

>max�0�Ɛ�Vs � n� s�
� − c�ns + 1�/��

⇒ 
i�−s� s�n� = 1�

max�Ɛ�V−s � n� s�
� − c�n−s + 1�/��

Ɛ�Vs � n� s�
� − c�ns + 1�/�� < 0

⇒ 
i�0� s�n� = 1�

(3)

There are two additional complications. Balking strat-
egy is introduced in the action set, and the difference

4 Note that the action 0 does not refer to joining some real queue 0,
but instead the action of balking from queues 1 and 2. We define
balking as joining queue 0 for notational simplicity. Note that the
customer does not observe n0, the number of customers who have
balked. This is commonly true: Customers often do not observe
those customers who decided to balk from the queues.

in expected valuations matters with respect to waiting
costs. Given this information, customers might fol-
low the longer queue, follow their signal, join the
shorter queue, balk on seeing a contrary signal, or
balk from the queues completely. However, given the
steady-state probabilities, �1�n� and �2�n�, their best
responses can be immediately determined.
To the best of our knowledge, closed-form expres-

sions for �1�n� and �2�n� for any strategy that could
simplify the problem do not exist. For specifying
the symmetric Nash equilibrium 
∗, we need 
∗ ∈
BR�
∗�. Characterizing the equilibrium requires solv-
ing steady-state probabilities for a two-dimensional
Markov chain for a given customer equilibrium strat-
egy. This is challenging from a queuing point of view.
Asymptotic approximations of the steady-state proba-
bilities are known only for the special case where cus-
tomers join shorter queues everywhere (Neuts 1981).
This is only a subset of the strategies required in our
equilibrium strategy determination problem. Even if
one obtains the long-run probabilities for a given
strategy, we still need to find the strategy that gen-
erates the long-run probabilities that are consistent
with the strategy. An analysis of such a model is
an intended future research direction. A finite wait-
ing space model with waiting costs is considered in
Veeraraghavan and Debo (2008).

6. Asymmetric and Unknown
Service Rates

Often, certain services require careful attention to
detail. For example, the assembly of a complex prod-
uct and completion of some service might require
a sequence of complex processes, skipping some of
which will decrease the time of completion, but also
decrease consumers’ valuation of the finished prod-
uct. For instance, customers might prefer to patronize
a service or listen to advice that is carefully con-
sidered. This may be the case in industries where
both the product and the production processes are
new and evolving. In these cases, customers might
have higher valuations for services that have taken
more time (i.e., have a slower speed). On the other
hand, for standardized or repetitive processes (such
as photocopying, brewing coffee) that have a mini-
mal number of operational steps, fast service could be
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an indication that all process steps were correct from
the first time they were executed. When the process
quality is less well controlled, some steps need to be
redone, increasing the process lead time and generally
degrading product quality. Longer processing time in
such cases could be due to a failure, and would cause
some reduction in valuation. Therefore, lower valua-
tions are correlated with longer service times. In such
cases, customers might have higher valuation for ser-
vices and processes that have higher speed.
In this section, we explore the equilibrium strate-

gies when service rates are unknown, but are either
positively or negatively correlated to the service
value. Define �i = �/�i, i = 1�2. The values �i are
common knowledge; however, the customers do not
know which service provider is the fastest and which
one is the slowest. We do allow the customers to
know whether the better server is faster or slower;
however, the customers still do not know which is the
better service provider. This assumption helps us to
maintain symmetry and tractability. In the beginning
of the game, the service values v1�v2 ∈ 	vh�vl
 such
that v1 �= v2 are determined. The realization of �v1�v2�

then immediately determines the service rates of both
providers, depending on whether the better server is
faster or the better server is slower. We consider the
two possible cases: The case when the better server is
slower (i.e., it has lower mean service rate) and the
case when the better server is faster. Again, we will
assume that server 1 is better, i.e., v1 > v2 without any
loss of generality.

6.1. When the Better Service Provider Is Slower
In cases when careful attention is required to pro-
vide better service, the customers know that the better
server is generally slower; i.e., they know that when
v1 > v2, then �1 > �2, and similarly when v1 < v2, then
�1 < �2. When the better service provider is slower,
then we show the following result.

Proposition 10. �0 is an equilibrium strategy under
asymmetric service rates ∀g ∈ �1/2�1�. This holds true as
long as the better service provider is slower; i.e., 1> �1 > �2.

Proposition 10 is especially significant because it
connects customer herding behavior to relative rates
of service completions and signal precision. Recall
from the discussion following Proposition 4 that with

symmetric and known service rates, the customers
may be indifferent between the two queues when
their private signal indicates the shorter queue; i.e., in
the symmetric case, in equilibrium the customers only
weakly prefer the longer queue. In contrast, here the
customers strictly prefer joining the longer queue. The
longer queue is long because either more customers
joined the queue, or the service speed at the server is
slower. In both cases, the customer infers that the ser-
vice provider is likely to provide higher service valu-
ation. The proposition further assists us in specifying
the market shares of service providers.

Corllary 11. Conditional on v1 > v2 (therefore 1 >

�1 > �2), server 1 is busy (and server 2 is empty) during a
fraction g�1�1− �2�/�1− �1− g��1 − g�2� of time. Server
2 is busy (server 1 is empty) during a fraction �1 − g� ·
�2�1− �1�/�1− �1− g��1 − g�2� of time.

Recall from the symmetric service rate case that the
market share of the high-quality service provider was
g. With the asymmetric service rates case, the market
share of the high-quality server (server 1) is g/��1−g� ·
��2�1− �1�/��1�1− �2��� + g� > g (because �1 > �2�.
Note that the better server always takes a strictly
higher market share than in the symmetric case. Fur-
thermore, the market share is increasing in signal pre-
cision g and decreasing in its service rate �1. Our
results imply that ex ante service rate uncertainty is
beneficial for the high-quality server as long as better-
quality service is associated with longer service time.
Recall from Corollary 7 that service rates when they

are known and symmetric had no effect on the mar-
ket shares of the servers. The higher-quality server
captures a market share proportional to the signal
strength. Corollary 11 generalizes this insight. Ser-
vice rate uncertainty, provided that the better server
is slower, actually increases the market share of the
high-quality server. In other words, the uncertainty
about service rates provides an alternative conduit for
the high-quality server to have even higher market
share without increasing the signal strength g. This
is due to the positive correlation between high value
and a long queue, and thus is particularly crucial in
markets where the production process or service is
known to be complex and time consuming.
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6.2. When the Better Service Provider Is Faster
When waiting for low-skill standardized processes,
customers know that the better service is generally
faster. That is, when v1 > v2, then �1 < �2, and sim-
ilarly v1 < v2 implies that �1 > �2. We obtain the fol-
lowing equilibrium strategy in the special case when
g = �2/��1 + �2�.

Proposition 12. If and only if g = �2/��1 + �2�, then
�
 is an equilibrium strategy. The customers never herd at
any state, i.e., customers always follow their signals regard-
less of queue lengths.

Proposition 12 provides a (knife-edge) condition
under which it is an equilibrium strategy for cus-
tomers to ignore queue-length information com-
pletely. The proposition underlines the significance of
the service process with respect to customer herd-
ing: Even though the queue lengths could contain
potential information about the service value, we
notice that uncertainty about the service rate, espe-
cially when the high-quality server provides fast ser-
vice, destroys the service value information. In the
case of Proposition 12, the signal strength is equal to
the normalized speed of the better server. We exam-
ine a customer who arrives at, e.g., a state �10�5�,
and sees signal 2. The customer rationalizes from the
public information that it is equally likely for server
1 to be better than server 2, and vice versa. This is
because l�10�5� = 1. She figures that because every
customer has followed her signal, therefore at least
10 customers have received signal 1 and 5 customers
have received signal 2 in the past. This might imply
server 1 is better, but she knows that server 1 is
also faster. Hence, it is also likely that more depar-
tures have occurred from server 1, and therefore it is
likely to be less busy. Because every customer follows
his or her signal, we have two independent M/M/1
queues, with load factor g�1 at the faster server and
�1− g��2 at the slower server. Using the steady-state
probabilities for both queues, we find the likelihood
ratio at some state n is l�n� = �g�1/��1 − g��2��

n2−n1 .
When the signal strength is such that g = �2/

��1 + �2�, we have l�n� = ��2/�1 · �1/�2�
n2−n1 = 1 ∀n.

Because the likelihood ratios satisfy the equilibrium
conditions (from Lemma 1) for following one’s sig-
nal at all states (i.e., �1− g�/g < l�n� < g/�1− g� ∀n),
the strategy �
 is an equilibrium strategy. In other

words, at every state, both the longer queue and the
shorter queue are equally likely to lead to the higher-
quality service provider. No updating of her private
belief occurs from the queue lengths, and she follows
her signal. Note that this result is striking because it
contrasts with the result of Proposition 2, in which the
customers never follow their private signals when the
service rates are known.
We provide limiting results when server 1 is much

faster or when server 2 is much slower than arrival
rates in the following proposition.

Proposition 13. 1. If 1 ≈ �2 > �1, then none of the
longer queue-joining finite fixed-threshold strategies �k

∀k ∈ N are in equilibrium.
2. If �1 ≈ 0 � �2, then ∀g ∈ �1/2�1� in equilibrium

customers join the shortest queue.

Proposition 13.1 reveals that none of the finite fixed-
threshold strategies are in equilibrium when the faster
server is better. In general, the equilibrium strategy
might be very complex. Customers might join shorter
queues at some states and longer queues at some
other states; thus, a nonthreshold strategy might be
an equilibrium strategy for all customers. Proposition
13.2 indicates that shortest queue-joining behavior
may occur despite the positive information externali-
ties of joining the longest queue. This is because infor-
mation from the service rate provides a much stronger
signal than customers’ private signal themselves. We
thus provide a crucial result: The signal from faster
service rates in the form of shorter queues could be
a much stronger public signal than a customer’s own
private belief at some states. The customers ignore
their private signal, and instead of joining longer
queues, they might join shorter queues.
In summary, when the worse service provider is

slower, longer-queue joining behavior may not always
occur (unlike the case when the better server is
slower). We provided conditions when customers
might not herd at all. By examining limiting cases, we
showed that customers might always join the short-
est queue if the faster server is very fast. We also
established that customers join shorter queues surely
at some states, when the load factor approaches one.
Notice that we have obtained significantly different
results from BHW, who do not consider an opera-
tional context when studying herd behavior. Queues
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are a natural restriction of the observed histories. Ser-
vice rate uncertainty can either reinforce or destroy
herd behavior.

7. Conclusion and Future Direction
In our model, customers face a choice between two
service providers with identical service rates and
unknown service value. Customers are endowed
with imperfect private information about which ser-
vice provider is better. They also observe the queue
lengths upon arrival. We have shown that customers
may weakly prefer to completely ignore their private
signal (when it does not indicate the longest queue),
and join the longer queue even if the longer queue
has only one additional customer.
Furthermore, if the better service provider has

slower service rates, we show that customers strictly
prefer to always join the longer queue. This equi-
librium behavior has a pronounced effect on the
dynamics of how a service provider’s consumer base
develops and decays. Existing research (e.g., Becker
1991) postulates that customers enjoy a show such
as Cats more because they prefer it more when a lot
of other customers also liked the show. We propose
that a large number of customers might go and see
a show like Cats, even if they do not surely know
if it is good, because they do know that many other
customers have seen it and therefore rationalize that
it must be good. There exists a rational explanation
from the perspective of each consumer that makes it
appealing for him or her to follow others’ actions,
even if this means ignoring his or her private sig-
nal. We have shown that such queue-joining strategy
is a consistent and rational strategy to employ while
choosing between servers with uncertain quality.
What about fickleness of demand? Can there be

episodes during which customers just do not patron-
ize a service provider, even though neither the service
provider nor its competitor has altered its opera-
tions? From our results, we know that congestion at
a service provider exists as another service provider
starves. Once the queue at the congested service
provider trickles to zero, things might improve for
the previously starving service provider, with positive
probability. We show that such epochs exist in equi-
librium, and starving cycles might alternate.

There is also the interesting role of fortuitous fac-
tors (due to signal realization when the queues are
empty) in determining the temporary success (or fail-
ure) of a service provider. Success or failure of a ser-
vice provider is a function of the realization of the
private signal of the “first” taster. This observation
also implies the underlying value of advertising and
wooing “early adopters” or “taste makers” or invest-
ing in better signalling. Building on this fortuitous
“first buyer” occurrence, the service provider can con-
tinue attracting customers through long queues even
if the service provider does not provide service with
the highest valuation in the market.
Only when queues are uninformative (e.g., because

they are equally long), an arriving customer decides
solely based on his private assessment (which may be
incorrect). Such a choice in turn decides which ser-
vice provider will become successful in the short run.
Path dependencies therefore play a significant role in
determining how customers choose between services,
and also affect how successful a service provider is in
the market.
One of our results, the cycles of high demand

followed by low demand, may also provide some
insights into differences between market dynam-
ics at large movie theater multiplexes and theaters/
Broadway shows. The length of the cycles of high
demand is determined by the seat capacity. For the-
ater shows, the capacity of the theater is usually
limited. Hence, the successful runs are long (unfor-
tunately, runs without demand also last long, and
a show may not survive). As multiplexes typically
have large capacity, the cycles are much shorter
than observed in theaters. Therefore, more shifts in
demand for movies should happen more frequently
than for theaters.
Our analysis also suggests that the market share of

the better service provider may increase when there
is uncertainty about the service rate that is negatively
correlated with the service value. There is possibly
an incentive for servers to mask the service pro-
cess in order to increase the uncertainty and make
queues doubly informative. Furthermore, a better ser-
vice provider gains market share from improving cus-
tomer information (strength of the signal) through
promotion and advertising and from reducing its ser-
vice rate.
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7.1. Applying Our Results
Our service selection model is based on three key
observations: (1) Arrival and service completion are
stochastic and they create queue dynamics. (2) The
queue lengths upon arrival are a natural truncation
of the system history for arriving customers. (3) Cus-
tomers infer information about the service quality
from observed congestion levels (queue lengths) and
act accordingly. These observations state in essence
that customers do not make a service selection deci-
sion in a “vacuum,” but they are influenced by the
“level of business activity” they observe. The equilib-
rium analysis of our model in this context leads to
property that while one firm attracts customers, the
other firm is idling. It leads immediately to the ques-
tions: Do we observe such behavior in the real world?
And, if not, what are the other drivers of service selec-
tion in the real world? In real life, we conjecture that
other confounding factors may play a role. We already
analyzed the impact of uncertainty about the ser-
vice rates. Such uncertainty can either reinforce herd
behavior (when high service value is positively corre-
lated with slow service rate), or annihilate it (in the
opposite case). We also discussed the role that waiting
costs may play. These factors significantly complicate
the customer’s value assessment. Furthermore, het-
erogeneity in terms of the preference for each of the
service choices, in terms of signal strength, in terms
of prior belief about the service providers, etc., sig-
nificantly impact the information that can be derived
from the congestion levels. Asymmetric priors about
the service value and service rates may also change
the equilibrium outcome. Finally, customers may not
be Bayesian decision makers; they may follow some
simple heuristics instead of Bayes’ rule.
Based on our research, we find that congestion

externalities in the presence of imperfect service qual-
ity information introduce
• Cycles of high demand followed by low demand,
• Negative correlation between demand at differ-

ent service providers, and
• Fickleness: Which service provider is thriving

more is determined by customers following their
private information when both service systems are
equally congested.
We conjecture that as long as the confounding fac-

tors are not too pronounced, the described phenom-
ena should be observed in real business environments.

Empirical verification of the described phenomena is
important, but also challenging. It has been a con-
sideration of many experimental economists recently.
Manski (2000) discusses many identification problems
that need to be overcome for a rigorous empirical veri-
fication of the interaction effects similar to those noted
in Becker’s model. Many of the results require careful
collection and calibration of primary and secondary
data. Such sophisticated data-modeling issues are cur-
rently beyond the scope of this paper. Hence, we think
that our framework may be a rich one for further
research.

7.2. Future Research
Because we examine the market in stationarity based
on fixed service rates, our model applies better to
scenarios like theaters, shows, etc., where customers
are served at static service rates. Although shows
can be made to run longer by deliberately under-
selling tickets, this idling of capacity will eventually
be inferred by the population. Furthermore, the pres-
ence of empty seats in a theater might dilute the valu-
ation of the product. Hence, we can envision scenarios
in which service providers do not dynamically adjust
the service. However, we recognize that such oppor-
tunities for idling services are widely existent, and
note that this is a rich avenue for further exploration.
Most of our analysis was tractable because we

could exploit the symmetry of service rates and prior
beliefs in deriving the equilibrium strategies. Relaxing
this symmetry poses analytical challenges because the
interior states are likely to be visited in equilibrium.
Although our model would continue to hold theo-
retically, for a complete analysis one has to resort to
numerical approaches to characterize the equilibrium
behavior in the asymmetric cases.
Finally, one significant challenge that remains is the

analysis of waiting costs. We have assumed in this
paper that there is no cost of waiting. Making this
assumption helped us focus our attention fully on the
information value contained in the length of a queue.
Although we believe that customers might take oth-
ers’ decisions into account while choosing between
queues, the analysis and the effect of waiting costs
remain a pertinent issue. We hope that our insights in
the case of herd behavior in queues without waiting
costs can form a basis for further research and explo-
ration of the issue posed by the cost of waiting.
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Appendix
Proof of Lemma 1. Before we prove Lemma 1, we obtain

the expressions for updated valuations. First, let us consider
the different action strategies that a customer can adopt. Let
vh and vl be the updated valuations of the services based on
the signal; i.e., E�vi � vi > v−i� = vh and E�v−i � vi > v−i� = vl.
The conditions we need to establish follow directly from the
expected valuation expressions. The updated expected ser-
vice value as a function of the signal s and queue lengths n
is given by

E�vs � n� s� = g�s�n�vh + �1− g��−s�n�vl

g�s�n� + �1− g��−s�n�
� and

E�v−s � n� s� = g�s�n�vl + �1− g��−s�n�vh

g�s�n� + �1− g��−s�n�
�

First, for notational convenience we suppress �n1�n2� in
�i�n1�n2� whenever necessary and denote �i�n1�n2� as �i

for i = 1�2. Similarly, l�n1�n2� = �1�n1�n2�/�2�n1�n2� is rep-
resented as l when there is no ambiguity that a general state
n1�n2 is being discussed. Expanding the notation for the
valuations we have

E�v1 � n�1� = l�g/�1− g��vh + vl

�g/�1− g��l + 1
> 0�

E�v2 � n�1� = l�g/�1− g��vl + vh

�g/�1− g��l + 1
> 0�

E�v1 � n�2� = �g/�1− g��vl + lvh

g/�1− g� + l
> 0�

E�v2 � n�2� = �g/�1− g��vh + lvl

g/�1− g� + l
> 0�

The above equations provide the valuations from each
queue based on the state of the system at arrival and the
signal observed by the arriving customer.

Because v > 0, the expected valuations of service from
both the servers are nonnegative. Therefore, the customer
never balks. We show that contradicting one’s signal never
occurs. Let us consider a customer who joins the queue
by contradicting one’s own signal. For this to occur, the
customer should perceive queue 1 �2� to provide bet-
ter service when she sees a signal value of 2 (1), i.e.,

E�v1 � n�1� ≤ E�v2 � n�1� and E�v1 � n�2� ≥ E�v2 � n�2� should
hold simultaneously.

E�v1 � n�1� ≤ E�v2 � n�1� and E�v1 � n�2� ≥ E�v2 � n�2��

l

(
g

1− g

)
�vh − vl� ≤ �vh − vl� and

l�vh − vl� ≥
(

g

1− g

)
�vh − vl��

l ≤
(
1− g

g

)
and l ≥

(
g

1− g

)
�

The conditions for contradicting signals are violated
because g > 1/2, �g/�1 − g�� > ��1 − g�/g�. Hence, we can
focus on actions that do not involve balking from the
queues or contradicting one’s signal.

Now we are ready to summarize the conditions for
choosing one queue over another given a particular signal
in terms of the likelihood ratio.

Signal 1: Customer would join queue 1; i.e., a�1�n� = 1 if
E��v1 � n�1�� ≥ 0 and E�v1 � n�1� − E�v2 � n�1� ≥ 0. We have
E�v1 � n�1� > 0 (which is clearly true). Furthermore, we need
E�v1 � n�1� ≥ E�v2 � n�1�,

l

(
g

1− g

)
vh + vl ≥ l

(
g

1− g

)
vl + vh

⇒ l�n� ≥ 1− g

g
for a�1�n� = 1�

Clearly, therefore, a∗�1�n� = 2 if l�n� ≤ �1 − g�/g. Thus,
a∗�1�n� = 1 �2� if l�n� ≥ �≤��1− g�/g.

Signal 2: Similarly, a∗�2�n� = 1 if E�v1 � n�2� > 0 and
E�v1 � n�1� ≥ E�v2 � n�1�.(

g

1− g

)
vl + lvh ≥

(
g

1− g

)
vh + lvl

⇒ l�n� ≥ g

1− g
for a�2�n� = 1�

Reversing the inequality we have a∗�2�n� = 2 if l�n� ≤
g/�1 − g�. The customers are indifferent at equality. Thus,
a∗�2�n� = 1 �2� if l�n� ≥ �≤�g/�1− g�. �

Proof of Proposition 2. If server 1 provides service
with higher valuation, a fraction g of the customers get the
true signal and the rest of the customers get a false signal
(that server 2 is better). If all customers choose to always
follow their private signal, the resulting queue at server 1
will be an M/M/1 queue with mean arrival rate g�. Sim-
ilarly, the queue at server 2 would be an M/M/1 queue
with arrival rate �1− g��. Furthermore, because the signals
are iid, the queues are independent. From the equilibrium
probability distribution of the M/M/1 queue, we obtain that
l�n1�n2� = �g/�1− g��n1−n2 . From Lemma 1, if this strategy
is in equilibrium, we require �g/�1− g��n1−n2 ≤ �g/�1− g��
∀n1�n2, which is not true. Hence, it can never be an equi-
librium strategy for a customer to always follow her private
signal. �
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Proof of Proposition 3. Without loss of generality, let
server 1 be better than server 2 (i.e., v1 > v2) for the following
analysis. Given a strategy (set of actions at every state by
all customers), we write the steady-state transition equations
and then solve for stationary probabilities. When server 2
provides higher valuation than server 1, we can write the
same steady state by suitably replacing g with 1− g.

Strategy �b is the strategy in which all customers fol-
low their private signal when �n1 − n2� ≤ b, i.e., when the
queue lengths differ no more than b. The customers follow
the longer queue if the lengths differ more than b. b might
denote the degree of importance of the private signal versus
the herding/longer-queue following behavior. If b is large,
then in a large number of states, the customers value and
follow their private signals instead of using the public infor-
mation (i.e., observed crowd at the servers). Similarly, if b is
small, the customers are more likely to follow the longer
queue than to follow their signal in a large number of states.

Consider a strategy of fixed threshold b. We can write
the steady-state balance equation at each state. Initially, let
us consider the balance equations at the outermost states,
i.e., all the states where the queue at server 2 is zero. The
customers follow the longer queue when arriving at states
�k�0� where k ≥ b + 1 and follow their own signal at all
states �k�0� where 0≤ k ≤ b. Recall that customers arrive at
rate � to the system and each server serves at rate �� Also,
let � = �/�. Let �m�n be the long-run stationary probabilities
of state �m�n� under some strategy when v1 > v2.

�k�0�� + �� = �k−1�0� + �k+1 �0� + �k�1� ∀k ≥ b + 2�

�k�0�� + �� = �k−1�0�g + �k+1�0� + �k�1� ∀1≤ k ≤ b + 1�

Adding all the equations for k = 1� � � � �
,

�� + ��

∑

k=1

�k�0

= �g
b+1∑
k=1

�k−1�0 + �

∑

k=b+2

�k−1�0 + �

∑

k=1

�k+1�0 + �

∑

k=1

�k�1� (4)

�� + ��

∑

k=1

�k�0

= �g
b∑

k=0

�k�0 + �

∑

k=b+1

�k�0 + �

∑

k=2

�k�0 + �

∑

k=1

�k�1� (5)

�
b∑

k=1

�k�0 + ��1�0 = �g
b∑

k=0

�k�0 + �

∑

k=1

�k�1� (6)

��1− g�
b∑

k=1

�k�0 + ��1�0 = �g�0�0 + �

∑

k=1

�k�1� (7)

Suppose the strategy was A1. When the fixed threshold
is equal to one, Equation (7) becomes

���1− g� + ���1�0 = �g�0�0 + �

∑

k=1

�k�1� (8)

���1− g� + 1��1�0 = �g�0�0 +

∑

k=1

�k�1� (9)

Writing a similar expression for �0�1 we have

��g + 1��0�1 = ��1− g��0�0 +

∑

k=1

�1� k� (10)

From the steady-state balance equations, we note that the
probability transition matrix when v1 > v2 is a transpose of
the transition matrix when v2 > v1. We have the likelihood
ratio at �1�0�:

l�1�0� = �1�0�v1 > v2�

�1�0�v2 > v1�
= �1�0�v1 > v2�

�0�1�v1 > v2�

= �g�0�0 + �
∑


k=1 �k�1

��1− g��0�0 + �
∑


k=1 �1� k

�g + �

��1− g� + �

= �g�0�0 + �A

��1− g��0�0 + �B

�g + �

��1− g� + �
�

where A = ∑

k=1 �k�1 and B = ∑


k=1 �1� k. We will show that
A > B.

If strategy �1 holds, we require l�k�1� > g/�1− g� ∀k > 1.
Then we have

�k�1 ≥ g

1− g
�1� k�

which gives

∑
k≥2

�k�1 ≥ g

1− g

∑
k≥2

�1� k >
∑
k≥2

�1� k�


∑
k=1

�k�1 >

∑

k=1

�1� k i.e. ⇒ A > B�

Now consider the steady-state balance equation for the
state �1�0:

���1�0 + �0�1� = ��0�0�

Substituting for �1�0 and �1�0 from Equations (8) and (10)
in the above equation gives[

�g�0�0 + A

��1− g� + 1

]
+
[

��1− g��0�0 + B

�g + 1

]
= ��0�0

⇒ ��g + 1�A + ���1− g� + 1�B = �2g�1− g��� + 2��0�0�

This gives A > �2g�1− g��0�0 > B.

�1�0

�0�1
= �g�0�0 + �

∑

k=1 �k�1

��1− g��0�0 + �
∑


k=1 �1� k

(
�g + �

��1− g� + �

)

= �g�0�0 + A

��1− g��0�0 + B

(
�g + 1

��1− g� + 1

)

>
�g�0�0 + �2g�1− g��0�0

��1− g��0�0 + �2g�1− g��0�0

(
�g + 1

��1− g� + 1

)

= �g�1+ ��1− g���0�0

��1− g��1+ �g��0�0

(
1+ �g

1+ ��1− g�

)
= g

1− g
�

The condition for following the signal condition is violated
at �1�0� (and at the state �0�1�) if all customers follow A1.
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Therefore, A1 is not an equilibrium strategy. The analy-
sis for �b is similar when thresholds b > 1, and therefore
is deferred to the technical appendix. This concludes the
proof. �

Proof of Proposition 4. First, we calculate the long-
run equilibrium probabilities under always following the
longer-queue strategy. Under this strategy, the customer
follows the signal at �n�n� ∀n. At other states, she fol-
lows the longer queue. It can be seen that only states
�n1�0� and �0�n2� with n1�n2 ≥ 0 will be recurrent states.
�1�n1�0� = g�n1 �1 − ��, �1�0�n2� = �1 − g��n2 �1 − ��, and
�1�0�0� = 1 − � satisfy the steady-state probability condi-
tions. We can obtain a similar expression for �2 and obtain

l�n1�n2� =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

g

1− g
n1 ≥ 1� n2 = 0�

1 n1 = 0� n2 = 0�

1− g

g
n1 = 0� n2 ≥ 1�

Following the signal at n1 = 0, n2 = 0 is an equilibrium
action if �1− g�/g ≤ l�n1�n2� ≤ g/�1− g�, which is satisfied
because �1 − g�/g < 1 < g/�1− g�. At all reachable states
�n1�0� n1 > 0 we have l�n1�0� = g/�1− g�, where customers
are indifferent and following the longer queue is consis-
tent with the strategy. Similarly, the condition of follow-
ing the longest queue when n2 ≥ 1�n1 = 0 is also weakly
satisfied.

Because b = 0, all the interior states are transient and the
only recurrent states are �n1�0� and �0�n2� with n1�n2 ≥ 0.
Hence, it follows that �0 is the only fixed-threshold equilib-
rium strategy. �

Proof of Proposition 5. Without loss of generality, let
server 1 be better than server 2 (i.e., v1 > v2) again. Consider
the class of strategies where customers mix between follow-
ing the signal and following the longer queue, along all the
recurrent states in �0 strategy. Let us stipulate that at state
�k�0� (and �0� k�) the customers follow their signal with
probability pk (0≤ pk ≤ 1) or ignore their signal, and follow
the longer queue with probability 1 − pk. Given a strategy
(set of actions at every state by all customers), we write
the steady-state transition equations and then solve for sta-
tionary probabilities. Using the derived probability distribu-
tions, regardless of the customer actions at the other (inte-
rior) states, we show that such a mixing cannot occur in
equilibrium. Specifically, we show that there exist at least
some k such that �k�0/�0� k > g/�1−g�. (For mixing to occur
at that state, we require �k�0/�0� k = g/�1 − g�.) Therefore,
there is at least one state where customers deviate and
join the longer queue. The details of how the inequality is
derived are established in the online technical appendix. �

Proof of Proposition 6. The first part of the proof
is similar to the proof of Proposition 3 in the paper,
where higher fixed queue difference threshold strategies
are ruled out. Consider any threshold strategy such that

T0 ≥ 1. Note that when T0 ≥ 1, some interior states
are recurrent. Writing the steady balance equations for
states on the outer arm, we show in the technical
appendix that there is some state within the threshold
at the outer arm, where the best response of an arriv-
ing customer would be to NOT follow the signal if all
other customers were to follow the signal within the
threshold.

For the second part of the proof, note that when T0 = 0,
all the states �n1�n2� where n1 > 0 and n2 > 0 are transient
for � < �. Only recurrent states are �n1�0� and �0�n2� for
any n1 ≥ 0 or n2 ≥ 0� When T0 = 0, the actions at all recurrent
states are identical to the strategy �0. This completes the
proof. �

Proof of Corollary 7. Follows directly from the proof
of Proposition 4. �

Proof of Proposition 8. �0 is in equilibrium when
firms survive only for a finite time without customers. The
proof is based on conditioning the �0 strategy on the num-
ber of firms in the market. See the online technical appendix
for the detailed derivation. �

Proof of Proposition 9. The proof for multiserver firms
is similar to the argument made in the proof of Proposition
4 for single-server firms, and therefore, is deferred to the
online technical appendix. Thus, we show that �0 continues
to exist as an equilibrium strategy even when the providers
have N multiple servers each. �

Proof of Proposition 10. Without loss of generality, let
v1 > v2 so that ��1 = �S� > ��2 = �F � > 0. We aim to prove
that �0 is an equilibrium strategy. Once again, we calcu-
late the long-run equilibrium probabilities under always
following the longer-queue strategy. The customer follows
the signal at �n�n� ∀n. At other states, she follows the
longer queue. It is evident that states �n1�0� and �0�n2� with
n1�n2 ≥ 0 will be recurrent states. Calculating the steady-
state probabilities, we get

�1�0�0� = �1− �1��1− �2�

�1− �1− g��1 − g�2�
= �1− �S��1− �F �

�1− �1− g��S − g�F �
�

�1�n1�0� = g�k
1�1�0�0� ∀n1 ≥ 1�

�1�0�n2� = �1− g��k
2�1�0�0� ∀n2 ≥ 1�

Similarly, when v2 > v1, we get

�2�0�0� = �1− �1��1− �2�

�1− g�1 − �1− g��2�
= �1− �S��1− �F �

�1− �1− g��S − g�F �
�

�2�n1�0� = �1− g��k
2�2�0�0� ∀n1 ≥ 1�

�2�0�n2� = g�k
1�2�0�0� ∀n2 ≥ 1�

Now consider likelihood ratios at all recurrent states;

l00 = �1�0�0�

�2�0�0�
= �1− g�1 − �1− g��2�

�1− �1− g��1 − g�2�

= 1 follow signal�
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lk0 = �1�k�0�
�2�k�0�

= g�k
S�1�0�0�

�1− g��k
F �2�0�0�

=
(

g

1− g

)
�k

S

�k
F

>
g

1− g
follow the longer queue for all k�

l0k = �1�0� k�

�2�0� k�
= �1− g��k

F �1�0�0�
g�k

S�2�0�0�
=
(
1− g

g

)
�k

F

�k
S

<
1− g

g
follow the longer queue for all k�

Therefore, �0 is an equilibrium strategy and customers
strictly prefer joining the longer queues. �

Proof of Corollary 11. Directly follows from the proof
of Proposition 10. �

Proof of Proposition 12. Without loss of generality, let
v1 > v2 so that �1 = �F = �g/�1 − g���2 = �g/�1− g���S . We
aim to prove that �
 is an equilibrium strategy where every
customer follows his signal at all states. Under this strategy,
we have two independent M/M/1 queues: one with arrival
rate g� and service rate �1, and another queue with arrival
rate �1−g�� and service rate �2. Calculating the steady-state
probabilities when v1 > v2, and when v2 > v1, we get

l00 = �1�0�0�
�2�0�0�

= �g�1�
0�1− g�1��1− �1− g��1�

��1− g��1�
0�1− �1− g��1�

= �1− g�F ��1− �1− g��S�

�1− �1− g��S��1− �1− g��F �
= 1�

lmn = �1�m�n�

�2�m�n�

= �g�F �m�1− g�F �

��1− g��S�
m�1− �1− g��S�

��1− g��S�
n�1− �1− g��S�

�g�F �n�1− g�F �

=
(

g�F

�1− g��S

)m−n

= 1 ∀m� n�

Hence, all customers rationally follow the signal at every
state. Therefore, �
 is an equilibrium strategy. Customers
do not herd at any state of arrival, regardless of the differ-
ence between queue lengths. �

Proof of Proposition 13. For part (i), it is straightfor-
ward to show �0 is not an equilibrium strategy because
lk0 = �1�k�0�/�2�k�0� = g�k

F �1�0�0�/��1 − g��k
S�2�0�0�� =

�g/�1 − g���k
F /�k

S < g/�1 − g�. We consider other fixed-
threshold strategies �b with thresholds b ≥ 0. The detailed
proof is provided in the technical appendix, but a sketch of
the proof concept is provided here. We begin by summing
up the probabilities of all the states along the ith diagonal.
Because �2 ≈ 1, we have �i�0 → 0 ∀ i. Because the service
rates are high, the process behaves asymptotically as a birth
and death process on both sides of the diagonal, with each
state being one of “diagonals” (where the ith state is defined
as the sum of the states

⋃
k�k + i� k�). Then consider the

asymptotic limiting expression for the bth upper and lower
diagonals (the bth state in the birth and death process). We
find that there is at least one state along the �k + b + 1� k�

diagonal such that the customers’ best response at that state
is to follow their signal. (Strategy �b requires that they fol-
low the longer queue.) Therefore, �b cannot be in equilib-
rium. Part (ii) is similarly proven by taking the load factor �
asymptotically to zero. �

Electronic Companion
An electronic companion to this paper is available on
the Manufacturing & Service Operations Management website
(http://msom.pubs.informs.org/ecompanion.html).
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