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Abstract

This thesis deals with models of strategic behavior of customers in service systems (i.e.,
rational queueing). It touches on two complementary parts in the rational queueing
literature: observable and unobservable queueing models. In the context of observable
queues, we point out properties that imply the infamous Naor’s Inequality, suggest model
applications for our findings, and further provide simple examples where the inequality
does not hold. In the context of unobservable queues, we investigate two different
concrete models: In one model we introduce a noncooperative multi-player game of
individual rational users sending data-packets in a Cognitive Radio Network with the
opportunity of spectrum sensing. In the other model we study the impact of tipping in
a service facility on the server’s tipping wage, in the presence of an endogenously formed
social norm. We provide a comprehensive Game Theoretic and Queueing analysis in

both models and discuss equilibrium and socially optimal behavior.
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Chapter 1

Introduction

Coping with congestion is a task we are faced with on a daily basis, in traffic, in health-
care, at the grocery store, or even at our office kitchenette. Congestion affects us even
when its presence is intangible, for instance while surfing the internet, waiting for an
Uber driver, etc. Motives for avoiding congestion include saving time and reducing ex-
penses, and, as much as for us, the customers, congestion is a far-reaching phenomenon

of concern for system operators and managers.

In a typical metropolitan morning, every single commuter among millions chooses, out
of a large set of alternatives, when and how to get to work. The commute-time of
each such traveler depends on the over-all congestion brought about in the city’s trans-
portation infrastructure, which is the outcome of the commuters’ preferences. Is the
infrastructure utilized optimally? And how would the commute be affected by changes
in the infrastructure, for example, like paving a new road? These questions call for
devising a suitable mathematical model. The focus of my research is on the modeling
and analysis of such systems, professionally known as Queueing Systems. Specifically,
it revolves around interactions of decision-making customers and/or service providers,

and the way they induce congestion in queueing systems.

Classical Queueing Theory mainly studies the performance of congested dynamic sys-
tems when customers follow predetermined behavior. Yet, it lacks the attributes that
capture the decision-making process customers undertake when they experience con-
gestion. Often referred to as Rational Queueing (see Hassin and Haviv (2003), Hassin
(2016)), my field of interest combines tools of Queueing Theory, together with Game
Theory as well as Revenue Management and Optimization, to study the strategic be-
havior of customers and operators in queueing systems, and, to gain interesting and

applicable operational insights.
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Customers in service systems act independently in order to maximize their welfare. Yet,
each customer’s optimal behavior is affected by acts taken by the system operator and/or
by other customers. The result is an aggregate “equilibrium” pattern which may not be
optimal from the point of view of society as a whole. Of particular interest in the game
theoretic approach is the notion of Nash Equilibrium, i.e., a situation (strategy profile)
in which no customer has any incentive to change her own decision. Typical questions

we attempt to answer in our research are:

1. What are the equilibrium and the socially optimal strategy profiles in the under-

lying game/decision problem?

2. What managerial steps can be taken such that the socially optimal welfare and/or

the optimal revenue for the operator is met in equilibrium?

At the core of our research is studying these matters, but also addressing other issues

of importance that arise upon exploration.

This thesis is divided into two complement parts: (a) Observable queueing models
(Chapters 2 and 3), in which customers gain information about the system at their
arrival, thus, the impact of this information is crucial for their decisions; and (b) Un-
observable queueing models (Chapters 4 and 5), where customers choose actions based
on how they expect the system to perform given that other customers are also act

strategically.

1.1 Observable Queues

Observable queues are queueing systems in which customers arrive at a service station,
observe its state, and based on this information and other common knowledge, they
choose an action that maximizes their welfare. When the action is either to join the
system or to balk, and balking does not bring about any gain or loss, rational customers
will join as long as their expected total value from joining is nonnegative. This results
in threshold joining — customers join only in positions smaller than some predetermined
threshold.

The next two chapters 2 and 3 are based on Hassin and Snitkovsky (2019) and deal
with systems of observable queues. Specifically, in Chapter 2, we introduce and provide
general sufficient conditions for a common economic phenomena in observable queueing-
models we refer to as Naor’s Inequality, namely, the monopolist’s tendency to overpricing
in service systems. In Chapter 3 we apply our results derived in Chapter 2 to many

concrete models. All in all, we use these to
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1. settle a conjecture and/or prove Naor’s inequality in 10 different models (discussed
in Adler and Naor (1969), Boudali and Economou (2012), Hasenbein and Chen
(2016), Li and Han (2011), Sun and Li (2012), Sun et al. (2018), Wang et al.
(2014), Zhang et al. (2014), §3.5,83.7) and in some special cases of 3 other models
(discussed in D’Auria and Kanta (2015), Kerner (2011) and Kim and Kim (2016));

2. generalize theoretical results for Naor’s inequality obtained in 4 previous papers
(Economou and Kanta (2008a, 2011), Knudsen (1972), Naor (1969) and Simonovits
(1976)).

Finally, we provide two examples of models that do not satisfy the inequality.

1.2 Unobservable Queues

In the previous chapters we assume that customers select their actions based on the
observed state of the system, hence their strategy is a mapping between states and
actions. In the chapters hereafter, we study models where customers cannot observe the
queue prior to their actions. The basic unobservable M/M/1 queue were first studied by
Edelson and Hildebrand (1975) In terms of analysis, the fundamental difference between
the observable queue model, as introduced by Naor (1969), and the unobservable one
by Edelson and Hildebrand (1975), is that the latter requires a game theoretic analysis,
while in the former, a customer’s decision is independent of other customers’ actions

(vet depends on the observed state).

Motivated by applications of CRNs and Last-Mile Delivery services, Chapter 4 studies
a queueing network composed of separated service facilities — one unbounded-capacity
queue and one loss system. Time-sensitive customers have to decide weather to join the
queue (whose length is not known upon arrival, hence the model is unobservable) or to
try to join the loss system, at the risk of being rejected. A corresponding cost-reward
structure yields a trade-off between the two options, and the equilibrium strategy profile
is analyzed. Comparing the equilibrium and the socially optimal strategies, we arrive
at the paper’s key result: Contrary to intuition generated by former theoretic results,
customers may choose the pricey option more than what is socially preferred. This

chapter is based on a paper by Hassin and Snitkovsky (2017).

In Chapter 5 we study a model of an unobservable, single-server priority queue where
customers bid for priority. Customers bidding strategy reflect their need for faster
service, but is also affected by a behavioral component — i.e., a social norm. This model

is motivated by patrons tipping-behavior at service systems, and is based on a paper by
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Debo and Snitkovsky (2018). Our model provides answers to the following, fundamental
questions: (1) Is adding a social norm sufficient to induce all customers to tip? (2) How
does a social norm impact tipping wage and demand? In the context of the raising
popularity of restaurants adopting a no-tipping policy, we compare a business model

with a service fee versus one with a tip.



PART I: Observable Queues



Chapter 2

Social and Monopoly
Optimization in Observable

Queues

2.1 Background and Motivation

Economists consistently argue that monopolies are undesirable, because a monopolist
restricts production from what a competitive industry would do, under-exploiting the
resource in the market, thereby violating economic efficiency. By contrast, if a shared
resource is offered free of charge to self-serving individualistic consumers, the collective
action often leads to depletion due to overuse. In queueing systems, the underlying
product is the service, whose quality usually decreases with system congestion, which
in turn, determines the effective demand. This gives rise to a welfare-optimization
problem of admission control, which is implemented by imposing an entrance fee. An
advantage in studying pricing in strategic queueing systems, is that customers’ strategic
considerations, alongside the utility structure and the fee, utterly dictate the demand,
without having to assume an exogenous demand function. In this work, we suggest a
unified approach for studying the aforementioned economic phenomena in the context

of Observable Queues.

Naor (1969) studied an observable M/M/1 queue with risk-neutral customers who choose
between joining or balking. Naor defines three different threshold strategies: The first is
the individually optimal (or equilibrium') threshold, n., which is the threshold followed

by customers who join if and only if their expected value from joining is nonnegative.

lin dominating strategies
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The second is the socially optimal threshold, n,, which is the threshold that maximizes

aggregate social welfare per unit time.

The third threshold strategy is derived as follows; Consider a toll-collecting profit-
maximizing agency (a monopolist) — this agency seeks to impose a fixed toll which
maximizes the rate of payments to the server. When a toll is imposed, strategic cus-
tomers join as long as their surplus (net of toll) is nonnegative, resulting in a joining
threshold corresponding with the toll chosen. Moreover, the monopolist chooses the toll
such that for the induced threshold n,,, the customer joining in position n,, is indiffer-
ent between joining and balking (otherwise the price can be increased without affecting

demand). Hence, the problem can be viewed as searching for an optimal threshold, n,,.

The key finding in Naor (1969) is that n,, < n, < n., namely, the effective demand in
monopoly is less than the socially optimal demand, which is less than that in equilibrium.

Throughout this work we will refer to this three-part relation as Naor’s inequality.

The part n, < n. in Naor’s inequality is fairly intuitive, and results from a fundamen-
tal externalities-based argument (see Proposition 2.3): The joining of a customer may
increase the joining position of future customers, which in turn translates into cost.
Joining position n. (or higher) is non-beneficial for the individual, let alone for whole
society. This economic phenomenon can be viewed as what was named by Hardin (1968)
as the tragedy of the commons — under the conditions of scarcity, selfish consumers natu-
rally impose costs on the society. As consumers ignore these negative externalities, they
will tend to over-exploit the resource. We briefly discuss this part of the inequality and

elucidate this well-known result.

The relation n,, < n,, however, need not hold in general, and when it does, it is not easily
justified by a simple ramification of an externalities-like argument. Yet, we show, that all
the models satisfying n,,, < n, in the literature share the following fundamental property:
As the monopolist increases the threshold, customers’ share of the total welfare increases.
For thresholds greater than n,, the total welfare decreases, hence the monopolist’s share
decreases too (see Proposition 2.5). Still, proving that customers’ share increases with
the threshold can be complex: It relies on the simultaneous impacts that changing the

threshold makes on the price, the joining probability, and the system’s congestion.

Following Naor’s work, we discuss sufficient conditions that establish the inequality
nm < M, in a general queueing setup. Later, in Chapter 3 we express these conditions’

substance by applying them to a vast range of examples.
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2.2 Literature Review

This work builds on a line of research started with a paper by Naor (1969), considering
strategic customers in an M/M/1 system. The fundamental relation n, < n. in Naor’s
model and its extensions is studied extensively in the literature. Restricted to threshold
strategies, many of Naor’s extensions and generalizations deal with non-exponential
service distribution®. Johansen and Stidham Jr. (1980) address the inequality n, < n,
in GI/G/1 queues with a generalized cost structure, in finite and infinite horizon®. Adler
and Naor (1969) show a continuous analog to n, < n. in terms of workload, in M/D/1
queues with linear waiting cost. In general, for non-exponential service distributions, an
equilibrium in pure threshold strategies need not exist (see, for instance Kerner (2011),
Altman and Hassin (2002)). We discuss this observation thoroughly in §3.10, studying
Naor’s inequality in M/G/1 systems.

Assuming exponential service, the inequality n, < n. has been studied by Lippman and
Stidham Jr. (1977) and Stidham Jr. (1978) in a general cost structure, with finite and
infinite horizon. However, it is not always true that the welfare optimizing control is of
threshold type. Mendelson and Yechiali (1981) show, in a GI/M/1 system with linear
waiting costs, that conditional acceptance strategies, which allow the reneging of the last
customer in the queue, may increase social welfare. When reneging is prohibited, as in
the present paper, Yechiali (1971, 1972) shows how to compute n, in GI/M/s systems.
Xu and Shanthikumar (1993) and Wang Wang (2016) deal with calculating n, using the

so called dual approach method?.

Some papers, such as Hassin (1985) and Haviv and Oz (2016), focus on designing mech-
anisms for system regulation, such that the socially optimal threshold is met in equilib-
rium, that is, n, = n.. In a related work, Kim et al. (2011) analyze the last-come first-
priority regime in M/M/s heterogeneous-servers systems and show it implies n, = ne.
We discuss examples of G/M/s queues with homogeneous and heterogeneous servers in
§3.2. Other papers we refer to later concerning the relation n, < n. include D’Auria
and Kanta (2015) and Kim and Kim (2016) for tandem queues, and Li and Han (2011)

for queues with breakdowns.

Being less intuitive, the complement part of Naor’s inequality, n,, < n,, has received
less attention in the theory. Knudsen (1972) generalizes Naor (1969), showing that
N < ne for M/M/s queues where customer utility is non-increasing and concave in the
joining position. Simonovits (1976) also generalizes Naor (1969), but does not generalize

Knudsen (1972), showing a similar result for GI/M/s queues and linear non-increasing

2For a survey on strategic queueing with non-exponential service distribution see Hassin (2016)§2.1.2.
3For a survey on optimal admission control in queues see Stidham Jr. (1985).
“For more information, see Hassin (2016)§2.2.
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utility. Economou and Kanta (2011) prove that n,, < n, for a FCFS Orbit queue with
linear non-increasing utility, and an analogous result in Economou and Kanta (2008a)
for Naor’s model with compartmented waiting space. Other papers (e.g., Boudali and
Economou (2012), Hasenbein and Chen (2016), Sun and Li (2012), Sun et al. (2018),
Wang et al. (2014), Zhang et al. (2014)) provide numerical support for n,, < n, in

several different models.

The inequality n,, < n, can be interpreted as the monopolist’s tendency to reduce
effective demand by overpricing its service. De Vany (1976) considers an observable
queue with an exogenous, price-dependent arrival rate, and shows the monopolist always
overprices the service. However, the arrival rate being dependent on the price suggests
that customers are heterogeneous, which is inconsistent with the analysis®. Thus, the
explanation by De Vany (1976) is not valid when the effective demand is endogenously

formed, as in this work, due to customers decisions.

2.3 Model Description

First, we introduce the queueing process: Consider a service system with a single queue
in which the waiting slots are totally ordered. There is an exogenous arrival process of
potential homogeneous customers to the system which is a general stationary counting
process®. The queue is observable: Upon arrival to the system, a customer is offered a
joining position, which is the total number of customers in the system if that customer
joins’. Given the offered position, the customer then chooses either to join that position

or to balk.

Definition 2.1. A pure threshold joining strategy n € N® is a joining rule of the form:

“Join if and only if the offered position is not (strictly) greater than n.”

It follows that when customers adopt an n-threshold strategy, the positions likely to be
offered (i.e., with positive probability) take values on the set {1,...,n 4 1}, and when

position n + 1 is offered the customer balks.

We further assume that the sequence of offered positions, embedded at arrival instants,
converges in distribution for every threshold strategy n, and we denote its limit by
Q™. In other words, the random variable Q™ denotes the offered position for an

arriving customer in steady-state, assuming the entire population follow the threshold

°For criticism, see Chen and Frank (2004).

SWe allow for group arrivals (that is, the possibility of zero inter-arrival times) as long as the order
of customers within a group is defined.

A slight exception is made in §3.2.2, §3.8 and §3.9.

8Taken as the set of positive integers, 1,2,3, ...
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n. Naturally, we assume that for all n, QM <, Q™+ (where ‘<’ denotes usual
stochastic-order domination), namely, increasing the threshold causes higher congestion

in steady state.

Next, we define the utility structure. Every joining position is associated with a value
which is independent of customers joining strategy: For k € N, let u(k) be the expected
utility for a customer who joins the system in position k. A balking customer, w.l.0.g,
receives zero utility. Thus, utility-maximizing customers join position k if and only if
u(k) > 0, otherwise they balk. We emphasize that the assumption that u(k) is a function
of sheer position implies that u(k) can be assessed without having to conjecture the other

customers’ strategy, in which case we say that u(k) is strategy independent.

To simplify the notation, we let B,, = {Q™) = n + 1}, and denote its complement event
by J, = {Q(”) <n+1}. Recall that Q™ represents the stationary offered position
embedded in arrival instants for threshold n. Thus, the event B, corresponds to the
balking of an arbitrary arriving customer, whereas J,, corresponds to the case she joins.
When customers follow threshold n, an arriving customer’s utility, S, is a random

variable that depends on Q™ and can be expressed as
g(n) — u(Q(”)) 1y, (2.1)

where the random variable 1, is the indicator function of the event J,.

When the service provider is a non-discriminating monopolist, her revenue per customer
is the toll levied when that customer joins, and zero otherwise. The monopolist collects
the same toll from every joining customer, and customers join as long as the toll is not
greater than their expected net benefit. As explained in Hassin and Haviv (2003)§2.4,
the optimal toll levied by the monopolist is either of the form w(k) for some k € N,
or limg_, u(k) (otherwise, by increasing the toll, the monopolist can increase profit
without affecting the admission process). In other words, to induce a threshold n, the
monopolist charges an admission fee equal to the utility of the customer who enters in
position n. We define the random variable M (™) as the monopolist’s revenue per arriving
customer:

M®™ =y(n)-1y,. (2.2)

The expected social welfare and the monopolist’s expected profit, per customer, as
functions of the threshold n, are E(S (”)) and E(M (")), respectively. We denote

ne = max{n € N|u(n) >0}, n,=arg maIiT(E(S(")), Ny = arg maI%(E(M(")), (2.3)
ne ne
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when the maximum is attained, otherwise co. When finite, we assume n, (similarly,
Nm) 18 unique, otherwise we simply take the smallest n, (similarly, n,,) such that the
function E(S™) (similarly, E(M (™)) is maximized.

We further denote the random variable D™ = §() — Mf(")  An interpretation for D™ is
that it represents a random customer’s net surplus (utility minus fee) in the monopolistic

system of threshold n, that is, with admission fee u(n).

Definition 2.2. The system satisfies Naor’s inequality if n, < n, < ne.

In what follows, we focus on deriving sufficient conditions for Naor’s inequality.

2.4 Basic Results

The following Propositions 2.3 and 2.4 are well known in the literature in various versions
and phrasings (see e.g., Hassin and Haviv (2003)§2.1), therefore their proofs are omitted.
The results achieved hereafter build on these propositions, therefore we find it necessary

to reiterate them while using the setting and definitions presented above:

Proposition 2.3. If the sequence {u(k)}32, is non-increasing, then n, < ne.

This result is due to the negative externalities generated when customers join: Suppose
that an arriving customer joins position n + 1 or higher. Clearly, she will incur negative
utility. Since {u(k)}?2, is non-increasing and congestion increases with the joining of
new customers (Q <g Q(t1), her joining may only reduce the utility of arriving
future customers. Customers who arrived before her are not affected. Thus, overall, this

customer’s joining causes a strict decrease in social welfare, meaning n, < ..
Proposition 2.4. If the sequence {u(k)}?2 | is non-increasing, then npy, < ne.
This statement is rather obvious; By the definition of ne, u(ne + 1) < 0. To induce

a threshold n > n., the monopolist should charge price u(n) < 0, implying negative

expected revenue.

2.4.1 Fundamental Result

The next statement, although intuitive, is new and not mentioned in the literature. This
proposition is, in fact, the core building block in this chapter, in the sense that all of

our results concerning Naor’s inequality rely on it:
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1 N Mo Ne
n

FIGURE 2.1: A graphical interpretation of Proposition 2.5. The vertical dotted lines
reflect the sequence E(D("f’)) , E(D(’L°+1)), ..., whose lengths are increasing, which im-
plies n,, < n,.

Proposition 2.5. If the sequence {u(k)}72 , is non-increasing, and E(D(”)) < E(D("+1))

for all n € [ng, nel, then ny, < n,.

The proof of Proposition 2.5 is in Appendix A.1. A graphical interpretation is depicted
in Fig. 2.1.

The meaning of the condition E(D(”)) < E(D("+1)) is that when the threshold increases
above n,, customer expected surplus in the monopolistic system increases too. However,
n, maximizes the overall social welfare and increasing the threshold above n, reduces
overall social welfare. Therefore it must be that the monopolist’s share decreases. Thus,

the monopolist chooses a threshold not greater than n,.

In contrast to Propositions 2.3 and 2.4 which only depend on the structure of the util-
ity, the condition of Proposition 2.5 depends both on the utility structure and on the
queueing dynamics. This can be easily seen via the definition of E(D(”)). We shall see
later, in §3.11, that unlike in Propositions 2.3 and 2.4, {u(k)}}2, being non-increasing

is not a sufficient condition for n,, < n,.

Verifying the condition of Proposition 2.5 can sometimes be challenging. The reason
being that increasing the threshold in the monopolistic system (which is done by reduc-
ing the price) may have contradicting effects on customer surplus; On the one hand, it
reduces both the balking probability and the admission fee (which in turn increase cus-
tomer expected surplus). On the other hand it involves joining a longer, more congested
queue, which decreases customer surplus. Despite the complexity, we shall show how
several common features, shared among many models, can be utilized in verifying the

condition.
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2.5 Key Assumptions

Our goal is to prepare the ground for introducing Proposition 2.10, which provides a more
easily-verified equivalent to Proposition 2.5. We precede the analysis by introducing, and

later on discussing, two basic assumptions:

(A-i) The expected utility for a customer is a strategy-independent non-increasing func-

tion of her joining position, i.e., u(1) > u(2) > u(3) >

(A-ii) For every threshold® n € N, the stochastic ordering Q™ <y Q"D <y Q™ +1
holds.

An equivalent representation of Assumption (A-ii) is the following (see Shaked and
Shanthikumar (2007)§1.A.1): For every n € Nand k € {1,...,n+ 1},

Pr(Q™ > k) < Pr(Q"™™) > k) < Pr(Q™ >k —1).

Unless stated differently, we assume henceforth in the analysis that Assumptions (A-i)
and (A-ii) hold. To avoid trivialities, we further assume u(1) > 0, otherwise customers

have no incentive to join, implying n,, = n, = ne = 0.

2.5.1 Discussion of Assumption (A-i)

Assumption (A-i) is the most fundamental property in the discussion of threshold strate-
gies, and is in accordance with the assumptions made by Knudsen (1972) and Simonovits
(1976). This assumption implies that customers, as they join (thereby increasing the
queue length), induce negative externalities on future arriving customers. These ex-
ternalities are the key explanation for the segment n, < n. in Naor’s inequality (see
Proposition 2.3). However, n. might be strictly larger than n, if there exists & such that
u(k) < u(k+1).1°

The most prevalent example for a strategy-independent utility is given by Naor (1969),
where customer waiting cost is linear, and u(k) = R — %, for positive constants R,
C and p. The optimal joining criterion for a customer is to join position k if and
only if R — % > 0, regardless of the decisions of others, meaning this is a dominant
strategy. Consider, on the contrary, the model with linear waiting cost and Egalitarian

Processor-Sharing service regime, studied by Altman and Shimkin (1998). An arriving

?Once n, and n. are defined (see (2.3)), this assumption can be relaxed to “for every n € [n,,ne|”.
198ee, for example Hassin and Haviv (2003) §1.5.2.
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customer’s sojourn time is a function of both the observed number of customers and of
future customers’ joining strategy. Hence, her utility is a function of those two as well.

Models such as Altman and Shimkin (1998) do not comply with Assumption (A-i).

Intuitively, it may be argued that the assumption that u(k) is strategy independent is
a direct consequence of the FCFS regime. Particularly, in a G/M/1 FCFS system with
customer utility depending only on waiting time, u(k) is indeed strategy independent.
Yet, assuming FCFS is not required in our general setup, because once we have defined
u(k) for every k € N, the relation between the utility and the actual waiting time is
no longer relevant. For instance, if we assume in Naor’s model (Naor (1969)) that
a customer, regardless of her actual waiting time, receives R — % immediately after
joining position k, then the analysis remains as in the original model, under any work-

conserving'! service regime.

It should be mentioned in this context that there exist models studying FCFS queues
where the utility is not strategy independent (see, for example, Burnetas and Dimi-
trakopoulos (2018)). Conversely, some models, like the one studied by Economou and
Kanta (2011) (see §3.9), and the one in §3.7, are such that although the service regime
is not FCFS, u(k) is still strategy independent.

2.5.2 Discussion of Assumption (A-ii)

Assumption (A-ii) relates to the queueing process, but not to the utility structure. We
use this assumption in the analysis as a tool for comparing the same system operating
under different thresholds, n and n + 1. To put into words, Assumption (A-ii) means
that as one increases the threshold in the system from n to n+ 1, the (random) number
of customers in the system grows (stochastically), but does not grow as much as having
one extra customer in the system all the time. Despite this property being intuitive and
applicable for a broad range of common queueing models'?, to the best of our knowledge,

there is no previous reference to it in the queueing literature.

Roughly speaking, by introducing Assumption (A-ii), we are able to bound the amount
by which congestion grows in the system when the threshold increases by one. It allows us
to assume w.l.0.g that when a customer is offered position k in a system with threshold n,
then a customer arriving at the same time to the system with threshold n + 1 is offered
either position k or k£ 4+ 1. Relaxing this assumption opens the door to pathological

examples, where the systems with thresholds n and n + 1 are substantially different, so

1 Assuming a non-work-conserving regime in Naor’s model can change the stationary distribution of
Q™ therefore work conservation is required.
Zincluding G/M/s, M/G/1, models incorporating vacations, catastrophes, retrials and more (see §3).



Social and Monopoly Optimization in Observable Queues 15

much that they resemble two separate, unrelated and incomparable processes. Lacking
a solid basis for the comparison of the system operating under different thresholds, the
attempt of searching for a meaningful conditions for Naor’s inequality seems futile. An
example for a queueing system where Assumption (A-ii) does not hold is given in §3.11.2,

clarifying why this assumption is crucial in proving Naor’s inequality.

When the distribution of Q™ is given explicitly, Assumption (A-ii) can be verified
algebraically. Of course, most challenging are cases where the stationary distribution is
not easily expressed, and one has to utilize properties of the queueing process to establish
Assumption (A-ii). In particular, in Section §3.10 we show that if the system is M/G/1
then the assumption holds. One very common property that implies Assumption (A-ii)

is memoryless (either discrete or continuous) service. Formally:

Proposition 2.6. In a non-anticipating regime where at any time instant, the residual-

service requirements of all customers are i.i.d (memoryless), Assumption (A-ii) holds.

The proof of Proposition 2.6 is in Appendix A.2.

2.6 Prior Results

Next we mention two results (Propositions 2.7 and 2.8) that are the most general con-
ditions for n,, < n, so far appearing already in the literature. The proofs of these
propositions are omitted as they appear in Knudsen (1972) and Simonovits (1976).
Regarding the arrival process, we write G to indicate a general stationary processes
(inter-arrival times need not be independent), and GI to indicate a renewal processes.
When referring to customers’ service duration, unless stated otherwise, we assume they

are independent.

Proposition 2.7 (Knudsen (1972)§6, Theorem 2). Assuming (A-i), if the system is an

M/M/s, and {u(k)}?2, is a concave sequence, then n, < n, < ne.

Proposition 2.8 (Simonovits (1976)85, Proposition 2). Assuming (A-i), if the system

is a GI/M/s, and {u(k)}?2, is a linear sequence, then npy < n, < ne.

Propositions 2.7 and 2.8 are neither more nor less general than each other. We note that
assuming GI/M/s (and in particular, M/M/s), by Proposition 2.6, implies assumption
(A-ii), and therefore it is more restrictive than (A-ii). We later introduce Proposition
2.10, which implies, among other things, that Assumptions (A-i) and (A-ii), together
with {u(k)}72, being concave, are sufficient conditions for Naor’s inequality (see Corol-

lary 2.12), thus, immediately generalizing both Propositions 2.7 and 2.8.
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2.7 Analysis

Proposition 2.5 suggests that to study Naor’s inequality one has to consider the change in
customer surplus in the monopolistic system as the threshold grows. A larger threshold
imposes higher congestion in the system, and therefore lower expected utility. Hence, it
is of interest to study the probability that the queue observed in an (n + 1)-threshold
system is strictly longer than in the n-threshold system. We define this event rigorously

as the event A,, below.

Theorem 1.A.1 in Shaked and Shanthikumar (2007) states that two random variables
X and Y satisfy X <g Y if and only if there exists a probability space in which
Pr(X <Y) = 1. Having posed Assumption (A-ii), we therefore assume, w.l.o.g, that
Q™ and Q) are defined on the same probability space (i.e., the coupling space),
such that Q™ < Q1) < Q™ 41 with probability 1, for any specified threshold n. In
the coupling space (denoted by (€2, F, Pr)), we define the event

Ay = {we Q| Q" (w) = QM (w) +1},

to immediately obtain
QU = QM 1y, (2.4)

where 14, denotes the indicator function of A,,.

Following the construction described in A.1, when the service is exponential, we can
provide an intuitive interpretation for the event A,,, based on the notion of the standby
customer (see Haviv (2013)§4.7.3); In an n-threshold system, suppose that when a
customer is offered to join position n + 1, instead of balking she joins as a standby
customer. That is, she obtains service only when there are no other customers waiting
for her in the system. By construction, at any time there can be no more than one
standby customer. The stationary number of customers (at arrival instants) including
the standby customer is given by Q11 and excluding the standby customer it is Q).
Then, A, is the event that a moment after an arbitrary arrival, a standby customer is
present in the system. In many of our examples (e.g., §3.2, §3.5 and §3.6) we interpret
the event A, this way. Figure 2.2 depicts the dynamics of state transitions in a system
with the standby customer. We stress that we use the notion of the standby customer in
a context completely unrelated to the utility function. It merely serves as a conceptual

tool to validate Assumption (A-ii).

Let v/ (k) = u(k + 1) — u(k). Since u(k) is non-increasing, u/(k) is nonpositive for all k.
The following lemma provides an expression for E(D(”H) — D(")) in terms of A4, Q™

and the function u'(k):
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FIGURE 2.2: An examples of a possible queueing process and its transition between
offered positions in an n-threhold system with the event A,. Each event {Q"+1) =
k}7_, and Byj41 can be represented as a union of the (disjoint) events listed above it.

Lemma 2.9. Assuming (A-ii), for everyn € N,

E(D"Y) — D) = § (u’(Q(”)) ‘ Jn 0 An) Pr(Jy N Ap) —d(n) - Pr(Jn).  (25)

The proof of Lemma 2.9 is in Appendix A.3.

Equation (2.5) can be explained as follows: Suppose we have two coupled systems, one
with threshold n+1 (and admission fee u(n+1)) and the other one with threshold n (and
admission fee u(n)). The queue length in the (n+ 1)-system, at any time, is bigger than
that in the n-system by no more than 1 (note that in this case, J, C Jy41). Then, we
can express the difference in expected surplus (net of fee) between a customer arriving
at the (n+ 1)-system and a customer arriving the same moment at the n-system: When
both customers join (the event .J,,), then the difference in surplus consists of (a) the
difference in fees, —u/(n), and (b) the difference in (gross) utility, which depends on the

joining positions:

e If the position in the (n+ 1)-system is bigger by 1 than in the n-system (the event
A,,), then the utility difference is v’ (Q(”)).

e If the positions are identical in both systems (the event Af ), the utility difference
is 0.

In all other cases, there is no difference in the two customers’ surplus: When both
customers are blocked (the event { B, N A, }) they would receive zero net surplus in both
systems. If the customer in the (n + 1)-system joins and the other customer balks (the
event {B,, N A¢}), then the former must have joined position n + 1, thus, her net surplus
is 0, as well as the latter balking customer. Other cases are impossible as those imply
that the difference between the offered positions is 2 or more. Overall, the expected

difference in surplus sums up to the right-hand side of Equation (2.5).
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The next Proposition 2.10 and its derivatives, Corollaries 2.12 and 2.11 are the main

results of this section, as they are used the most extensively in Chapter 3.
Proposition 2.10. Assuming (A-i) and (A-ii), if

u'(n)

E (@ (QW) | Ju 1 Ay)’

Pr(An | Jn) < Vn € [nmne]v (2'6)

then ng, < ng < ne.

The proof of Proposition 2.10 is in Appendix A.4.

We can further simplify the conditions in Proposition 2.10 when more properties of u(k)

are known in addition to monotonicity (Assumption (A-i)):

Corollary 2.11. Assuming (A-i) and (A-ii), if {u(k)}}2, is a convex sequence, and
Pr(4, | Jn) < % for alln € [ny,nel, then ny, < ny < ne.

The proof of Corollary 2.11 is in Appendix A.5.

The term Pr(A,, | J,) represents the probability that a joining customer in the (n + 1)-
system encounters higher congestion than a customer joining the n-system at the same
time. Thus, we can consider this term as a measure of the marginal growth in congestion
when the threshold increases. Similarly, the right-hand side of Equation (2.6) and the

term Z:ET)) relate to the marginal decay in utility. Proposition 2.10 and Corollary 2.11

state that if the rate at which congestion grows in the system (with respect to the
threshold) is sufficiently slow compared to the rate at which utility decays, then Naor’s
inequality is satisfied. This is intuitive, because unless congestion varies significantly
between the n- and the (n 4 1)-system, then, due to the reduction in fee and in the
balking probability, a customer would be better off (in terms of expected surplus) joining

the latter system, and, following Proposition 2.5, Naor’s inequality holds.

In the general case, when verifying the conditions of Proposition 2.10, one has to con-
sider changes in the queueing process (i.e., the distribution of Q(")) with respect to the
threshold. Interestingly, when (k) is concave, then, by Corollary 2.12 below, Naor’s
inequality holds regardless of the distribution of Q™.

Corollary 2.12. Assuming (A-i) and (A-ii), if {u(k)}?2, is a concave sequence, then
N < N < N
The proof of Corollary 2.12 is in Appendix A.6.

Corollary 2.12 elucidates why the result established in Proposition 2.10 is more general

than both Proposition 2.7 (by Knudsen (1972)) and Proposition 2.8 (by Simonovits
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(1976)). The intuition behind Corollary 2.12 is the following: Suppose that a customer
in the monopolistic n-system is offered to join in position & < n (and pay a fee u(n)).
By Assumption (A-ii) a customer joining the (n + 1)-system at the same time would
be offered either position k or k 4+ 1 (and pay a fee u(n + 1) < u(n)). But since u(k)
is concave decreasing, u(k) —u(n+1) > u(k+ 1) —u(n + 1) > u(k) — u(n) (for every
k < n-+1), meaning that in either case, the surplus in the (n+ 1)-system is greater than

in the n-system. Thus, by Proposition 2.5, Naor’s inequality holds.

2.7.1 Secondary Results

As discussed, the conditions in Proposition 2.10 and Corollary 2.11 (when concavity
is not assumed) depend both the distribution of Q™ and the structure of u/(n) (for
every n € [ne, ne]). We next present the following expansions, that simplify the analysis
required in order to use Proposition 2.10 and Corollary 2.11. These results are used in
§3.5 and §3.6.

Lemma 2.13. Assuming (A-i) and (A-ii), for every n € N,

(i) Pr(An) = E(Q"Y) —E(Q™),

i E(Q+V)-E(Q™)-Pr(B,
(’LZ) Pr(An ’ Jn) — ( ) PS(Jn)) ( +1)7

(iii) for k=1,2,...,n+1,

Pr(Q™) =k, A) = 3 (Pr(Q™ = i) — Pr(Q") =4)). (2.7)

i=1
The proof of Lemma 2.13 is in Appendix A.7.

The next result (Lemma 2.14) exploits two common features of queueing systems: (a)
The sequence of the state probabilities {Pr(Q(") = k:) Zii is decreasing for every thresh-
old n (this is expected when the service rate is larger than the arrival rate); (b) When
increasing the threshold by one, the stationary probability of each state (except for the
newly added state) decreases, i.e, Pr(Q(”“) = k) < Pr(Q(”) = k) forallk =1,...,n+1.

This result is used in the proof of Lemma 3.6.
Lemma 2.14. Assuming (A-i) and (A-ii) and given a threshold n € N, if for all k <
n—+1,

(i) Pr(B,) < Pr(Q™ =k), and

(ii) Pr(QtY) = k) < Pr(Q™ = k),
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then Pr(A, | Jn) < Pr(4,).

The proof of Lemma 2.14 is in Appendix A.8.

2.8 Concluding Remarks

This work deals with Naor’s inequality, in observable queues where joining-customers
utility is decreasing with the joining position. The validity of the common relation
nm < n, depends on the relation between the utility function and the queueing process,
and may not hold in general. We establish sufficient conditions for n,, < n,, based
on coupling the system when customers’ threshold is n with the same system when the
threshold is n+1. When service demand is exponential, this coupling can be constructed
by applying a service regime with a standby customer. We conjecture that a similar
construction can also be used in proving that Assumption (A-ii) holds not only when
the service demand is memoryless, but also when it is new-better-than-used (NBU). We
further show a different proof technique that obtains Assumption (A-ii) in an M/G/1.

A natural extension is generalizing this technique for an M/G/s system.



Chapter 3

Model Examples for Naor’s
Inequality

In this chapter we survey several model examples, most of which where previously dis-
cussed in the literature in the context of Naor’s inequality. Through these models we
demonstrate how to apply our results derived in Chapter 2, namely Proposition 2.10
and its derivatives, Corollaries 2.11 and 2.12, in order to prove Naor’s inequality. Addi-
tionally, we show by two different examples how relaxing our assumptions in Chapter 2

may result in violating Naor’s inequality.

3.1 Literature Review

Following Knudsen (1972), Naor (1969) and Simonovits (1976), we introduced in Chapter
2 conditions (Proposition 2.10) that imply the full Naor’s inequality, n,, < n, < ne. Our
result is more general than Economou and Kanta (2011), Knudsen (1972), Naor (1969)
and Simonovits (1976), and its strength is expressed in many aspects: It neither assumes
concave customer utility nor memoryless service, and it is not restricted to renewal arrival
processes. We demonstrate how the result applies to many concrete models, one of which
is the Abandonment Model (see §3.5) inspired by Garman Garman (1976), where traders
arrive at a market and place bidding orders that last for some stochastic ‘lifetime’. More
applications discussed in Chapter 3 include: queues with parameter uncertainty (based
on Hasenbein and Chen (2016), see §3.2.2); tandem queueing networks (based on D’Auria
and Kanta (2015), Kim and Kim (2016), see §3.3); queues with breakdowns (based on Li
and Han (2011), see §3.4); queues with catastrophes (based on Boudali and Economou
(2012), see §3.6); compartmented M/M/1 (based on Economou and Kanta (2008a), see

21
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§3.8); orbit queues (based on Zhang et al. (2014), Economou and Kanta (2011), see
§3.9); and M/G/1 queues (based on Adler and Naor (1969), Kerner (2011), see §3.10);

Contrarily to Naor’s result, for heterogeneous customers, Edelson and Hildebrand (1975)
show that a monopolist may over-ezxploit the system (i.e., under-price the service). How-
ever, a question so far remained unanswered is, for homogeneous customers, is the same
condition for n, < n. also sufficient for n,, < n,? We disprove this conjecture in §3.11

by two examples in which n, < n,,, namely, the monopolist over-exploits the system.

3.2 G/M/s with Convex Waiting Cost

Consider a G/M/s FCFS queue with service rates i, pa, .. ., pus. We discuss both cases
of homogeneous and heterogeneous servers. Assume the utility of service after waiting
¢t units of time in the system is given by R — ¢(t), where R > 0 is some fixed reward
and ¢(t), the waiting cost function, is convex. Customers observe the queue length upon

arrival, and then decide whether to join or balk.

Prior to analyzing the utility for a customer we introduce the following Lemma 3.1 and
Corollary 3.2 that are later used in the example. This results relate to the interaction be-
tween the cost when expressed as a function of (continuous) waiting time, and customer

utility given the (discrete) offered position.

Lemma 3.1. Let {X;}°, be a sequence of i.i.d nonnegative random variables, let Y
be a nonnegative random variable independent of all {X;}2, and let g(z) be a convex
function. Define So =Y and S, =Y + 3" X;, n = 1,2,..., then the sequence
{E (g(Sn))}22, is convex.

The proof of Lemma 3.1 is in Appendix B.1. As a direct result we have:

Corollary 3.2. Let {X;}2, be a sequence of i.i.d nonnegative random variables, and
let g(x) be a convex function. Define Sy, = Y 1", X;, then the sequence {E (9(Sn))}22,

1S convex.

This is a particular case of Lemma 3.1 setting ¥ = Xj.

3.2.1 Homogeneous Servers

Suppose that p; = pa = -+ = us = p, so the system is a standard G/M/s, and by
Proposition 2.6, Assumption (A-ii) holds.
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Consider a customer who joins the system in position k. If k& < s, her time spent in
the system includes only the service time, which is exponentially distributed with rate
w. If k > s, her waiting time in the queue (excluding self service) is Erlang distributed
with shape parameter k£ — s and rate su, and adds up to the time spent in service.
Thus, conditioned on the queue length, the total time spent in the system, Wy, is a sum
of (k — s)T i.i.d nonnegative random variables plus an independent random variable,
therefore, by Lemma 3.1, E(¢(W})) is convex as a function of k. Denote by u(k) the
expected utility of that particular customer, then u(k) = R — E(¢(W})). It follows that
{u(k)}32, is a non-increasing and concave sequence. From Corollary 2.12, ny, < n, < ne.

We therefore formulate the following observation:

Corollary 3.3. In the observable G/M/s (homogeneous servers) with fized service re-

ward R and convez increasing time cost function c(t), ny < ne < ne.
Special cases of this model were considered in the following papers:

e Naor (1969), considers s = 1, Poisson arrivals and a linear cost function.

e Knudsen (1972)8§7, considers Poisson arrivals and a piecewise linear and convex

cost function.

e Simonovits (1976) considers general independent interarrival-times and a linear

cost function.

e Sun and Li (2012) consider s = 1, Poisson arrivals and ¢(t) = C'-¢"™ for m =1,2,3
and C > 0. They provide numerical evidence to Naor’s inequality for the specified

model. In fact, by Corollary 3.3 Naor’s inequality holds for every m > 1.

e Wang et al. (2014) consider s = 1, Poisson arrivals and upon waiting ¢ time units,
a customer receives (V — Ct) — b(V — Ct)?, for some nonnegative constants C,
V and b < £. This is a special case of Corollary 3.3 with R = V(1 — bV) and
c(t) = (1 — 2b)Ct + bC*2.

In all these special cases the inter-arrival times are i.i.d. The following example is
devoted to an interesting related model studied by Hasenbein and Chen (2016), where

inter-arrival times are not independent.

3.2.2 Naor’s Model with Unknown Arrival Rate

Similar to Naor (1969), Hasenbein and Chen (2016)! consider a single-server, exponential

service, FCFS queue, but the arrival rate is a random variable A with distribution over

"Hasenbein and Chen (2016) study both an observable and an unobservable versions of the model.
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the support [0,\] and cumulative distribution function F()). Given the realization
A = ), the arrival process is Poisson with rate A. As in Naor’s model, they consider
linear customer waiting cost C' > 0 per unit time, which implies u(k) = R— % However,
the limiting average utility for a customer here is a function of the random variable A.
Note that inter-arrival times are not independent (in the sense that by sampling the
time between arrivals one can make estimations of the realization of A). Hasenbein and

Chen observed by numeric examples that Naor’s inequality holds.

To adopt our previous notation we reformulate the problem as follows: Given any realiza-

tion A = A, let ¢\ = %, and let X)(\n) denote the offered position in an M/M/1/n system in

steady state, when the arrival rate is Poisson with rate \. We assume the overall arrival

rate to the system is X\. Each arriving customer is offered independently with probability

q» to join in position X )(\n), otherwise, with probability 1 — g, she is offered position n+1.

This implies that the overall balking probability is q,\Pr(X /(\n) =n+ 1) +1—¢gy. The
(n)

arrival process of customers who are offered position X, is Poisson with rate A, thus,

the queueing process is identical to that of an M/M/1/n system with arrival rate A.

We observe that

Pr(Q™ = k) = /A o -Pr(x\M = k)dF(\), Vke{l,....n}. (3.1)
0

With respect to this representation of Q™ and the potential arrival rate X, we reintro-
duce ne,n, and ny, as defined in (2.3). By Proposition 2.6, X/(\n) < X/(\nﬂ) < X/(\n) +1
for every A € [0, A], therefore Q") < Q"1 < Q(") 41, This satisfies Assumption (A-ii)
and by Corollary 2.12 we have that n,, < n, < n.. This explanation, in fact, applies to

every concave decreasing sequence {u(k)}72 .

3.2.3 Heterogeneous Servers

Suppose now that servers are heterogeneous. We assume that waiting costs are incurred
only when customers wait in the queue, but not in service?. Consider a customer who
joins the queue in position k& (i.e., upon arrival she observes s + k — 1 customers in
the system in total). Her waiting time in the queue (excluding service), Wy, is Erlang
distributed with shape parameter k and rate >.; ; ;. Therefore, by Corollary 3.2,
E(c(Wy)) is convex as a function of k, hence, u(k) = R — E(c(W})) is non-increasing

and concave. From Corollary 2.12 we have that n,, < n, < ne.

2In general, customers paying for their own service times may violate Assumption (A-i): Depending
on the service rates, customers may favor waiting in the queue to joining a free (slow) server.
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3.3 Tandem Network Queues

The model of strategic customers in a network of queues (nodes) in tandem was first
considered by D’Auria and Kanta (2015) for a two-node network, and was later extended
by Kim and Kim (2016) to m > 2 nodes. To spare the reader additional technical
complexity we present here a simplified version of the model in Kim and Kim (2016),
yet we emphasize that more general results can be obtained using the complete analysis
of both D’Auria and Kanta (2015) and Kim and Kim (2016).

Consider a tandem network consisting of m FCFS queues (nodes), each with an expo-
nential service of rate . Customers arrive at the (first node of the) network following
a Poisson process with rate \. Upon arrival, each customer is informed of the total
number of customers in the system (but not of the number at each specific node) and
chooses to join the system or balk. The cost for a customer is C' > 0 per unit time spent

in the system 3. After completing service at all nodes a customer receives a reward R.

Assuming customers follow some threshold n, it is shown in D’Auria and Kanta (2015)
for m = 2 and later in Kim and Kim (2016) for m > 2, that, given the total number of
customers in the system, the distribution of the number of customers within each node
is independent of n. Therefore, so is the expected utility upon joining each position.
Specifically, upon joining position k£ > 1 (i.e, when there are k—1 customers in the system

in total), the expected utility, u(k) is given by (see Kim and Kim (2016) Theorem 1)

k(k—14m)

u(k)=R-C Wh=1)

which is strategy independent and monotone decreasing and concave in k. Moreover,
all customers’ service requirements (within each node, including those currently being
served) are i.i.d., therefore by Proposition 2.6 Assumption (A-ii) holds. By Corollary

2.12, we immediately deduce that n,, < n, < ne.

3.4 Geo/Geo/1 Queue with Interupptions

Analyzing strategic behavior of secondary users (customers) in a Cognitive-Radio Net-
work, Li and Han (2011) consider the following model: In discrete time epochs, cus-
tomers’ inter arrival times to a single-server FCFS station are Geo(\)-distributed and

service requirements are Geo(u). When processing a job, interruptions (breakdowns)

3Both D’Auria and Kanta (2015) and Kim and Kim (2016) analyze the system with possibly different
time cost and service rates at each node. Nevertheless, we note that in such a general setup, u(k) may
increase in k (see an example in D’Auria and Kanta (2015)85).
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may occur within random Geo(p)-distributed amount of time, during which the server
halts for a random Geo(q)-distributed period, A, u,p,q € (0,1). Interrupted services
continue from the point they are stopped*. Customers can only join when the server is
operating (that is, not during interruptions)®. Observing the queue length upon arrival
(assuming the server is operating), they choose between joining or balking. A customer
receives R > 0 upon service completion, and pays C > 0 per unit time waiting in the
queue, but does not incur costs when being served, including time spent during an in-

terruption of her own service 6.

that o
u(k):R—(kM_l) <1+Z>,

For a customer joining position k, Li and Han show

which is linear in k. Since the residual service requirements of all customers in the queue
are i.i.d and memoryless, by Proposition 2.6 Assumption (A-ii) holds, and by Corollary

2.12 we obtain Naor’s inequality.

3.5 The Abandonment Model

This following model, motivated by applications of order-driven markets, is similar to
a one presented by Garman (1976). It is analyzed as a one dimensional birth-death
process with state dependent transition rates (specifically, an M/M/14+M). Unlike the
previous examples where customer utility was concave, here it turns out to be convex in
their joined position. However, we can still apply Proposition 2.10 to show that Naor’s

inequality holds.

Consider customers who arrive, following a Poisson process with rate A, at a single-server
FCFS system with exponential service rate p. Each customer may abandon the system
within some amount of time, unknown upon arrival, which is an independent exponen-
tial random variable with rate #. A customer can leave the system either by service
completion or by abandonment, whichever comes first. We emphasize that abandon-
ment occurs as a result of exogenous circumstances and not by customers’ choice. Each

customer incurs a fixed joining effort d upon joining”. If she completes service before

4Is is assumed that in a given epoch there may be several events of different types, but the possibility
of two events of the same type is excluded.

®This assumption is not explicitly stated in Li and Han (2011) but is inferred by the proof in Li
and Han (2011)§Appendix A. We note that relaxing this assumption, customers’ utility depends on the
probability that the server is operating conditioned on the number in the system, which in turn, depends
on customers joining strategy. This case is similar to the continuous-time version partially-observable
model of Economou and Kanta (2008b), but is inconsistent with the analysis in Li and Han (2011).

5This assumption in fact can be relaxed, but we adopt it for the sake of consistency with Li and Han
(2011).

"d need not be positive.
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FIGURE 3.1: The Markov chain describing the queueing process of the Abandonment
Model with threshold n.

abandonment she receives R > 0, and if she abandons she receives 0. For simplicity, as-
sume that a customer may abandon the system at any time, even during her own service.
The Markov Chain underlying the process is depicted in Fig. 3.1. Upon arrival, each
customer observes the offered position and chooses whether to join or balk. Consider a
customer who joins the system in position k, i.e., there are kK — 1 customers ahead of her.

The probability that she will not abandon before any of these k — 1 customers leaves is

1— ﬁ' When there are k — 2 such customers, this probability becomes 1 — W‘LUQ)
and so forth. Thus, the probability that this customer will eventually complete service
is given by
pt k=10 p+(k-=20  p _ p (3.2)
p+ ko p+ k=10 " u+60 pu+k6 '

Let u(k) denote the total expected utility of that customer. Equation (3.2) implies

u(k) = - fkeR —d. (3.3)

Note that u(k) is monotone decreasing and strictly convex.

At every moment in time, the residual service times of all customers are i.i.d, and so are
each one’s residual time to abandonment. Thus, Assumptions (A-i) and (A-ii) hold in

the underlying model.
Corollary 3.4. In the abandonment model described above, Ny, < n, < Ne.
The proof of Corollary 3.4 is in Appendix B.2. In this proof we verify algebraically that

the conditions of Proposition 2.10 are satisfied, using the algebraic expansions derived

in Lemma 2.13.

3.6 The Server Catastrophe Model

The model discussed below was studied by Boudali and Economou (2012)%. What

distinguishes this examples from all of our other examples is that here customers do

8Boudali and Economou (2012) studied both an observable and an unobservable versions of the model.
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F1cUre 3.2: The Markov chain describing the queueing process of the Server Catas-
trophe Model with threshold n.

not necessarily leave the system one at a time, but may depart in bulks. Moreover, the
expected utility as a function of position is convex, yet using Corollary A.5 and Lemmas

2.14 and 2.13 we prove Naor’s inequality for this model.

Consider a single-server FCFS queue with independent exponential service and inter-
arrival times with rates p and A respectively. The server is subject to catastrophes which
occur according to an independent Poisson process with rate £ . When a catastrophe
occurs, all customers in the system leave immediately without service. We note that
since there is a non-zero transition rate from any possible state to an empty system, the

system is not a birth-death process (see Fig. 3.2).

Following the notation in Boudali and Economou (2012), each joining customer may
depart from the system either by completing service and receiving a reward R, or by
the occurrence of a catastrophe, receiving a catastrophe compensation R;. Customers
incur waiting cost C' per unit time waiting in the system. Upon arrival, each customer
observes the queue length and chooses either to join or balk. Boudali and Economou

show that the expected utility for a customer joining position k is given by

uk) =V - <M’i£>k +D, (3.4)

where V = R, —Rf+% >0and D = Ry — % Since 0 < p < p+&, u(k) is a decreasing

CONVET sequence.

At every moment, the residual service times of all customers are i.i.d, therefore, chang-
ing the queueing regime does not affect the stationary distribution of the system. In

particular, we can, as in the proof of Proposition 2.6, interpret the event A, as the

°In Boudali and Economou (2012) it is assumed that after a catastrophe, the time for the server to
recover is exponential, and within this recovery period customers are not accepted into the system. Since
the recovery time is irrelevant for the decision making process we ignore it and assume the recovery after
catastrophe is immediate.
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existence of the standby customer!?, thus, Assumption (A-ii) holds. For simplicity, we

assume \ < pll.

Lemma 3.5. In the Server Catastrophe model, when A < pu,

(i) Pr(B,) < Pr(Q(”) =k), and

(ii) Pr(Q+Y = k) < Pr(Q™ = k),
foralln e N and k <n+1.

The proof of Lemma 3.5 is in Appendix B.3.

Lemma 3.6. In the Server Catastrophe model, when A < pu,

Pr(A,) < <M“+§>n_1 .

The proof of Lemma 3.6 is in Appendix B.4.

From Lemmas 3.5 and 2.14 we immediately obtain Pr(A, | J,) < Pr(4,) and from
k
Equation (3.4), u/(k) = V- (ﬁ - 1) (ﬁ) . Using Lemma 3.6,

Pr(A, | Ju) < Pr(4,) < ( s ) V(Y (%) _ Z’(n)

() () Y

for all n € N. Therefore, by Corollary 2.11 we conclude that n,, < n, < ne.

3.7 Many Queues System

In Chapter 2 and in the examples in §3.2-§3.6 we refer to a customer’s joining position
naturally as her physical waiting slot, meaning that a customer joining in position &k has
to wait for £ — 1 customers to begin service. In fact, our modeling in Chapter 2 allows
for more abstract interpretations of the term joining position. The following example
demonstrates that the joining position, by its most general interpretation, simply rep-
resents an information signal a customer receives upon arrival, and does not necessarily

determine the number of customers that a joining customer has to wait for before being

10 ike every other customer, this standby customer can either leave when completing service or when
a catastrophe occurs
1 Similar results can be obtained for more general cases, but, require more prudent analysis.



Model Examples for Naor’s Inequality 30

served. In the spirit of the discussion in §2.5.2, this example also shows that strategy-
independent utility need not imply that customers are served FCFS with respect to their

arrival order.

Suppose that customers arrive according to a Poisson process with rate A at a system
composed of m € N symmetric FCFS queues, each of which is served by a separate
server with exponential service time of rate u. Upon arrival, a customer is informed
of the total number of customers in the system. Thus, her offered position represents
the total number of customers in the system a moment after arrival if she joins. When
joining, the customer is sent to one of the queues at random, with probability % to
each queue'?. The reward from service is R > 0 and the cost per unit time waiting is
C > 0. We note that even though each queue is served FCFS, the overall service regime
is not FCFS, as it is possible that a customer will begin service before an earlier-arriving

customer, provided they have drawn different queues.

By symmetry and the PASTA property, when the total number of customers is k, the

expected utility for a joining customer is given by u(k) = R — %, which is linear in k.
Since at any instant, the residual service of all customers, including those currently being
served, are i.i.d, by Proposition 2.6, Assumption (A-ii) holds. We therefore conclude,

by Corollary 2.12, that n,, < n, < ne.

3.8 Compartmenented Waiting Space

Unlike §3.7, in the following example again we consider customers offered positions as
their physical waiting space. However, this example is different from §3.2-§3.6 in the

sense that several customers waiting together in the queue may share the same position.

The model is discussed in a paper by Economou and Kanta (2008a). Similar to Naor
(1969), the queue is M/M/1, FCFS, with arrival and service rates A and p respectively.
Customers receive a reward R from service completion and incur cost of C' per unit time
in the system. However, in Economou and Kanta (2008a), the waiting space in the queue
is partitioned into compartments of fixed capacity of A customers each. An arriving
customer observes her offered compartment number'®, that is, if the total number of
customers prior to her arrival is k, she observes |k/A]| + 1. It is assumed that customers
follow a pure threshold strategy, i.e., they join if and only if the offered compartment

number is no greater than a threshold n. Given a threshold n, we consider a customer’s

12Because of the random picking of the queue, concerning her expected waiting time, it is irrelevant
whether a customer can observe only the total number of customers in the system or the exact number
at each queue.

13 Economou and Kanta (2008a) studied both the case of observable compartment numbers, and the
case that only the number of customers in the last compartment is observable.
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stationary offered position Q™ as the offered compartment number, and define S and
M) accordingly as in Equations (2.1) and (2.2). Thus, n,,, n, and n, represent the
thresholds on the number of compartments chosen by the monopolist, the social planner
and the individuals, respectively. Economou and Kanta (2008a) prove algebraically that
Nm < ne < ne solving for the stationary offered position distribution. We provide below

an alternative proof applying Corollary 2.12:

Let X (™ be the stationary number of customers in an M/M/1/n system. By Proposition
2.6, XM < X+ < X(™) 4 1, thus, a simple induction argument gives

From the PASTA property, and the definition of the offered position, Q) ~ | X(™4) /A |+
1. Therefore Q™ <y QD <y Q™ 4 1, and Assumption (A-ii) holds.

Let p = % It is shown in Economou and Kanta (2008a) that a customer’s utility from

joining position k is given by:

R—%(hAed$A+f%> it p 1,
C
R=%

(k- A- 471 if p=1.

Thus u(k) satisfies Assumption (A-i). Since it is also linear, by Corollary 2.12, n,, < n, < ne.

3.9 The FCFS-Orbit Constant-Retrial Queue

This example refers to a model studied by Economou and Kanta (2011)'*. Asin §3.7, the
service regime as a whole is not FCFS here, yet the utility from joining each position is
independent of customers strategy. The authors of Economou and Kanta (2011) prove
Naor’s inequality, by explicitly solving for the stationary distribution of the offered
position in the system. We provide here a new proof of Naor’s inequality using the

machinery developed in Chapter 2.

Consider a single server with an FCFS orbit queue and constant retrial rate: Service
demand is exponential with rate p. Potential customers arrive following a Possion pro-
cess with rate A. Upon arrival, if a customer finds an idle server, she is immediately
admitted into service. If she finds it busy, then she chooses between joining an orbit
queue or leaving. Unlike many orbit models, where each customer in orbit employs an
independent retrial process, here the orbit queue is FCFS: Customers in orbit are or-

dered according to their arrivals, and only the first customer in orbit generates a retrial

“Economou and Kanta (2011) studied both an observable and an unobservable versions of the model.
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process which is Poisson with rate a. Hence, the overall process of trials made to the

server, is Poisson with rate A+ « given the orbit is nonempty, and with rate A otherwise.

It is assumed that an arriving customer observes the server’s state and the number of
customers in orbit. As explained, the number in orbit is only relevant to her decision
when arriving at a busy server, otherwise she begins service instantaneously. Customers
who join the system receive a reward R for completing service and incur waiting cost C'

per unit time spent (both in service and orbit).

Depending on the server’s occupancy, an arriving customer may begin service before
customers in orbit. Thus, we refer to the offered position as 1 when the server is idle, 2
when a customer is offered the head of the orbit, 3 when offered to be second in orbit

and so forth.

Economou and Kanta (2011) show that customer expected utility for joining position k

is given by
At a+p

M@:R—C( ”

1
(k—U+M>. (3.5)

Although customer utility is affected by future arrivals (and varies with \), it is strategy
independent. It can be seen from (3.5) that u(k) is decreasing, i.e., Assumption (A-i)
holds. Since the service requirements of all customers are i.i.d exponential variables,

115

by Proposition 2.6, Assumption (A-ii) holds as well'®. Finally, since u(k) is linear (and

therefore concave), by Corollary 2.12, n,, < n, < ne.

Zhang et al. (2014) studied an extension of this model coping with server breakdowns,
that occur within an exponential time of rate £, and last for an exponential duration
of rate 1. Breakdowns can only occur when the server is busy, and during breakdown

customers are not admitted to the system. There, it is shown that

u%%:R_C<£+n+(A+®'@+n%+w%)v

1 aun

which, as before, is a linear decreasing function. In Zhang et al. (2014), Naor’s inequality
is observed numerically. Indeed, Corollary 2.12 applies with no additional effort also for

the case of breakdowns and repairs studied in Zhang et al. (2014).

15The coupling construction used here is identical to that in the proof of Proposition 2.6, assuming
that a customer joining the system in position n+1 is a standby customer. Here, the standby customer,
when preempted during service, is going back to the orbit, while in the orbit she is assigned the lowest
priority.



Model Examples for Naor’s Inequality 33

3.10 M/G/1 with Concave Utility

Altman and Hassin (2002) study strategic customer behavior in an observable FCFS
M/G/1 system with constant reward R and waiting cost C'. They note that in such
systems, customer expected utility may not be strategy independent: To calculate the
expected utility from joining, one has to assess the residual time of the current service
given the offered position. Assuming that customers can also employ mixed joining
strategies, this assessment of the residual service may depend on customers’ joining
strategy, calling for a game-theoretic analysis. Furthermore, this expected utility is not
necessarily monotone in the offered position, thus, violating Assumption (A-i). Boxma
(1984) and Kerner (2008) discuss ways to compute the mean sojourn time of a customer
given her joining position. Kerner (2011) considers a model similar to Altman and
Hassin (2002) and specifies the equilibrium structure that emerges for different families
of service distributions. In particular, conditioned on joining position k, the residual
service time does not depend on the strategy of customers joining positions higher than
k. This means that if customers are assumed to follow threshold joining, then customer
expected utility is strategy independent. The reason, as explained by Kerner (2011),
is the following: Given the server is busy and k > 0 customers are awaiting, all those
customers who had arrived from the moment the current service started clearly observed
less than k£ customers in the system and therefore joined. Yet again, we emphasize that
an equilibrium in threshold strategies may not exist in an M/G/1 model with the utility

structure considered in Altman and Hassin (2002) and Kerner (2011).
Regardless of the structure of utility, we make the following observation:

Lemma 3.7. Assumption (A-ii) holds in an M/G/1 (non-preemptive) system.

The proof of Lemma 3.7 is in Appendix B.5.

To comply with our model assumptions in Chapter 2, we suppose that u(k) is strategy

independent and decreasing. By Corollary 2.12 we get, as an immediate result of 3.7,

Corollary 3.8. In the observable M/G/1 with concave decreasing (and strategy inde-
pendent) u(k), ny, < ny < ne.

A special case of this model is considered by Sun et al. (2018), who study an observable
M/G/1 queue, where customers posses partial information (which is common knowledge)
about the service distribution. Given this partial information and the joining position k,
a customer forms a belief about her waiting time, T}, which by assumption is a sum of k

independent random variables, Ty, = S + Sy + - - - + Si, where Sa, ..., Sy, are identically
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distributed'®. The distributions for 51 and for Sy, ..., S are assessed by each customer
based on the (common) partial information. Then, for given parameters R,C' and m > 0,
the expected utility u(k) depends on the (m + 1)st moment of T}. Specifically, it takes
the form u(k) = R — CE (T];"H), which, by Lemma 3.1, is concave decreasing in k.
Therefore by Corollary 3.8, n,, < n, < n.. This was verified numerically for several sets

of parameters of choice in Sun et al. (2018).

3.11 Examples for n, < n,,

In this subsection we discuss cases where the inequality n,, < n, does not hold. Par-
ticularly, the model in §3.11.1 satisfies assumptions (A-i) and (A-ii), emphasizing why
these two assumptions alone do not guarantee Naor’s inequality. The model in §3.11.2
assumes linear decreasing utility, thereby satisfying Assumption (A-i) and concavity (as

in Corollary 2.12), but violates Assumption (A-ii).

3.11.1 Assuming (A-i) and (A-ii)

To simplify the analysis, we will assume an M/M/1, FCFS queueing model (thus, sat-
isfying Assumption (A-ii)) with identical arrival and service rates, A = p. With respect
to the joining-position distribution, we deliberately choose the form of u(k) to induce
No < Ny. To this aim, u(k) must be non-concave, otherwise by Corollary 2.12 Naor’s in-
equality holds. Specifically, we will assume here, for some constant R, that u(k) = % + R

which is decreasing (hence satisfying (A-i)) and (strongly) convex.

Given threshold n, the offered position is uniformly distributed, Q™ ~ U{1,...,n+1}.
Suppose that R = 3. By (2.1) and (2.2) we obtain

E(M(n)):Pr(Jn).u(n): n u(n) = n <1+3>:1+1. n

n—+1 n+1 \n'2 2 n+1’
and
1 < 1 R |
E(S™) = > (k) = =+ .
(5™) n+1k:1“() n+1<2+k>

E(M (”)) is monotone increasing'” in n and therefore n,, = co. Considering E(S (")),
by Knudsen (1972)§4 Theorem 1, we have that E(S (")) is unimodal. Figure 3.3 depicts

16For unspecified reasons, Sun et al. (2018) assume that the distribution of 81 does not depend on the
observed queue length, k (which also implies that 77 = S1).
In this example, u(n) > 0 for all n, implying ne = oo. A similar example assuming

u(k) = % + R—C -k, for sufficiently small C' > 0, will result in the same qualitative observation

No < N, but also ne = [(R + v4C + R?)/(2C) ] therefore n,, < n. < co.
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FIGURE 3.3: E(S’(”)) and E(M(")) as functions of n, in an M/M/1 with A = p =1
and u(k) = + + 3.

E(S(”)) and E(M(”)) as functions of n. Note that n = 7 is a local (hence, also global)

maximum of E(S’ (”)), therefore n, = 7 < n,, = 0.

Inspired by models of benchmark effects'®, we provide an interpretation for u(k): Each
service has a quality which is drawn independently at random from some continuous
distribution. At the end of her service, if a customer’s service quality was the highest
among all the services completed while she was in the system, then she considers it
an “extraordinary” service, and values it as R + 1. Otherwise, her valuation is R. In
particular, the service valuation of a customer who arrives at an empty station is R+ 1.
Given a customer joining position k, the probability that her service would be of the

highest quality among all k services is % Thus, u(k) = % + R.

An alternative interpretation for u(k) is that customer valuation of service deteriorates
over time, taking the form R + i for ¢ the time spent in the system. Assume that each
customer, after joining position k and waiting for k service completions (including her
own) has to wait for an additional independent Exp(u)-distributed lay-off. Then her

total time spent in the system is Erlang(k + 1, ) distributed, therefore

1 © q 'LLk+1tk B 1 [e'e) Iuk‘tk—l B 1
=Rt =P Comg_py— [ P g -
u(k) R+H/t=0t T R+k/t:0(k1)!e k+R’

as desired.

We note that in the Abandonment Model in §3.5, similarly, u(k) is decreasing at the rate
of % In particular, considering Equation (3.3), for 6 =1, d = —% and R = i, taking
w — 0 will result in the same utility function, % + % as here. Yet, we show in §3.5, that
for every choice of parameters in the Abandoment Model, n,, < n,, in contrast to the

result in this section. The essential difference between these two examples is that, due

18These are models where customers compare their own service quality with service quality of others,
for more information, see Hassin (2016)§4.3.
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FIGURE 3.4: The Markov chain describing the queueing process of the state-dependent
service rates model.

to the abandonment process (which is state-dependent), the level of congestion in the
Abandoment Model increases relatively slowly as the threshold increases. However, in
the M/M/1 example presented here, the congestion level is more ‘sensitive’ to changes
in the threshold. In line with the intuition provided for Proposition 2.10, the conditions
of the proposition hold for the Abandonment Model, but not for the M/M/1 model in

this section.

3.11.2 Relaxing Assumption (A-ii)

In order to clarify why Assumption (A-ii) is essential to our discussion we demonstrate
how its relaxation affects Naor’s inequality. In light of the discussion in §2.5.2, we empha-
size that Assumption (A-ii) is natural in many common queueing models, thus designing
a model violating it calls for cooking up a relatively pathological example. Specifically,
the example below is tailored such that n, and n,, do not obey Naor’s inequality, in
spite of customer utility being linear decreasing (thus, satisfying Assumption (A-i)) and

the queue being a birth-death process.

This example studies a special case of an M/M/1 system with non-monotone, state-
dependent service rates. A closely related model with non-decreasing rates is discussed
by Burnetas and Dimitrakopoulos (2018), and the equilibrium behavior is derived. Here
we assume a different utility structure, linearly decreasing in the joining position, and

strategy independent.

Consider an M/M/1 system with arrival rate A and state-dependent service rates, such
that when k& > 1 customers are present (thus, the offered position is k + 1) the service
rate is p5. The utility is linear in the joining position, {u(k)}32, = {10,8.5,7,5.5,...}.
Of course, if the service rates are chosen such that the model satisfies Assumption (A-ii),

by Corollary 2.12, we immediately obtain Naor’s inequality.

Suppose that A =1, pu; = p2 = 0.2, uz = ¢, pug = 0.44, and pg = 0.4 for all £ > 5 (see
Fig. 3.4). Note that for n = 1 and n = 2 the model coincides with Naor (1969), and
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FIGURE 3.5: E(S™) and E(M™) as functions of n, in the state-dependent service
rates model for sufficiently small ¢ > 0.

standard algebraic calculations yield

B(s1) = E(uW) = 0L _ 1 667,

1+2
A A
1 u(2) X u@) (1+2)
E(S(z)) = f\L( ) 2 ,(\ )m I 1.694, E(M(2)) = ,\—lj\12 = 1.645.
1+ 2 4 1+ 2 4 1+ 2 4
pr o p1pe pr o p1pe TERTETE

When ¢ = 0, the limiting distribution of Q®) implies Pr(Q(3) = 4) = Pr(B;3) = 1.
Clearly, Q@ +1 <4 Q® (in the strong sense), violating Assumption (A-ii) for n = 2.
Thus, as € approaches 0, both E(S’ (3)) and E(M (3)) approach 0 (the system with n = 3,
when stationary, reaches an absorbing state where all customers balk). Moreover, if we
take € = 0 and n = 4, then Pr(Q(4) € {4,5}) =1 and it can be easily verified that

B(s®) = B(r®) = W _ 1681 ¢ (B(M®@),B(s?)),
14+ 2
with both E(S(")) and E(M (”)) decreasing for n > 4. Therefore, there exists an e
sufficiently small such that E(M(4)) > E(M(l)) > E(M(Q)) > ]5](]\4(3))7 and E(S(2)) >
E(S(4)), implying that n, = 2 < n,, = 4 (see Fig. 3.5). We note that when ¢ = 0
and the chosen threshold is n = 3 + m, the system can be viewed as a separate system
with threshold m, with the sequence of utility being {5.5,4,2.5,...}. Following this
perspective, each of the two thresholds n = 2 and n = 4 induces a different queueing
system unrelated to the other, and, by choosing the right parameters p1, o and 4, any

ordering of the terms n, and n,, is achievable.
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3.12 Concluding Remarks

Traditionally, the individually optimal threshold n. is referred to as the equilibrium
threshold. Yet when u(k) is independent of customers’ strategy as assumed here, the
threshold strategy n. is a dominant strategy for every customer, so the game among
customers is a degenerate one. Ample existing literature deals with models where the
utility of a customer depends on both the offered position and the threshold. In such
models the interaction between customers indeed brings about a game where customers
form beliefs on the strategy of others before making their own decision. An example we
refer to in §2.5.1 is given by Altman and Shimkin (1998) where customers with linear
waiting costs join or balk from an observable egalitarian processor-sharing (EPS) system.
There, customer utility is a function of both the offered position and the threshold, and
decreases in both variables. An interesting future-research direction is to extend our

results to such models.
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Chapter 4

Strategic Customer Behavior in

Cognitive Radio Networks

4.1 Background and Motivation

It is sometimes the case that customers choose between queues of different types or
discipline (see Hassin (2016)§8.2 for a survey). In particular, we refer to situations that
involve choosing between a blocking subsystem and a shared subsystem of an unlimited
capacity. The information with which customers are provided plays a crucial role in
the decision making process, and occasionally, customers are willing to allocate their
resources (money, time or energy) for acquiring information (as in Xu and Hajek (2013),

Roet-Green and Hassin (2014), for more information see Hassin (2016)§3.4).

The information structure of the model presented here is an instance of the unobservable
model, in which customers are not informed of the queue length upon arrival. The
concept of the unobservable M/M/1 queue was first introduced by Littlechild (1974)
and by Edelson and Hildebrand (1975), and is covered in detail by Hassin and Haviv
(2003). Roet-Green and Hassin (2014) study a variation of the unobservable model where
customers are offered to purchase information about the queue length before deciding
whether to join or balk. They show that customers who purchase information about
the queue length induce positive externalities on others. Another related model is the
supermarket game studied by Xu and Hajek (2013) in which customers inspect one or
more queues out of N unobservable queues, where the number of queues to inspect, k, is
the customer’s decision variable, and the inspection cost is linear in k. There, mean field
approximation is applied for specifying a symmetric equilibrium when N — oo. It is
shown, that in the mean field model in Xu and Hajek (2013), inspection induce positive

externalities, as holds for the model of Roet-Green and Hassin (2014). When N is finite,
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this observation does not hold in general. The authors give an example with N = 2 where
customers can choose between joining one of the queues at random or inspecting both
and joining the shortest, and show that inspection may induce negative externalities on
future customers. Yet, this fact alone is not enough to determine whether the proportion
of inspecting customers in equilibrium would be more or less then optimal. In this
work we show that not only purchasing information can sometimes impose negative
externalities on others, but also that sometimes purchasing information decreases the

social welfare even when the individual may find it profitable for him/her to do so.

A prominent application motivating the research on unobservable queues and/or infor-
mation acquisition comes from the framework of cognitive radio networks (CRNs), which
are naturally associated with unobservable queueing systems (as in Do et al. (2012),
Habachi and Hayel (2012), Hayel et al. (2014) and Jagannathan et al. (2012)). Do et al.
(2012) and Jagannathan et al. (2012) study a generalization of the unobservable M/M/1
queue that models customer behavior in a CRN with users of two different types. Corre-
sponding to Do et al. (2012) and Jagannathan et al. (2012), Li and Han (2011) study an
observable variation of a queue with server breakdowns (in which customers make their
decisions based on the observed queue length). A type of CRNs which, according to a
survey paper by Haykin (2005), is of a particular interest is the sensing-based networks.
In sensing-based CRNs, users are endowed with the ability to sense the channel, i.e.,
listen to the channel and detect whether or not it is free for transmission. Using this
ability, users can allocate their transmit power while maximizing their own benefit. As
the act of sensing can be expensive (in terms of energy consumption, time, etc.), some
users might waive sensing and join an unlicensed, freely-shared channel. Habachi and
Hayel (2012) investigate the decision process of users choosing between sensing and not
sensing in a system consisting of two classes of customers, primary and secondary. Upon
arriving to the system in Habachi and Hayel (2012), each customer chooses between
joining a shared M/M/1 or applying (i.e. “sensing”) for a free server in an M/M/s/s

loss system.

Another related application is of last mile delivery services, where customers choose be-
tween two service regimes: door-to-door delivery or self pickup. Driven by this problem,
Hayel et al. (2014) consider a decision problem of customers choosing between an unob-
servable M/M/s/s and an unobservable M/D/1 queue. Other fields of practice include

cloud computing services and the like.

Habachi and Hayel (2012) and Hayel et al. (2014) assume that sensing customers rejected
by the blocking system leave never to return. This approach simplifies the analysis as it
permits the division of the system into two queuing subsystems with two independent

Poisson arrival streams. However, a model that permits customers to leave the system
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without being served raises concerns regarding the utility of service; Habachi and Hayel
(2012) consider a problem of minimizing costs and neglect the reward, assuming that
blocked customers skip both waiting and service and end up paying nothing. In this
case, blocking becomes beneficial for the customers as it minimizes their total expense.
Yet, in many queueing applications, blocking is considered by the customers an unde-
sirable outcome, because service is associated with a reward. One can assume a fixed
service reward and formulate the customers decision problem as a maximization prob-
lem, although customers then must be given the opportunity to balk from the system
when they would otherwise be forced to bear a negative expected return. A natural
question therefore would be how the decision process in Habachi and Hayel (2012) and
Hayel et al. (2014) would be changed when allowing blocked customers to join the shared

queue.

Presented in this chapter is a model closely related to the one in Habachi and Hayel
(2012) and Hayel et al. (2014), but the assumptions made on the consequences of re-
jection make a significant difference. We study a network consisting of two servers, one
queue, and homogeneous customers. One of the two servers in this model is a loss system
(M/M/1/1); customers trying to enter the loss system (for the sake of avoiding conges-
tion) are exposed to the risk of rejection. In addition, customers are charged for their
act of sensing even when ended with rejection, though it is assumed to be instantaneous.
As opposed to previously mentioned models, here we assume that sensing customers,
upon encountering rejection, are redirected to the shared queue. Thus, the queue in the
system contains both customers who initially choose to join it as well as blocked sensing
customers. This assumption induces dependencies between the state of the loss system
and the inter-arrival times of customers to the queue. More formally, the queue within
this model functions as a modification of an M/M/1 queue in which the rate of arrivals is
subject to Poisson alternations. Such Heterogeneous Arrivals Queues, were analyzed by
Yechiali and Naor (1971), and the results lay the foundations of the queueing analysis
in this work. For the sake of keeping the model simple and reducing the number of
parameters, we assume that service times for both servers have identical rates. All our

results can be easily extended to the case of different exponential rates for each server.

Our key results in this chapter are two: First we show that there exists a unique equi-
librium strategy, which in general, but not always, is different from the socially-optimal
strategy. Second, depending on the system parameters, customers in equilibrium may
sense the loss system either in a higher, lower or in an equal rate to what the social
planner would desire. This arises counter intuitively inasmuch as selfish behavior in
most models always yields an excessive joining rate to the shared queue, due to nega-

tive joining externalities (see Edelson and Hildebrand (1975), Hassin and Haviv (2003)
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and Littlechild (1974)). Yet, these cases which we call over-sensing are rare and their

significance in serving any practical purpose is arguable.

We begin by presenting the mathematical model in §4.2. In §4.3 we derive stability
conditions for the system. Afterwards, in §4.4 and §4.5 we find the equilibrium and
the socially-optimal strategies and compare them using the concept of price of anarchy.
Finally, in §4.6 we discuss possible future ways of generalizing the model for further

investigation.

4.2 Model Description

We consider a system composed of two identical servers, Sg and Sr, (Q for queue, L for
loss) and a single FCFS unobservable queue. Each service duration is exponential with
rate pu. Customers are identical, and arrive at the system following a Poisson process
with rate A. Upon arrival, a customer chooses one of two options: pay a sensing price
and try to attain service in Sy, an action we shall call sensing, or join the shared queue
and wait until accepted to service in Sg, which will be named joining. Customers sensing
St when the server is idle are immediately accepted to service, whilst sensing S;, when
busy, they get rejected by S, and redirected to the shared queue to wait their turn for
service by Sq.

Denote by p the probability that a customer senses Sy, and denote by (X (t),Y (t)) the
state of the system at time ¢. X (¢) € {0,1,2,...} expresses the number of customers in
the queue including the one in service in Sg. Y (t) € {0,1} expresses the state of Sy,
where Y (t) = 0 means that Sy, is idle at time ¢. Thus, the system can be described as a
bi-dimensional Markov process with one bounded dimension. Let P; ; be the stationary
probability that X (¢) =i and Y (¢) = j at some arbitrary moment ¢. In order to simplify
the notation, when dealing with stationary probabilities we omit the use of ¢ and denote
the state by (X,Y), and P;; = Pr(X = 4,Y = j). The stationary probabilities are

computed through the following set of equations:

APy — pProg— pPy1 =0
(n+ AP —pAPyo — pPri =0

(4.1)

FAVPo— (1= pIAPy 10— 1uPyi10— pPyi =0
Vne{1,2,...): (it ) Fuo = (1 =p) 10~ Abnt10 = fifnl (4.2)

2+ A)Pyy —pAP, o — AP, 11 — P11 =0.
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These equations lead to the following relationship:

A
Vn € {0, 1,2,.. } D Popio+ Py = ;((1 — p)Pm() + Pn71) . (4.3)

By the assumption that each individual chooses randomly and independently whether
or not to sense, we deduce that subsystem Sy, can be considered as an M/M/1/1 queue
(Erlang’s Loss Model) with arrival rate pA and service rate u. Let p := %; then the
loss-probability of S, i.e., the probability that a customer sensing S;, will find it busy,
is: -

pp
Pr(Y =1)=1-Pr(Y E ) (4.4)
= ,u+pA 1 + pp

Summing the equations in (4.3) over n = 0, 1,2,... and utilizing (4.4) we get:

p
Poo+FPy1=1- 1-— 4.5
0,0 0,1 P< 1—|—p,0> ( )

which indicates a linear relationship between FPyo and Fyi. Subtracting the second

equation from the first one in (4.2) and combining with (4.3) we have:

n n
Poy1o=0=p)pPao+pp 3 Pio— > Fi,
Vne {0,1,...): . i=0 =0 (4.6)
Poig=pPua+ > Pia—pp>. Pio.
i=0 i=0

It can be seen from (4.6) that, for given p and p, every value P41 ,k € {0,1}, is
expressed as a linear combination of the values {Py o, P10, .., Pno, Po1, Pi1,--s Pni}
Hence, with (4.5), it follows by induction that for each n € {0,1,...} and for each

k € {0,1}, P, is a linear function of Py, as a countable sum of linear functions.

An accurate solution for (4.6) (including an analytic solution for Ppg) is presented in
a paper by Yechiali and Naor (1971), but in an implicit form, since the solution makes
use of Cardano’s formula. The method in Yechiali and Naor (1971) can be utilized
in evaluating the quantities E[X], E[X|Y = 0] and E[X|Y = 1] — the expected value,
expected value given Sy, is idle and the expected value given Sy, is busy of the variable

X, respectively.

4.3 System Utilization

We now find the maximum utilization of the system. The effective-arrival-rate to Sg,

X(p, p), consists of two streams of arrivals: customers who join Sg without sensing (whose
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proportion is 1 — p) and customers who sense Sy, and find it busy (whose proportion is
p-Pr(Y =1)). Therefore,

~

Alp,p) =1 =p)A+p-Pr(Y =1)A.

Using (4.4) and dividing by p we get the effective-utilization, p(p, p):

pp
1+pp

p(p,p) := —A(Dp,p) = p —pp + pp=p— PP, (4.7)

1+ pp

=~

which is monotone decreasing in p for every p € (0,00). Note, by (4.5), that p(p, p) is
equal to 1 — (Py + Fo,1), so it represents the busy fraction of subsystem Sg.

The stochastic process representing the stream of arrivals to the shared queue is not
Poisson when p > 0. This is because the inter-arrival times to the queue are not i.i.d.,
and the arrival is higher when Sy, is busy than when it is idle. This is a special case
of queues with heterogeneous inter-arrival times presented in Yechiali and Naor (1971).

For the system to remain stable, as implied by Yechiali and Naor (1971), we assume

p(p;p) < 1.

Recall the golden ratio, ¢ = % - (1 +v/5) ~ 1.618. Then:

Proposition 4.1. The system is stable if and only if p € [0,¢) and p € (p, 1], where

p—1
pi=——.
= p(2-p)

The proof of Proposition 4.1 is in Appendix C.1.

Note that for p < 1, p, and clearly, the system then is stable for all p € [0, 1]. Throughout
the paper we assume that p € (0,¢) (when p = 0 the solution is trivial). Fig.4.1 shows
the domain of possible pairs (p,p) such that the system is stable, which is bounded by

the curve 2

4.4 Equilibrium Strategy

In this section we discuss the (Nash) equilibrium strategies in the system. Let ¢,, > 0 be
the cost per unit time of waiting in the shared queue, and ¢; > 0 be the cost of sensing
(incurred by each customer who chooses to sense, regardless of the result of this action).
Since all customers are identical, and each one arriving at the system eventually receives
service, neither the reward from service nor the time spent in service is relevant. We
assume the system is not overloaded (i.e., p € (0,)) and all customers act to reduce

their expected cost to minimum.
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p

FIGURE 4.1: A colormap showing the p-p-plane divided into areas for which the system
is stable and unstable. The shaded area in the graph shows values of p and p for which
the system is stable, which are bounded by the curve p.

Since the arrival process to the system as a whole is Poisson, the expected number of
customers in Sg upon a customer’s arrival is E[X]. The residual service duration of the
customer in service in Sg, and the service duration of all of the other customers awaiting
in Sg are all independent of X and exponentially distributed with mean i Thus, the
expected waiting time of an arbitrary customer in Sg is i - E[X]. For a similar reason,
given that upon an arrival Sy, is busy, the expected waiting time of that customer is

LEX|Y =1]
17

For all p € (p,1], denote by Cg(p) and Cn(p) the expected cost of an individual who
chooses sens; and not sense, respectively, given that the others’ sensing probability is
p. We have

Cw(p) == “E[X] ,

Cs(p) ==cs+Pr(Y =1) - E[X |Y =1] .

(4.8)

Note that when p = 0 then the event {Y = 1} is the null set, thus, for p < 1 we define
Cs(0) = ¢s. Throughout the paper we use the terms Cn(p) and Cg(p) assuming that
p > p. For the avoidance of doubt, we stress that by referring to p € [0,1] we mean
pe[0,1]if p <1, and p € (p,1] when p € [1,¢).

We shall now show that there exists a unique equilibrium strategy. To this end, we first

point out some properties of E[X | Y = 0], of which we will make use in the proof:

Proposition 4.2. The function E[X | Y = 0] is continuous and monotone non-increasing

mp.

The proof of Proposition 4.2 is in Appendix C.2.
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In the proof of Proposition 4.2 it is also shown that E[X] is monotone non-increasing.
The fact that this functions are non-decreasing follows intuition, as the more customers

sense the loss system, the smaller the arrival rate to the shared queue, both when Y =0
and at a whole.

Denote v := (:g’s Ik The value of v can be interpreted as the normalized cost of waiting

a single service period, %’”, paid in currency with rate cs. Similarly, % is the fixed
normalized sensing cost.

Proposition 4.3. For every p € (0,p), and for every v > 0, a unique equilibrium
strategy pe € [0,1] ewists.

The proof of Proposition 4.3 is in Appendix C.3.

This result is not as intuitive as it seems, since the function Cs(p) is not necessarily
monotone (as shown in Fig. 4.2a and 4.2b). This fact can be explained as follows: an
increase in the proportion of customers that sense results in decreases probability of
attaining service in Sy, on one hand. It also decreases the expected queue length, and
shortens the waiting time of the customers who failed to attain Sy, on the other hand.

Nevertheless, the equilibrium probability p. is unique.

Cs(p) 2.5, ‘.
— \ *\
1 \ 16 |
200 !
.8 M \ \
N \ 12 |
N 1.5 . !
6 . N Cs(p) ‘
Y N 8
4 1
Cn(p) \‘\\\ Cn(p) el
2 R .5 - 4
% 2 4 6 s 1 % 2 4 6 s 1% 2 4 6 s 1
p p p
(A)v=1 p=04 (B) y=1; p=0.75 (c)y=1 p=1L

FIGURE 4.2: The expected costs of sensing (Cs) and not sensing (C), normalized in
¢s, as functions of p for v = 1 and various values of p.

Proposition 4.4. The pure strategy p = 0 is an equilibrium strategy (in other words
pe = 0) if and only if:
1
< —.
P=145
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FIGURE 4.3: The expected costs of sensing (Cs) and not sensing (C), normalized in
¢s, as functions of p for p = 1 and various values of ~.

The proof of Proposition 4.4 is in Appendix C.4.

Proposition (4.4) provides a necessary and sufficient condition for p. = 0. We would like
to derive a similar condition determining when p, = 1. Define g(z) as

9(z) = (1 =p)p°2® — (p* + (3—2p)p)2" + (2p+2)z — 1.

(4.9)
In their work, Yechiali and Naor (1971) have shown that the polynomial g(z) possesses
a unique root, denoted zg, in the interval z € (0, 1), and that:
(1—p)20
Poo = : 410
M0 (1= 20)(1 — p20) (4.10)
where p stands for p(p, p), as defined in (4.7).
Define the partial generating function of the system for Y (¢) = 0 as:
o
Gy=o(z) ==Y 2"Pom, |2l <1. (4.11)
m=0

It has been proven by Yechiali and Naor (1971) that

(T =p)z+ Poo(l —2)(pz —1)
Cr=a(z) = 9(2)
Note that

EX|Y =0]= !
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hence, denoting ¢'(1) := (d%)g(z)\zzl,

(L—p+1—p)Poo) (1)~ (1-p) g'(1) (4.12)

g
EX Y =0]= Pr(Y (t) = 0) - (9(1))2

Proposition 4.5. The pure strateqgy p = 1 is an equilibrium strategy (in other words

pe = 1) if and only if:
0%+ 63 — 0*
VY2 5 3
1—60—6%+63

where 6 := /1 + p.

The proof of Proposition 4.5 is in Appendix C.5.

Proposition 4.6. The equilibrium strategy pe is monotone non-decreasing both as a

function of p and as a function of .

The proof of Proposition 4.6 is in Appendix C.6.

As a matter of fact, the technique of proving Proposition 4.5 is useful in formulating
necessary and sufficient conditions not only for p. = 1 but also for every value p. € (0,1).
Put simply, for every set of parameters p € (0,¢) and v > 0 one can evaluate p. by
substituting (4.12) in (C.13) and solving the equation for p (the solution depends on
the root of the polynomial g(z)). In particular, when p = 1, equation (4.12) yields
EX|Y =0 = %, and applying the conditions for equilibrium it emerges that p, =
min {@, 1}. This result is reflected in Fig.4.3. Fig.4.4 depicts the value of p.

2
calculated for various values of p and ~.

1

.75

Pe .5

.25

1.5 ¥

FIGURE 4.4: The equilibrium strategy p. as a function of p for a various values of ~y
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4.5 Social Optimization

We now turn our attention to social optimization. The social objective function (nor-

malized by %”), C(p), is defined as

Cp) == L (1= p)On () + pCs(p)) | (4.13)

Cw
and represents the normalized expected cost of a customer when the probability of
sensing is p. Combining (4.13) and (4.8) we obtain
Clp) = §+(1 —p)-E[X]+p - Pr(Y =1)-EX|Y =1]. (4.14)

Define F'(p) as follows:

F(p):=(0—-p) EX]+p-Pr(Y =1)-E[X |Y =1]=C(p) — —, (4.15)

P
Y
The function F(p) can be interpreted as the expected cost of a customer in a system

of which ¢; = 0 and %" =1 (that is to say sensing is free of charge and the expense of

waiting for a single service period is 1 on average).

Proposition 4.7. The function F(p) is convex in p.

The proof of Proposition 4.7 is in Appendix C.7.

Denote p* the socially optimal strategy. Accordingly,

p* := argmin C(p) = arg min {p + F(P)} . (4.16)
pe(0,1] pef0,1] LY

From Proposition 4.7 we immediately have that C(p) itself is a convex function, thus,

p* is well defined.

Proposition 4.8.

(a) p*:Oifandonlyifpgl—wﬁ.
(b) p*=0 = p.=0.

(¢c) For everyy >0, pe[l— ﬁ,ﬁ} = pe=0<p*

The proof of Proposition 4.8 is in Appendix C.8.

Proposition 4.8 shows that it is possible that p. < p*. In fact, there exist values of
such that for all p € (0,¢), p. < p* (see Fig.4.6a) and there exist values of p such that
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for all v > 0, pe < p* (see Fig.4.7b). We shall show next that there exist values of p
and « such that p* < p.. In such cases we say that the system is in a situation of over-
sensing. Although the value of p* is computed in a numerical optimization technique,
the existence of p* < p. can be proved analytically. We begin by formulating a sufficient

condition for p* < 1:

Recall F(p) as defined in (4.15).

Proposition 4.9. If there exists a value h € (0,1) such that

h

TEFRA R - FO) (4.17)

then p* < 1.

The proof of Proposition 4.9 is in Appendix C.9.
For a given fixed p and h, define:

(5) = 0%+ 63 — 61 (p) = h
=T T e—e ey PV T FA—n) - FQ)

where § = /1 + p. The relation between these two quantities, v1(p) and y2(p) indicates
whether there exists a value of v such that p* < p.. Proposition 4.5 states that if
71 (p) < v then p, = 1. In addition, by Proposition 4.9, if v < ~2(p) then p* < 1. We
deduce therefore that if v1(p) < 72(p) then for all v € [y1(p),2(p)), p* < pe = 1. This
remarkable phenomenon can be spotted in Fig.4.6b and Fig.4.7a. In particular, taking
p = 0.6 and h = 0.01 satisfies v1(p) < 72(p) as demonstrated in Fig.4.7a. Combining the
aforementioned result with Proposition 4.8, we conclude that in some rare cases, p. =
p* ¢ {0,1}, namely p, is an efficient non-trivial mixed equilibrium strategy. Such cases
are spotted in Fig.4.8, which shows the two-dimensional p-y-plane painted in different

colors with respect to each of the three cases: p* > p., p* = pe and p* < pe.

4.5.1 Price of Anarchy

The existence of p and h such that v1(p) < 72(p) implies that rational customers,
under specific conditions, may over-sense Sy. This situation, while possible, may not
be a matter of significant importance in practice, as the expected cost of customers
in equilibrium is generally only slightly worse than that in social optimum under the
circumstances of over-sensing. We reach this observation based upon numerical analysis

of the price of anarchy (PoA), which is defined as follows:

C(pe)

PoA(p,y) := o)
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FIGURE 4.6: The socially optimal strategy (p*) and the equilibrium strategy (p.) as a
function of p for various values of v such that v < 1.

Empirical examination shows that the behavior of PoA as a function of p conforms with

the results in Proposition 4.8 and Proposition 4.4 (see Fig.4.9). For a fixed value of 7:

o prSl—Jﬁthenpe:p*:OandPoAzl.

e PoA (as a function of p) attains its maximum (non-smooth) point at p = ﬁ
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FIGURE 4.7: The socially optimal strategy (p*) and the equilibrium strategy (p.) as a
function of « for various values of p such that p < 1.
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FIGURE 4.8: A color map of the two-dimensional p-vy-plane showing the relation be-
tween p* and p.. For each pair (p, ), white indicates that p* > p., gray indicates that
p* = pe (in particular where they are both equal to 0 or 1) and black indicates that

P < Pe-

where the first and the second properties follow from Proposition 4.8 and Proposition

4.4, respectively.

For a fixed given 7, we define p; such that v1(p1) = v. If 71(p1) < 72(p1), then taking
p = p1 and v to be the system parameters implies that p* < p, = 1. For this fixed

value of v, we notice that PoA is not a unimodal function of p, and attains a local
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maximum (non-smooth) point at p; in addition to its maximum point at ﬁ This
can be observed in Fig.4.10, where v = 10. Note that in the case where v = 10 (see
Fig.4.6b) then p; &~ 0.49, it holds that

7 (p1) = 10.07 < lim y2(p1) ~ 11.23
h—0
and PoA(0.49,10) = 1.0005, which means that C(p.) is marginally greater than C'(p*).
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FIGURE 4.9: The Price of Anarchy (PoA) as a function of p for a various values of
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FIGURE 4.10: The Price of Anarchy (PoA) as a function of p for v = 10. This example
corresponds with Fig.4.6b, where p* = p. (i.e., PoA = 1) at p ~ .465, for which the
equilibrium strategy point is efficient and non-trivial.
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4.6 Concluding Remarks

This work deals with customer behavior in a queueing model that involves choosing
between a loss system and a system of an infinite buffer. From the queueing analysis
aspect, the main challenge is handling the dependency between the arrival rate to the two
subsystems, Sp and Sy, and the customers’ actions. In this specific model, customers’

actions induce an arrival process to Sg which in general is not Poisson.

We manage to show that the equilibrium strategy in this multi-player game is unique,
and can be either greater, smaller or equal to the socially optimal strategy. This results
continue to hold for even when the service rates of Sg and Sy, are different, because the
proof depends mainly on the fact that the service duration in both servers is memoryless
and on the fact that the loss-probability of Sy, is monotone increasing in p. Only slight
changes are needed in order to apply the same solution for a network with different

service rates, and the differences are primarily technical.

By proving properties (monotonicity and convexity) of the conditionally expected queue
length and expected cost (which are functions of the sensing probability) we show the
uniqueness of the equilibrium strategy, p., and compare it with the socially optimal one,
p*. However, the basic tools of calculus are of no use as these functions are given in
implicit form. In this chapter, specifically in the proof of Proposition 4.2 and Proposition
4.7, we present a construction of an appropriate coupling argument that appear to be
essential for the analysis of the model. We have further shown that there are cases
where p* > p. and cases where px < p., depending on the system parameters. If indeed
p* < pe then in order to reach optimal sensing rate customers should be incentivized
to join the shared queue without sensing. We find this an unusual result, because in
many models such as in Roet-Green and Hassin (2014), in the mean field model in Xu
and Hajek (2013), and in the fundamental model of Edelson and Hildebrand (1975), the
proportion of customers joining the queue in equilibrium is never less than the socially
optimal proportion. Moreover, the act of purchasing information in Roet-Green and
Hassin (2014) and in the mean field model in Xu and Hajek (2013) induces positive
externalities on society that a customer does not take into consideration when aiming
for individual optimization. As for the model presented here, this argument in general
does not hold, and the explanation is as follows: Say two successive customers arrive
at the system one after another. Whereas in most models it is beneficial for the second
customer that the first decides not to join the queue, in this model it is not clear whether

the second one prefers that the first one senses or joins.

One more way for addressing the over-sensing phenomenon is by observing the PoA,

which can be expressed as a function of the system utilization, p. When p is small
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relative to v we have p, = p* = 0, and when p is relatively large we have p. = p* = 1.
By definition, if p. = p* then PoA = 1, otherwise PoA > 1. When increasing p, at some
point the system may switch from p. < p*(under-sensing) to p. > p* (over-sensing). At
this point satisfying p. = p* € (0,1), the function PoA attains its local minimum. As a

consequence, PoA is not a unimodal function of the system utilization.

Further investigation and discussion is needed in order to apply the results in this work
on models where there can be more than one server to sense. Extending the number of
servers so that Sy, becomes an M/M/s/s queue or adding a finite buffer of waiting slots
in front S, so it becomes an M/M/1/K, make the solution of Yechiali and Naor (1971)
for the stationary probabilities no longer suitable. Also, if there is a buffer in front of
S, it is necessary to specify what information is revealed to a sensing customer, and
the set of actions for customers should be adjusted accordingly. For example, if sensing
reveals the exact number of customers awaiting in Sy, then it is not clear that a sensing
customer when observing the queue length in Sy would wish to join immediately. To
the extent that Sp is a multi-server loss system, then we need to model the sensing
methodology: how many servers are sensed, how they are sampled among the collection
of servers, etc. If we consider a case where each sensing customer is blocked if and only
if the loss system servers are all busy, then it can be shown in similar methods to those

presented here, that the equilibrium strategy is unique.



Chapter 5

Tipping in Service Systems: The

Role of a Social Norm

5.1 Background and Motivation

On an average day, 10% of the US population leaves a tip in the restaurant they visit
(Lynn, 2006). Customers also leave tips for barbers, chambermaids, delivery people,
and many more (Star, 1988). In 2006, the magnitude of tips in the restaurant industry
in the US alone was estimated at about $44 billion (Azar and Tobol, 2008). Paying a
tip is therefore a significant part of any customers’ budget to acquire a wide range of
services. At the same time, these tips are a crucial source of income for more than two
million employees in the US food and beverage sector, paid at (or below) the minimum

wage for tipped employees' (Jones, 2016).

Tipping is a widespread custom in many societies, but, not in all. Originated in Europe
in the sixteenth century and exported to the US in the late 1800s, tipping nowadays
is much more prevalent in the US than in Europe (Azar, 2004a). Yet, tipping has
been controversial; in the early 1900s, seven US states, have voted and repealed anti-
tipping laws, Azar (2005a). Recently, there is a tipping debate raging the US. Bringing

up considerations such as fairness, discrimination and theft?, some employers in the

!The minimum wage is $2.16 per hour for employees earning at least $30 in tips per month. This
wage plus tips must exceed the maximum of the federal minimum wage of $7.25 per hour (since 2009)
and the state minimum wage, see United States Department of Labor, Wage and Hour Division, Fact
Sheet #15.

2Under current Department of Labor regulations in the US, the tip is owned by the employee and
cannot be appropriated by employers, Shierholz et al. (2017). Therefore, tips cannot be shared either
with employees who do not customarily and regularly receive tips, such as dishwashers, cooks, chefs, and
janitors Wood (2017). ‘Tip pooling,’ i.e. splitting tips between employees who customarily and regularly
receive tips such as waiters/waitresses, bellhops, counter personnel (who serve customers), bussers, and
service bartenders is permitted under the Fair Labor Standards Act.

o7
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restaurant industry switched from tipping to no tipping, and some switched back to
tipping (Yagoda, 2018).

We do not have space here to provide a full overview of the literature on tipping, see Lynn
(2006), Azar (2005a) for excellent overviews. In short, economists have focused on the
benefits of tipping for employers via (a) reducing employee monitoring costs, Bodvarsson
and Gibson (1997), Lynn and McCall (2000), Pencavel (2015), Jacob and Page (1980),
(b) facilitating tax evasion, (c) facilitating screening of employees, Schotter (2000) (d)
attracting customers, Schwartz (1997), Lynn and Wang (2013) and (e) addressing service
delivery failures, Sisk and Gallick (1985).

The benefits of tipping for employers can only be accrued in case that customers are
actually motivated to tip. Tips are usually paid after receiving service. For repeat
customers, tipping is rational, as these customers may see a return to their tip for services
that will be rendered in the future (Ben-Zion and Karni (1977)). However, tipping is not
rational in the case that the customers are one-time customers. These customers will
never enjoy any return to their tip in the future as they will never re-visit the facility.
Hence, assuming that tipping is merely driven by future service considerations, rational
one-time customers should never tip. Nevertheless, in practice, many such one-time
customers do leave a tip. In order to explain one-time customers’ tipping behavior,
various behavioral motivations have been brought forward in the literature; conforming
to a social norm is considered as one of the most significant motivations for leaving a

tip, Azar (2004a).

The theoretical literature on tipping with a social norm has been pioneered by Azar; see
Azar (2007) for a review. Azar (2004b) develops a model in which he endogenizes the
social norm keeping the service value fixed; customers incur dis-utility when they tip a
different amount than the social norm prescribes. In addition, customers enjoy positive
utility from the tipping process as well as from tipping more generously than the norm.
Azar finds that without the latter utility, the social norm erodes over time. Azar (2008)
endogenizes the service quality in a game between a service provider (determining effort
for service) and a customer (determining the tip), in which the social norm is exogenous.
Azar finds that when the social norm is very sensitive to quality, tips increase the social
welfare, but, that the service quality with tipping may be below the socially optimal

value.

A stream of papers studies the empirical relationships between tipping and service qual-
ity and tipping and patronage frequency. Repeat customers tip more than one-time or
infrequent customers (Lynn and McCall (2000), Conlin et al. (2003)). It is not clear,
however, whether the repeat customers receive better service as the positive impact of

service quality on tips is somewhat weak. May (1978) found that tips are independent
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of service quality. On the contrary, Lynn and Grassman (1990) found a significant posi-
tive correlation between tips and patronage frequency, but not between tipping and the
interaction of patronage frequency with service ratings, see also Bodvarsson and Gibson
(1994). These mixed findings call for a better understanding of the effect of patronage
frequency on tips, Azar (2007). The relationship between service rating and tip amount
depends critically on the customer’s perception of the employee’s control over the service,
Azar (2004a). In some cases the latter is clear. For food-delivery services, for example,
the dimension of service quality is mainly the service speed, which can be attributed
more easily to the drivers. Seligman et al. (1986) find that indeed, food delivery persons

receive larger tips for faster delivery.

Interestingly, the origins of the word ‘tip’ dates back to the sixteenth century in England,
where brass urns were placed in coffee houses and local pubs with the inscription: ‘To
Insure Promptitude’ or ‘To Insure Promptness’, Azar (2005a). The English word waiter
finds its origins in the late 15th century and refers originally to an “attendant at a meal,

servant who waits at tables”?

, indicating that the server waits for a service request by
the guest, who are served promptly. Nowadays, in many service settings human labor is
still a constraining resource and service speed is an important (and objective) measure
of service quality. Yet, none of the above theories considers service speed as key measure
of service quality. As customers typically dislike waiting in practice, we focus in this

chapter on tipping for fast service.

A sizable literature in Operations Research studies the impact of service speed on cus-
tomer behavior in resource-constrained service settings (see Hassin and Haviv (2003),
Hassin (2016) for excellent overviews of the literature). In essence, in this literature,
an important focus is on the customer-to-customer interaction as they all compete to
gain speedy access to a limited resource (the server). Wait-sensitive customers can in-
fluence the speed at which they receive service by obtaining ‘priority’. A scheme that
is the closest related to tipping, is referred to as bribery, Lui (1985)*. In such scheme,
each customer chooses the amount she wishes to pay for priority (the tip) and is then
placed in the queue ahead of those who paid less. Therefore, customers paying more
have to wait less for service. In a priority queuing setting Glazer and Hassin (1986)
specify the equilibrium distribution of bribes (or tips). Specifically, when customers are
homogeneous, the server’s profit achieves the maximum social welfare and all customers
obtain zero utility. Another mechanism achieving the same, maximum social welfare for
homogeneous customers, but, with a First Come First Served (FCFS) service discipline
instead of a priority-based discipline, is obtained by charging an (optimized) ‘admission

fee’ to all customers who want to join, as in Edelson and Hildebrand (1975). Again, the

3See the Online Etymology Dictionary entry for waiter.
4See Azar (2005a) for a discussion about ‘bribery tipping’.
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admission fee extracts all customer surplus. In queuing games literature, customers are
assumed to be rational, and, make their decision on priority purchasing before receiving
service. As discussed above, one-time customers tip after having received service and
such observation can be explained through the existence of a behavioral component;
a social norm. There is an emerging literature, in which behavioral elements are in-
corporated in queuing games. For example, Huang and Chen (2014) study pricing of
services when expectations about waiting times are formed based on past experiences
and anecdotal reasoning. Yang et al. (2018) study pricing of services when customers are
loss-averse. To the best of our knowledge, no priority queuing game has been analyzed

to study the formation of a social norm.

Two questions in the literature regarding tipping are important: Why do one-time
customers tip, and, does tipping improve social welfare? We address these questions
in this chapter. In line with Bodvarsson and Gibson (1997), customers first interact
with each other for access to a limited resource in a ‘service consumption’ stage and
second, customers interact with each other in a ‘social consumption’ stage, like Azar
(2008), in which they compare how much they tipped. In our model, the social norm
is endogenously formed. To keep focus, as in Azar (2004b), we do not address the
employee’s ‘effort’ to provide ‘good service’ (see e.g. Jacob and Page (1980), Azar (2008),
for such studies with endogenous effort). In our model, the service rate determines the
effort in our queuing model and is thus fixed. Good (or speedy) service for one customer
who received high priority comes at the expense of slow service for another customer
who received low priority. This notion of priority is consistent with Lynn et al. (2012),
who suggest that servers should exert more efforts in serving those dining parties they
expect to pay larger tips. Asin the literature, we study a mixture of repeat and one-time
(non-repeat) customers. To make insights sharp, we do not consider any other source of
heterogeneity in the customer population. Customers in our model are rational in the
sense that they decide whether to purchase the service or not and, if they do, how much
to tip, maximizing their expected utility, taking both service and social consumption

into account.

We describe our model more formally next.

5.2 Model Description

In this section, we set up first our model and then define equilibrium.
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5.2.1 Set-up

We introduce a tipping game which is divided into two stages. In the first stage, the
consumption stage, delay-sensitive customers arrive according to a Poisson process at
a (stationary) single-server service facility. The service value is U, and service time
is exponentially distributed with mean 1/4. Customers (a) decide whether to obtain
service (join) or not, (b) tip in case they join. In case customers join, a queueing process
is formed. The joining decision is taken without knowledge of the actual queue length
(as in Edelson and Hildebrand (1975)). We assume customers incur costs while waiting,
both in line and during service. The waiting cost rate of all customers is ¢ > 0 per
unit-time. To avoid trivialities, we assume that U > ¢/u, otherwise the service facility
does not generate any value even in the absence of congestion. The utility of not joining
is normalized to zero. As we explain below, a higher tip will lead to lower expected

waiting time and will be compared with other customers’ tip in the second stage.

In the second stage, customers who joined, meet in a social market with another, ran-
domly selected customer who obtained service. Both customers reveal their tip amount
to each other and incur a dis-utility that is proportional to the squared difference of
the tip; x(t — t')? when the revealed tip amounts were ¢ and t, for some x > 0. The
parameter k captures the strength of the social norm, whose impact on tipping behavior

is our main focus.

Consistent with practice we assume that customers tip after the service was provided.
However, as in Azar (2008), we introduce the notion that some customers (repeat cus-
tomers) can influence wait time via their tip, while other customers (the one-time cus-
tomers) cannot. The potential arrival rate of repeat (one-time) customers to the service
facility is A, (A,). Similar to Afeche et al. (2015), we assume that the individual demand
rate of a repeat customer is sufficiently small with respect to A, such that it does not
change the other customers’ utility. Nevertheless, the individual repeat customer visits
the facility frequently enough such that the server recognizes her, and the server can
predict how much she will tip. In line with Ruffle (1999), another interpretation of re-
peat customers in our model is that they tip the server up front, such that upon joining
the facility, the server knows her tip. When a one-time customer joins, the server forms
a belief about her tip. The server then gives preemptive priority to the customer with
the highest (believed) tip. Customers with exactly the same expected tips are treated
FCFS.

All parameters A, Ao, i, ¢, V and k are common knowledge, and customers are rational

in the sense that each one seeks to maximize her own individual utility.



Tipping in Service Systems: The Role of a Social Norm 62

The customer selects an action a € {join, balk} in the first stage. We allow for ran-
domization over the joining decision and let c, be the probability that a customer type
x joins. We also allow for randomization of the tipping decision of the customers that
joined. The tip amount of customer type x, can be described via a cumulative distribu-
tion T\ (¢) for t € T,(C RT). We that the servers’ belief about the one-time customers’
tip is correct. We elaborate the equilibrium conditions we impose on (o, a,, Tp, Tp)

next.

5.2.2 Equilibrium

For convenience of notation, instead of using ., we introduce the customers effective ar-
rival rate via Ay, = o, Ay, € [0, Ay ], where x € {o,r}. We denote the unconditional (both
one-time and repeat customers) cumulative tipping distribution by T'(¢) over T = T ,UT,.
As the server forms beliefs about the one-time customers tip, the cost for a customer at
the consumption stage relies on the tipping distribution conjectured by the server, which
we assume is correct. Therefore, we use the same notation T'(t) for both the conjectured

and the actual tipping distribution. The expected utility of customer type x is

Up(ts T Aoy M) =U — ty — Wy (£, Ty Aoy Ar) — n/ (1 —t,)2dT(7) (5.1)
~~ TET

Tip Waiting cost
Social cost

where W, is the expected waiting time. For a repeat customer, the expected waiting
time, W, depends directly on the tip, ., as well as on the distribution of tip payments
and on the customers’ joining rates, A,, A,. For one-time customers, W, does not depend
on their tip, but, does depend on the server’s belief about the tip, the joining rates and
the tipping distribution. For both customer types, the social cost does depend on the
tipping distribution.

As customers are homogeneous, type-y customers should expect the same utility of
joining. Thus, in equilibrium the expected utility for all tips in the randomization
domain, 7, equals to u,. For tips outside the randomization domain, the expected
utility in equilibrium is lower than w,. As customers are rational and the utility of not
joining is normalized to zero, when wu,, is strictly positive (negative), x-type customers

do (not) join, otherwise, they randomize. Thus, for type x € {o,r} with joining rate
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Ay € [0, A, ], the equilibrium conditions are:

rational tipping: wu, = Uy(t,T, Ao, \;) for all t € Ty, and
uy > Uy (t,T, Ao, Ar) for all t ¢ Ty, (5.2)
rational joining: A, = 0 when u, <0, Ay, = A, when u, > 0 and
Ay € [0,Ay] when u, = 0.

For each type x € {o,r}, let the joining rate A} with tipping domain 7 satisfy the
conditions above, and let 7%*(¢) be the unconditional tip distribution. For the convenience
of notation, we drop the * indication and, throughout the paper, unless stated otherwise,

we refer only to equilibrium strategies.

5.3 Analysis

5.3.1 Preliminary Results

We start with a proposition about equilibrium joining and tipping behavior (Proposition

5.1) that will determine subsequent analysis.

First of all, even though all repeat customers are homogeneous, their tipping distribution
(excluding one-time customers’ tips) must be non-degenerate: Recall that customers are
served in an FCFS manner when they tip the same amount. Suppose on the contrary
that a non-infinitesimal proportion of repeat customers tip the same amount. A single
repeat customer who deviates from that amount by tipping an arbitrarily small amount
€ > 0 higher, will skip over a non-zero, e-independent number of customers. Hence, such
deviation is attractive because it yields a substantial improvement in waiting time. As a
consequence, repeat customers cannot all tip the same amount in equilibrium. Therefore,
there must exist a non-empty domain over which repeat customers randomize their tip.
This is similar to Glazer and Hassin (1986). For one-time customers, however, the
situation is different. As tipping does not impact their priority directly, the one-time
customers’ tip minimizes the social plus tipping cost, which is identical for all one-time

customers. Thus, the tipping density of one-time customers is degenerate.

Next, we note that the tip amount chosen by one-time customers is equal to the lowest
tip in the repeat customers tipping domain. Assume on the contrary that the one-time
customers’ tip is strictly lower than the lowest tip of the repeat customers. Consider a
repeat customer who tips the least among all other repeat customers. If she deviates
by tipping strictly more than the one-time customers’ tip, but, strictly less than all

other repeat customer’s tip, she will obtain exactly the same waiting time. Yet, she will
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be strictly better off, as her tip becomes closer to the one-time customers’ tip, which
is the minimizer of the tipping plus social norm cost. Therefore, there cannot be any
measurable ‘gap’ between the one-time customers’ tip and the repeat customers’ tipping

domain.

Finally, in the presence of one-time customers, repeat customers will always tip strictly
more than one-time customers, because, as explained, a repeat customer who chooses
exactly the same amount as the one-time customers, will be strictly better off tipping
slightly more. Hence, all repeat customers have the same utility (as they randomize)

and are strictly better off in any equilibrium than one-time customers. We obtained:

Proposition 5.1. In equilibrium:

(i) The tipping distribution of repeat customers is non-degenerate, continuous, and

strictly increasing, and its domain is an interval T,* = (t,1].

(ii) The tipping distribution of one-time customers is degenerate T, = {t} and is equal

to the lowest tip of repeat customers.

(i1i) Repeat customers obtain strictly higher utility in equilibrium than one-time cus-

tomers.

The proof of Proposition 5.1 is in Appendix D.1.

Proposition 5.1 items (i-ii) imply that in equilibrium, one-time customers tip the lowest
among all customers, regardless of their actual waiting time and hence, will receive the
lowest priority for service. It also follows that we only need to characterize the tipping
distribution for repeat customers, 7., and its domain, [t,?], with ¢ being the tip paid
by one-time customers. Let A = A\, + A, denote the total arrival rate that joins. The
unconditional tipping distribution 7" is a mixture of the distribution 7} with probability®
Ar/A and (the degenerate distribution at) ¢ with probability A,/A, thus, containing an
atom at ¢ when A, > 0.

A consequence of Proposition 5.1(iii) is that one-time customers join the system in
equilibrium if and only if all the potential demand of repeat customers join with strictly

positive utility. There are thus three possible outcomes in equilibrium:

(i) A fraction of repeat customers join; A, € (0, A,] and A\, = 0. All customers receive

zero expected utility.

® As the individual joining rate of a repeat customer is small compared to A, (and \,) the probability
she is paired with herself during the social consumption stage, is negligible and therefore, the probability
of meeting another repeat customer is A./(Ao + Ar).
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(ii) All repeat customers and a fraction of one-time customers join; A, = A, and
Ao € (0,A,). Repeat customers receive strictly positive expected utility, and one-

time customers receive zero expected utility.

(iii) All (repeat and one-time) customers join; A\, = A, and A, = A,. Repeat cus-
tomers receive strictly positive expected utility and one-time customers receive

non-negative expected utility.

To keep focus, we assume that the potential arrival rates satisfy A, € (0, 1) and p < A+
A,. With this assumption, Case (iii) can never be an equilibrium. So, the total arrival

rate, A\, uniquely determines the equilibrium arrival rates of each type: A, = min{\, A, }
and A\, = {\ — A, }T.

Combining Proposition 5.1 and u < A, + A, altogether implies that in the equilibrium
characterized by Equation (5.2), the customer who tips the least amount ¢, whether
it is a repeat customer (A < A,) or it is a one-time customer (A > A,), receives zero
expected utility. Therefore, in what comes next, we solve for the equilibrium arrival
rate A and the corresponding tip distribution 7', by applying the following process:
First, we assume that the joining rate A is known, and specify the corresponding tipping
distribution T'(¢; \) and its domain [¢, ¢], such that for this given rate, repeat customers
are indifferent between tipping every t € (¢, ¢] (but strictly prefer it to tipping ¢’ ¢ (¢, ]).
Then, as a function of A\, we compute the total cost (tip, wait and social cost) of the
customer tipping ¢, for the induced distribution 7'(¢; A). Finally, we solve for A satisfying

that this total cost equals the service value, U.

5.3.2 Tipping without a social norm

In this subsection, before analyzing the impact of the social norm (x > 0) on the
tipping strategy, we first characterize the equilibrium in the absence of a social norm
(k = 0). Proposition 5.2 prescribes the equilibrium tipping distribution and the waiting
times, assuming the joining rate, A is known. Next, we characterize T}, t, ¢ and the

corresponding expected waiting times:

Proposition 5.2. In the absence of a social norm (k =0): For given A € (0, u):

1) A unique equilibrium cumulative distribution function of repeat customers’ tips is
q q p p

given by

) — K 1 S
Tr(tv )‘) — min{\A} 1 T +1 min{\,A,}
\/(I,mln{)‘!AT})Q c

fort € (0,t(N)], with t(\) = {W -1},
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and is strictly convex increasing in t.

(i) The expected waiting time as a function of the tip amount for repeat customers is:

1 t
Wr(t;)\) = [L(l _ min{;\,Ar})Q o E
and for one-time customers is
Wo(A) = - .
p(l = ) (1 - =)

The proof of Proposition 5.2 is in Appendix D.2.

Consistent with e.g. Seligman et al. (1986), Lynn et al. (2012), from Proposition 5.2(ii),
it follows that the waiting time (service quality) decreases (increases) in the tip amount;
W, (for one-time customers tipping t) is greater than W,.(t) (for repeat customers tipping
t > t) and %Wr(t) < 0. In addition, repeat customers obtain faster service than one-
time customers (when they join), which is intuitive and consistent with Ben-Zion and
Karni (1977). Here, in order to make the repeat customers indifferent over the tipping
domain, the expected waiting cost (¢W,.(t)) must decrease linearly in the tip (such that

the expected tipping plus waiting costs become independent of the tip); %Wr(t) =—1/c

Interestingly, the cumulative distribution function of tips for repeat customers is convex.
The intuition is the following: From priority queuing (e.g. Kleinrock (1976)), we know
that when repeat customers’ tipping distribution is 7T,., the expected waiting time for

a repeat customer tipping ¢ is proportional to (1 — ﬁ + %Tr(t)) 2 which is a convex
decreasing function of 7). (t). Consider two tipping amounts, ¢, < t, with p = T}.(¢,) <
q = T, (tq). The marginal waiting cost saved by a customer who moves from tipping t,
to tipping tp4c (the (p + €)-quantile) is greater than the cost saved by a one who moves
from tipping ¢, to tipping t,4.. Thus, in order for the waiting cost to provide perfect
compensation for the tip, it must follow that the difference in tip amount between the
tp and t,4. is bigger than the difference between t, and t,.. Hence, the cumulative
distribution must be convex, which, in turn, implies that the tip density is increasing.
It further implies that ¢, is convex increasing as a function of p, and also as a function

of the associated waiting cost, W;.(t,) — we rely on these facts later in §5.3.3.

Finally, notice that the lowest tip among for the repeat customers is zero. Therefore,
if one-time customers join, their tip is also zero. This is also intuitive: Assume that
the latter was strictly positive, say 0 < ¢. In that case, a customer who tips t, by
tipping less, will not change her expected waiting time but clearly increase her utility.
Hence, such deviation from equilibrium would be profitable. It follows immediately from

Propositions 5.1 and 5.2 that:
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Corollary 5.3. In the absence of a social norm (k =0), one-time customers never tip

(t = 0) when they join (A > A,).

Not surprisingly, as one-time customers cannot influence service priority via their tip,
in the absence of social norm, one-time customers never get any benefit from tipping,
therefore they do not tip. This implies that externalities caused by repeat customers
competing for access to the same resources do not motivate rational one-time customers

to tip. In §5.3.3, we study whether a social norm will make these customers tip (or not).

With Proposition 5.2, we can now characterize the equilibrium demand rate, A. This,
as explained in §5.3.1, is done by equating the total cost of the customer tipping t(= 0),
to the service value, U. We denote by C()\) the total expected cost for that customer:

CA) =

W, (0;0), A€ (0,A,],
Wo(N), A€ (A, p).

Now, Equation (5.2) becomes:
U=C(A), A€ (0,p).

We next characterize the equilibrium joining behavior:

Proposition 5.4. In the absence of a social norm (k=10):

(i) When A, € (0, u—+/cu/U], then all repeat customers and some one-time customers
join in equilibrium (A = pu—c/(U(1 — %)) > A, ). Repeat customers tip according
to T,-(t; Ay.), over (0,t(A,)]. The one-time customers tip 0.

(ii)) When A, € (n—+/cu/U, p), then not all repeat customers join in equilibrium, X\ =
pw—+/cu/U < A,. Repeat customers who join tip according to T (t; u — /cu/U),

over [0,U — ¢/p]. The one-time customers do not join.

The proof of Proposition 5.4 is in Appendix D.3.

The term p — \/W is also the socially optimal arrival rate in any (unobservable
queuing) system with potential arrival rate exceeding the service rate, as under our
assumption u < A, + A,, see Edelson and Hildebrand (1975), Glazer and Hassin (1986).
Hence, according to Proposition 5.4, when the potential market for repeat customers
is lower than the socially optimal arrival rate (equivalently, the service value is high),
all repeat customers with rate A, join (with strictly positive utility), as well as some
one-time customers (they join with zero utility). It can be shown that the total arrival

rate (repeat and one-time customers) exceeds the socially optimal arrival rate. Hence,
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for low potential arrival rates of repeat customers, there is over-joining. As A, increases,
or, alternatively, U decreases, the total arrival rate decreases until it is equal to the
socially optimal arrival rate. Then, no one-time customers join. For higher values of
A, (or lower values of U) the one-time customers don’t join anymore and the repeat

customers’ joining rate remains the socially optimal one. We found that:

Corollary 5.5. In the absence of a social norm (k = 0), the total demand rate, composed
of repeat and one-time customers strictly decreases in the market size of the repeat
customers as long as A, is less than the socially optimal arrival rate. For higher values
of A, the total demand rate is composed of repeat customers only and is remains at the

socially optimal level.

The intuition behind the decrease of the equilibrium arrival in A, when both repeat
and one-time customers join is the following: As the one-time customers receive the
lowest priority and are served FCFS, they are more sensitive with respect to increased
congestion caused by more repeat customers. Hence, one-time customers drop off at
a faster rate than the rate at which repeat customers join. With insufficient repeat
customers to cover the socially optimal arrival rate, the total joining rate is too high
compared with the social welfare maximizing joining rate. Similarly to Edelson and
Hildebrand (1975), this is because one-time customers, as they are served FCFS, ignore
the negative externalities of their joining, causing increased waiting to other one-time

customers.

With sufficient potential repeat customers, no one-time customers join, competition
among repeat customers becomes intense. This tipping competition forces repeat cus-
tomers to pay (via tipping) an amount that equals her net utility (service value minus
waiting cost), thereby obtaining zero utility. The total arrival rate in this case (which
includes only repeat customers) will be socially optimal; p — \/W (as is Glazer and
Hassin (1986)).

Having the equilibrium repeat customers joining rate A and their tipping distribution
at hand, we can now determine the expected tip (per customer), which is ET'(\) =
ETT(A)min{i’Ar} +§{Arj\)‘}+ where ET,(A\) = [ tdT,(t; A). The expected tip (and tipping

distribution) is interesting from an empirical point of view. We also define the ‘tipping

wage’ (per unit time) as AET'()).

The tipping wage is of managerial relevance because it is usually a credit towards the
server’s minimum wage. The tipping wage depends on both the tip and the equilibrium
arrival rates for both customer types. As only repeat customers tip in the absence

of a social norm, it is easy to obtain that ET.()\.) = (c¢/u)(\/p)(1 — \p/p)2. As
Ar = min{pu — \/cu/U, A, }, we obtain that:
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Corollary 5.6. In the absence of a social norm (k = 0), the tipping wage is c(A,./p)?(1—
Ar/p)~2 and increases strictly in the market size of the repeat customers, A, as long

as Ay < p— +/ep/U. For higher market sizes, the expected tipping wage achieves the
mazimum social welfare; pU (1 — /c/(Uw))?.

From the two Corollaries above it follows that, without a social norm, the tipping wage
is non-decreasing in potential market size of repeat customers, and the total demand
is non-increasing. Consequently, as long as the potential market size is relatively low,
the average tip is too low compared with the optimal ‘service fee’, hence, there is over-
joining and the average queue length, /(11— \) (an aggregate measure of service quality)
is too high. When the potential market size for repeat customers is sufficiently high,
the joining rate, composed of repeat customers exclusively, is socially optimal and the
average tip is equal to the fee that maximizes the social welfare with a FCFS service
discipline (Edelson and Hildebrand (1975)).

5.3.3 Tipping with a social norm

In this subsection, we analyze the tipping strategy in the presence of a social norm (k >
0). In order to characterize the equilibrium tip distribution for the repeat customers,
we introduce a conjecture of the unconditional expected tip, m. Given the joining rate
A and the conjectured (unconditional) expected tip m, it turns out we can characterize
the repeat customers’ tipping distribution as a function of m, as shown in Proposition
5.7 below. As the unconditional tipping distribution, T', is a mixture between T, and
the lowest tip in the domain, ¢, with probabilities min{\, A,.}/A and {A, — A} /),
respectively, we can obtain the ‘actual’ expected tip, for any given conjecture of the
expected tip, m. Below, we define the ‘rational-tipping set’ as the set of conjectures,
m, such that m is equal to the actual unconditional expected tip induced by this exact

conjecture m.

Similarly as in §5.3.2, we subsequently characterize equilibrium arrival rates, but, for
the rational tipping set. In the following, m will become an argument of all functions we
already introduced. To keep notation simple, we do not differentiate the functions with
(85.3.2) and without (§5.3.3) a social norm.

For the one-time customers, the return to tipping ¢ is a reduction in the social cost (see
Equation (5.1); —« [(7 — t)?dT’). As the marginal cost of tipping ¢ is 1, the marginal
return is —/{% [(r — t)%dT = 2k(m —t). Note that, thanks to our quadratic social
cost function, this marginal return only depends on m, not on the full tipping distri-

bution 7. This structure allows us obtaining analytic results: Whenever the marginal
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cost of tipping is less (more) than the marginal return, the one-time customer has an
incentive to increase (decrease) her tip. As tips are non-negative, the rational tipping
strategy is (a degenerate distribution at) {m —1/(2x)}*. Thus, only when the expected
tip is higher than 1/(2k), one-time customers tip, otherwise, the don’t (i.e., they tip
zero). Proposition 5.7 fully characterizes the (non-degenerate) tipping distribution for

the repeat customers and the waiting times for both customer types:

Proposition 5.7. In the presence of a social norm (k > 0): For a given conjecture of

the expected tip amount, m, and for given X\ € (0, u):

(i) A unique equilibrium cumulative distribution function of repeat customers’ tips is

given by

min{\,A.} ¢(17min€A7,Ar})2 _%(t2—2(m—i)t) min{ A}’ = 2k
T, (t;m,\) = .

o L +1—- —4 m> 5-
min{A,Ar} \/m_%(t_(m_i))z min{\,A,}’ 2k

with support (t(m),t(m, N)], such that

and

1 1\2 1 1
m_%_‘_\/(m_%) +Hc‘ul{(1_min{k,Ar})2 _1}7 mS 2%

1 c 1 1
m‘%*\/nu{(l_mw—l}a m> 5

and 1s convex over its domain.

(ii) The expected waiting time as a function of the tip amount for repeat customers is:

Wi (t;m, A) = 1 _ﬁ{ (# - ( —5)t), m<

(1 — mln{;\,/\r})2 c

5= F=

and for one-time customers is Wo(X).

The proof of Proposition 5.7 is in Appendix D.4.

Proposition 5.7 parallels Proposition 5.2. There is an additional term related to the
social norm in the tipping distribution and the expected waiting time for the repeat
customers. As higher tip yields higher priority, the waiting cost decreases again in the

tip, t.
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In the case with kK = 0, we noticed that the repeat customers’ tipping distribution is
convex in the tip (thus, the density is increasing). The explanation relied on the fact
that the waiting cost is convex in the tipping quantile, and that the reduction in waiting
cost should provide perfect compensation for the increase in the tip, such that all repeat
customers receive the same utility in equilibrium. Here, with x > 0, we have that the
reduction in waiting cost should provide perfect compensation for the increase in both
the tipping and the social norm costs. Note, from Equation (5.1) that the sum of the
tipping and social norm costs, t + « [ (7 — t)2dT), is convex increasing in the tip (for
every conjectured mean tip m), so that the decrease in waiting cost should be even more
substantial then in the case for k = 0. Following a similar explanation as in §5.3.2,
again, we have that the tipping distribution is convex in the tip, such that the density

is increasing.

Being able to characterize T, using Proposition 5.7, we can now specify the uncondi-
tional tipping distribution, 7". The mean of the unconditional distribution 7', ET (m, A),
depends on the conjecture of the unconditional mean tip, m, as well as on the given

joining rate A\. The expected unconditional tip can be written as:

£r(m,x) = M g 3y 4 DA )

where ET,.(m, \) is the (conditional) mean of the repeat customers’ tipping distribution;
ET,(m,\) = [tdT,(t;m, ). Next, we discuss how the expected (actual) unconditional
tip, ET(m, \) depends on the conjecture of the tip, m:

Proposition 5.8. For given 0 < A\ < u, we have

(i) When m < 1/(2k), ET(m,\) is convez, strictly increasing and positive in m.

(i) Whenm > 1/(2k), ET(m, ) is linear in m, and equals ET(1/(2k), \)+m—1/(2k).

The proof of Proposition 5.8 is in Appendix D.5.

Proposition 5.8 is interesting because it prescribes the process of forming a social norm.
Such norm depends on what everyone else believes is the average tip; m. When everyone
else believes the expected tip is high, rational tips will also be high. According to
Proposition 5.8, rational tipping with a social norm becomes more aggressive as the
conjectured tip increases (ET, is convex increasing in m). This is because the waiting
time for repeat customers for a given tip t, W,.(t;m, A) (Proposition 5.7) is increasing
in m for every ¢t and A. For a repeat customer tipping ¢, when the mean tip is m, as
m increases, the same tip amount ¢ will result in a higher waiting time. Recall that the

waiting time for every tip ¢ can be expressed as a function of merely the proportion of
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tips smaller than ¢. This means that when m increases, every tipping quantile increases
too%. Thus, the actual mean tip for repeat customers increases with the conjectured
tip, m. Recall from the explanation in §5.3.2 that each quantile is a convex (increasing)
function of the waiting time. Since W, (t;m, ) is linear in m € (0, 5], each quantile is

convex in m, and so is ET, (as it is a weighted sum of these quantiles).

Moreover, for sufficiently high conjectured expected tip, the tipping domain is strictly
positive, i.e., 0 < t(m) (see Proposition 5.7). When this is the case, an increase in the
conjectured expected tip yields an equal increase in ET'. In fact, notice from Proposition
5.7(ii), in case that m > 1/(2k), T, t and ¢ are functions of m — 1/(2x). Hence, when
m > 1/(2k), not only the mean of the tipping distribution increases linearly in the
conjectured tip, but the entire tipping distribution is simply shifted over its domain by

the same amount.

For any given joining rate A\ and conjectured mean tip m, we refer to rational tipping
when ET = m. That is, the distribution 7', is rational when its actual mean coincides
with the conjectured mean tip m. Since the expected tip is increasing in the conjectured
tip, there is no guarantee that a unique rational tip exists. Define the rational-tipping
set as:

M) ={m e RY | m = ET(m,\)}.

The rational tipping set M might be an interval in RT. The latter is a consequence of

Proposition 5.8. Define now

V20—p? + arctan(——=L=) — 5

1—p 2p—p?
A(p) £
P
Proposition 5.9. For every k > 0, let \, satisfy i = ﬁA(%) and, in case that
A > 5\7", let Ao satisfy i = %1 /ﬁA(%) Then, A\ decreases in the social norm, K,

Ao > Ay and M) = M(X,) = [1/(2k), +00).

The proof of Proposition 5.9 is in Appendix D.6.

Proposition 5.9 identifies arrival rates for which the rational tipping set is an interval.
By taking derivative with respect to p, it can be seen that A(p) increases from 0 to
400 as p increases from 0 to 1. Hence, a value A € (0, 1) as defined exists uniquely.
When the potential arrival rate of repeat customers is high (A, > S\T), then 5\7« is the
repeat customers arrival rate at which any expected tip higher than 1/(2k) is rational
(when no one-time customers join). In that case, when p is sufficiently large, there exists

also another arrival rate, (A, € [A, 1)), with one-time customers joining, at which any

Sin other words, the tipping distribution increases stochastically with m.
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expected tip higher than 1/(2k) is rational. For any other arrival rate A & {\,, A}, the
set M(A) is either a singleton or the empty set, depending on whether the fixed point

equation m = ET(m) either has a unique or no solution.

Numerical Illustration: Now, we illustrate how the expected repeat customers’ tip
depends on the conjectured tip for various joining rates. Consider the following param-
eters: u =1, A, =1/4, ¢ =1 and k = 1. We find that the rate A, = 0.18384 (< A,)
solves the equation 5= = éA(%) We plot ET'(m, \) as a function of the conjectured
expected tip, m, for A = 0.9\, A, and 1.1\,. The intersection with the 45 degree line
then determines M(\). For low joining rates of repeat customers (left panel), a unique
rational tip exists and M is a singleton. For high joining rates (right panel), no rational
tip exists (M = ). For )., any expected tip above 1/(2x) = 1/2 is rational (middle
panel).
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FIGURE 5.1: ET(m,\) as a function of m for A\ = 0.95\T, A\ and 1.1\, for uw=1,
A, =1/4, c =1 and x = 1. This function is convex increasing with slope equals 1
for every m > i = 0.5, therefore, contingent on \, there can exist either a unique
intersection (left panel), a continuum of intersections (middle panel) or no intersection

(right panel) with the 45 degree line.

Suppose that A and m satisfy m € M(A). Recall that the distribution T'(t; m, \) imposes
indifference in tipping among repeat customers. In order to satisfy the equilibrium

conditions, one has to verify that the customer tipping the least amount is indifferent
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between joining and balking. Similarly to §5.3.2, we re-introduce C'(m; \) as the expected

total cost of a customer who tips the least amount, now, as a function of m, that is:

i(m. ) Wi (t(m);m, A), A € (0,A],

C(m;\) = t(m) + '““'/ W,(N), A€ (A, p).

o (1 — t(m))2dT (r;m, \) + {

Finally, as we are interested in equilibria with rational tipping, for a given joining rate
A < p, we define the set of rational costs, C(\), that is, the image of C'(m;\) as a
function of m on the rational tipping set, M(\):

CIA\) ={C eR"|C=C(m;\),me M)}

In the case that M(\) = (), by definition, also C(\) = (). A value A\ < p thus prescribes
equilibrium joining rate (Equation (5.2)) if (and only if):

UecC(N).

With a slight abuse of notation, for any arrival rate A < p such that C(\) # () we define,

with one argument only:

C(\) = min{C|C € C(\)},

which is the value in C(\) when the latter is a singleton, or, the lowest cost in C(\) when
it is an interval. In the former case, the corresponding rational tip is the unique element
of M(A). In the latter case, the cost minimizing tip is the lowest one; 1/(2x). Next, we

illustrate C(A\) numerically.

Numerical Illustration: Consider the following parameters: =1, A, =1/4, ¢ =1
and k = 1. Figure 5.2 below illustrates C(\). The left side depicts the rational cost
set C(\) for every value A € [0, 1), where A, = 0.1838. Notice that A, = 1/4 > X, and
therefore, 5\0 exists; 5\0 = 0.318.

It is noteworthy that no costs are defined over (5\0, S\T) as the rational tipping set, M
is empty for these arrival rates. Furthermore, for every A < Ar (no one-time customers
joining), the rational tipping set M(A) is a singleton, thus, so is C()\), and in fact, the
unique value associated with each such A in this case is C'(\). However, when A = Ar, the
rational tipping set M(\,) = [1/(2k),+00) is an unbounded interval, and so is C(A,).
Similarly, any A > X, implies that both C(\) and M()) are singletons, and associated
with each such A is the unique value C'(\) on the vertical axis. For A\ = A, again we
have that C(\) is an unbounded interval and so, a rational cost at A, can be arbitrarily

large.
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In the left panel, C(\) is strictly increasing and bounded as a function of A over the
interval [0, A,). However, considering C'()\) over the interval (Ao, 1), it is non-monotone,
and grows arbitrarily large when A approaches p. In Lemmas 5.10 and 5.12 below, we

formalize the behavior of C(\), as these determine the structure of the equilibrium.

tip, social cost, waiting cost, U

0 01 02 03 04 _ 05 06
=0 tip, ¢ i

FIGURE 5.2: For p =1, A, = 1/4, ¢ = 1 and k = 1, the left panel illustrates C(\).

Note that C()) is a singleton and increasing over A € (0, A,.), an interval for A = A, or

A = A, an empty set for A € (S\T7 5\0) and a singleton and convex over A € (;\O, w). The

right panel depicts the decomposition of the equilibrium total cost and U. The three

components of the cost — tipping, waiting and social norm are in solid lines. The total

cost is indicated with a dashed line, which is equal to U for all ¢ € (0,?] and strictly
higher for ¢ > t.

For U = 3/2 (horizontal dotted line in both panels), there exists exactly one equilibrium
with only repeat customers joining; 3/2 € C(\) for A = 0.15594 < Ao As C()\) is
a singleton with a unique rational tipping strategy, we obtain, for this value A, that
m = 0.2849, with ¢t = 0 and ¢ = 0.4556. In the right panel, we plot the repeat customer’s
costs (tipping, waiting and social norm cost) as a function of their tip amount. Over
the randomization domain the sum of these three costs is independent of the tip and
is equal to U. This makes repeat customers indifferent between joining and not and
supports randomization of the joining decision over the tipping domain. Outside the
randomization domain the sum of these three costs is strictly higher than inside; repeat
customers prefer not to tip any such amount. From Proposition 5.1, it follows that the
one-time customers strictly prefer not joining. Notice that the social norm cost is a
quadratic function centered inside the randomization domain at the expected tip level

(m). As m < 1/(2k) = 1/2, the joining one-time customers don’t tip (¢ = 0).
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Finally, notice that for higher service values, multiple equilibria may exist. For example,

when U = 3, exactly three equilibria exist: 3 € C(\,) induces an equilibrium with repeat
customers only joining at rate XT; 3 € C(j\o) induces an equilibrium with repeat and one-
time customers joining at rates A, and A, — A, respectively; There exists A € (5\0, 1)
such that 3 = C'(\) € C(\) inducing an equilibrium with repeat and one-time customers

joining at rates A, and A\ — A, respectively.

In the next subsection, we first focus on equilibria without one-time customers, i.e.,

A < A,.. Then, on equilibria with one-time customers, i.e, A > A,.

Equilibria with repeat customers only (A € (0, A,])

The following Lemma confirms the shape of C(A), A € (0, A,] from Figure 5.2 (left side)

in the numerical illustration:

Lemma 5.10. For every A € (0,A,): When \, < A, then, for every A € (0, A]:

(i) If \ < A, then C()\) is a singleton, and increasing in \.
(ii) If X = X, then C(\) = [Cy, +00) is an unbounded interval, where Cy = C(A,).

(iii) If X\ > A, then C()\) = 0.
When A, < A, then C()) is a singleton, and increasing in X € (0, A,].

The proof of Lemma 5.10 is in Appendix D.7.

The Proposition below characterizes the structure of the equilibria with repeat customers

only (A < A;), which we elaborate next:

Proposition 5.11. For any k > 0, ¢, and p

(i) When A, < A, then:

(i-a) If U > C(A,), there exist no equilibria with only repeat customers.

(i-b) If U < C(A,), there exists an equilibrium with only repeat customers and with
mean tip m < 1/(2k).

(ii) When A, > Ay, then:

(ii-a) If U > C’r, there exists an equilibrium with only repeat customers and with

mean tip m = 1/(2k) + U — C,..
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(1i-b) If U < C,, there exists an equilibrium with only repeat customers and with

mean tip m < 1/(2k).

The proof of Proposition 5.11 is in Appendix D.8.

Proposition 5.11(i) implies that for A, < Ar, equilibria with repeat customers only
exist when the service value is low, otherwise, as we will see in Proposition 5.14, one-
time customers join too in equilibrium. Proposition 5.11(ii) implies that if A, > 5\7«,
not all repeat customers can join in equilibrium. The term Ar caps the arrival rate of
repeat customers. 5\T depends on the social norm, service capacity and waiting cost,
but neither depends on the potential arrival rate of repeat customers, nor on the service
value (similarly to the case without a social norm). This cap is an important feature of

our model.

The intuition behinds the existence of such cap A is the following: Assume that all
potential repeat customers join. When the potential demand is relatively high, for every
belief m of mean tip amount in the population, obtaining faster service is so valuable
that a customer wants to deviate by tipping more. As a consequence, the best response
of all other customers is to tip even more and hence, the total cost spirals out of control.
Therefore, if all the repeat customers join with rate A, > 5\r, no mean tip satisfies
rational tipping (i.e. M = ()). Hence, an equilibrium can only be reached making
tipping less competitive through alleviating congestion. Thus, not all repeat customers

can join. The only joining rate that makes this possible for U > C, is A, < A,

From Proposition 5.8, it follows that any expected tip exceeding 1/(2k) is rational and
shifts the actual mean tip with the amount exceeding 1/(2x). With repeat customers
joining at rate A, and a conjectured tip of 1/(2k), the cost is C,. Hence, the shift in
expected tip that makes repeat customers indifferent between joining and balking is
determined by m — 1/(2k) 4+ C, = U.

Thus, the social norm (k > 0) introduces a ‘tipping’ war among all repeat customers
that lifts up the expected tip, making the cost of joining (including tipping, waiting
and social norm cost) equal to the service value. Such tipping war is driven by the
fundamental difference of customer interaction with each other in stage one of our model
(‘service consumption’) versus stage two of our model (‘social consumption’). The service
interaction occurs in a capacitated environment in which the value of tipping (reducing
wait cost) drives up the tip. In the social interaction ensures that the tip is not too high.
When the service value, U, is sufficiently high (U > C’T), the former effect dominates,
making the repeat customer’s lowest tip strictly positive; £ > 0. When the U is low,
the lowest tip is zero. This is different from Proposition 5.4, without a social norm, for

which the lowest tip was always zero.
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Equilibria with repeat customers and one-time customers (A € (A, 1))

The following Lemma 5.12 confirms the shape of C(\), A € (A, p) from Figure 5.2 (left

side panel) in the numerical example.

Lemma 5.12. Define A, such that = = % ﬁA(/}[), we have that A, < A,. When

A < A < A, then, for every X € (A, p):

(i) If X < Mo, then C(N) = 0.
(it) If X = X,, then C(\) = [Cy, +00) is an unbounded interval, where C, = C(X,)

(iii) If X > Xo, then C()) is a singleton, and convex in \.

When A, < Ay, then C()\) is a singleton, and convex in X € (A, 11).

When A, < A, then C(\) = 0 for X € (A, ).

The proof of Lemma 5.12 is in Appendix D.9.

When the one-time customers join, they exert both negative and positive externalities
on other one-time customers: On the one hand, they increase the waiting time for other
joining one-time customers in the consumption stage. On the other hand, they make
it more likely meeting up with another one-time customer in the social market stage.
Such encounter leads to zero dis-utility as all one-time customers tip alike (Proposition
5.1). As a consequence, it is possible that their total cost decreases in their arrival rate
A=A,

In addition, the one-time customers exert positive externalities on the repeat customers
too: the latter’s total cost decreases with A > A,: Recall from Proposition 5.1 that
one-time customers tip the lowest among all customers, thus, when they join, they drag
down the mean tip. This leads to reduction in the repeat customer’s tip cost, and, as the
repeat customers’ waiting cost is invariant to the joining of one-time customers (because

of the preemptive priority), repeat customers enjoy a reduction in the total cost.

From a queuing perspective, it is interesting that a higher arrival rate can result in less
costs. In our model, a possible increase in waiting costs may be more than offset by a

decrease in tipping costs.

Suppose that A, > Ar. Recall that Proposition 5.11 suggests that in equilibrium without
one-time customers (A < A,) the largest possible joining rate of repeat customers is Ar.

This is why in Figure 5.2, the rational cost set is empty for arrival rates in (S\T,Ar).
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When one-time customers join too, more than Ar repeat customers can join due to the
aforementioned reduction of cost. In fact, according to Lemma 5.12, when the arrival
rate of one-time customers is sufficiently high (such that the total arrival rate is 5\0), all
repeat customers (with rate A,) can join. Hence, a critical, minimal volume of one-time
customers (;\O — A,) is required to reduce the repeat customers’ costs sufficiently to
entice them to join again. This is why in Figure 5.2, the rational cost set is also empty
for arrival rates in (A, 5\0) Yet, when A, is high, since the total capacity of the system
is limited to u, it is possible that there is not enough service capacity left for one-time
customers to allow all repeat customers to join with positive expected utility. Thus, A,
is the maximal potential rate of repeat customers, such that even if they all join, there

is still enough capacity left for one-time customers to allow rational tipping.

Recall that when A, > S\T, e.g. when the social norm is sufficiently strong (see Propo-
sition 5.9), the repeat customers wage a tipping war among themselves. In that case,
we have that 5\0 > A, and, with sufficient amount of one-time customers to reduce the

mean tip, a tipping war among all customers is possible.

Define

C= min C(\),
)\G[A’I‘JJ’)

which is the lowest rational cost with one-time customers joining (A € [A,,u)), and

denote its minimizer by \.”

Lemma 5.13. For any k > 0, ¢, and u, there exist A < A” and A, satisfying 0 < A, <
A < A < A, < A,, such that:

(i) If A, € (A, A,), then C(A,) > C for A, < M\ and C, > C for A < Ay

(i) If A, ¢ (AL, A,), then C(A,) = C for A, < A, and Co = C for A, < A,.

The proof of Lemma 5.13 is in Appendix D.10.

Through extensive numerical experimentation, we found that A, = A’ even though
a formal proof of it escapes us. In essence, according to Lemma 5.13, only when the
potential arrival rate for repeat customers is in the neighborhood of Ar (either higher
or lower), the positive externalities that the one-time customers exert for arrival rates
higher than Ao dominate the negative externalities. When A, is less (more) than j\r, the

lowest arrival rate with one-time customers is A, (\,). In these cases, the costs C()\)

decreases first and then increases. Per our equilibrium condition, U € C(\) = C()),

"From Lemma 5.12, C()) is convex over [5\07/1)7 thus A exists uniquely.
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two equilibria are possible for U € (C, C’O], one below A and one above. The following

proposition provides a full overview of all possible equilibria®:

Proposition 5.14. For any k > 0, ¢, and p

(i) When A, < \,, then:

(i-a) IfU > C(Ay), there exists one equilibrium with repeat and one-time customers

for some X\ > X\ with mean tip m < 1/(2k).

(i-b) If U € (C,C(Ay)], there exist two equilibria with repeat and one-time cus-
tomers:
X for some X' € [Ao, A) with mean tip m' < 1/(2k);
X' for some X' € (A, p) with mean tip m"” < 1/(2k).

(i-c) If U < C, there exist no equilibria with repeat and one-time customers.

~ ~

(ii)) When A, € (A, Ay), then:

(ii-a) If U > C’O, then there exist two equilibria with repeat and one-time customers:
Ao with mean tip m = 1/(2k) + U — C,; and
A for some A\ > \ with mean tip m < 1/(2k).

items (i-b), (ii-c), are identical to (i-b), (i-c), respectively but with C, instead of
C(Ay).

(i) When A, > f\r, there exist no equilibria with repeat and one-time customers.

The proof of Proposition 5.14 is in Appendix D.11.

In an equilibrium where the mean tip, m, is not greater than 1/(2x), we have that the
lowest tip ¢ (that is, the tip paid by one-time customers) is zero (see Proposition 5.7).
According to Proposition 5.14(i), all equilibria for low arrival rates of repeat customers
(A, < Ap), or for low service values (U < C,), have zero-tipping one-time customers.
Thus, even with a social norm (k > 0), there is not necessarily a reason for one-time
customers to tip. When one-time customers don’t tip, there is an equilibrium for high
enough service value (i-a) and none for low service value (i-c). For intermediate service
value (i-b), there might be two equilibria for potential arrival rates of repeat customers
in the neighborhood of Ar, as discussed in Lemma 5.13. Obviously, for too high potential
arrival rates of repeat customers (Proposition 5.14(iii)) no equilibria with both one-time

and repeat customers exist.

8For sake of expositional clarity, we do not report knife-edge cases (U = C). The latter can simply
be obtained by continuity.
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Interestingly, according to Proposition 5.14(ii) for medium arrival rates of repeat cus-
tomers, when A, € (S\T,AT), and high enough service value, (U > éo), there exists an

equilibrium in which one-time customers tip; ¢ > 0:

Corollary 5.15. In the presence of a social norm, only when the potential arrival rate
of repeat customers is intermediate and the service value is high (A, € (A.,A,) and

U > C’o), the one-time customers join and their tip is strictly positive.

The Corollary provides an answer to the question of when a social norm motivates
one-time customers to tip. For this equilibrium (Proposition 5.14(ii-a)), we have that
Mo > A, and therefore, an all out tipping war rages among a mixture of one-time and
repeat customers. As in the tipping war with repeat customers only (at arrival rate 5\71),
here, the congestion effects cause by finite capacity make tipping valuable again, causing
the rational tip to spiral out of control; M(),) = [1/(2k), 400). This equilibrium exists
thanks to the critical, minimum volume of one-time customers (5\0 — A,) whose presence
puts downward pressure on the tip cost, allowing all repeat customers to join at a rate
A (> S\T) In our discussion below, this equilibrium will play an important role as, for

some parameter values, the tipping wage will be the highest.

Overview of equilibria

Now, for ¢ =1, Kk =1 and u = 1 we numerically illustrate all equilibria identified above
as a function of the potential arrival rate of repeat customers, A,, and the service value,
U. Note that for A, < A, if U < C(A;), then by Proposition 5.11 item (i-b) there
exists an equilibrium with only repeat customers joining, and if U > C(A,), then by
Proposition 5.14 item (i-b) there exists an equilibrium with both repeat and one-time
customers joining. Hence, C(A,) partitions the (A,, U)-plane into two regions. If on the

contrary A, > j\r, then, as j\r < 5\0, we have that
Cr=C(/(2),\) < C(1/(2K), Xo) = C,.

These two curves partition the (A, U) space in three regions. Finally, recall from Lemma
5.13 that the regions around A, for which C (indicated by dashed lines) is strictly less
than C'(A,) or C, introduce another region in which we have two equilibria. We plot
C(A,), C’T, C, and C as functions of A,. Notice that the regions determined by C' are
relatively small and hence, to keep focus, we do not discuss the equilibria (Proposition

5.14(ii-a)) in these regions.
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FIGURE 5.3: Overview of equilibria for 4 =1, K = 1 and ¢ = 1. The (A,, U)-plane is

devided by the curves C'(A,), C’T, é’o and C into several partitions, among which we

focus on five, indicated by I-V: In Regions I, III, equilibria exists for which one-time as

well as repeat customers join. In Regions II, III, IV and V, equilibria exists for which

only repeat customers join. Region III is such that an equilibria exists with one-time
customers tip being strictly positive.

Insights

Equilibrium tipping wage and demand

Recall that 5\r depends only on the wait cost, ¢, service rate, p and social norm cost,
k. To illustrate sharply, consider the knife-edge parameters for which A, = Ar (and
some x > 0). From Proposition 5.11(ii-a), we know that for high enough service value,
U > C’T, there exists an equilibrium with repeat customers joining exclusively with rate
Ar, and mean tip U — G, 4+ 1/(2k) € M(\,) = [1/(2x),+00). For this equilibrium, as
no one-time customers join, rational tipping is determined by repeat customers only.
Since A, = 5\7«, we have 5\0 = A,, thus, by definition, C’r = C’O, therefore U > C’o. From
Proposition 5.14(ii-a), there exists also an equilibrium with one-time customers joining;
A > ), but, they don’t tip (t = 0). This is always possible because encounters in the
social market stage with non-tipping one-time customers reduces the expected tip for
the one-time customers; with A — A, > 0, there exists a rational tip m € (0,1/(2k)),
i.e. with one-time customers joining, but, not tipping. The presence of non-tipping one-
time customers in the second equilibrium drags down the mean tip, but, increases the

total volume of customers (from Ar to A > S\T) The tipping wage for the equilibrium
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with one-time customers is therefore A - m = XTETr(m,j\T), while the tipping wage
for the equilibrium with repeat customers exclusively is (U — Cp 4+ 1/(2x))A\r. Now,
we can compare the tipping wage with and without one-time customers. Note that
1/(2x) = ET,(1/(2x),\s) > ET,(m,\.) (as 1/(2k) > m). Therefore, as U > C,., the
tipping wage in the equilibrium without one-time customers, (U — Cr+1 / (2&))5\7«, is

higher than in the equilibrium with one-time customers ET,(m, S\T)j\r:

Corollary 5.16. In the presence of a social norm, when A, = 5\7,, there exists one
equilibrium without one-time customers joining and one equilibrium with one-time cus-
tomers joining, but, they don’t tip. The tipping wage in the former equilibrium is higher
than in the latter. The demand in the former equilibrium, however, is lower than in the

latter.

The Corollary illustrates the existence of multiple equilibria in which tipping wage and
customer demand are traded off; a service facility attracting only repeat customers, who
rationally tip high for fast service and therefore ‘tip out’ the one-time customers or a

service facility attracting a mixture of repeat and non-tipping one-time customers.

Numerical Illustration: Figure 5.3 illustrates the expected tipping wage as a function
of the market size of repeat customers for c=1, p =1, k =1 and U = 9. For interme-
diate market size of repeat customers (A, > /A\,,)7 there exist multiple equilibria. Recall
from Corollary 5.5 that the tipping wage (total demand) increases (decreases) mono-
tonically in the potential market demand of repeat customers and stays flat above the
socially optimal arrival rate. With a social norm, the figure shows a different behavior,
in part due to the multiplicity of equilibria. We already argued that, with a social norm,
at A, equal to S\T, the equilibrium with exclusive repeat customers has a higher tipping
wage than the one with non-tipping one-time customers (but, lower demand). For A,
slightly higher than 5\7", there is another, third, equilibrium in which the one-time cus-
tomers join and tip a strictly positive amount (Proposition 5.14(i-a)). This equilibrium
achieves, at some intermediate A, the highest possible tipping wage at an intermediate

total demand rate.

It is interesting to note from the right panel that for the equilibrium arrival rate can
be either above or below the socially optimal arrival rate (which is 2/3 ~ 0.666 for the
parameter values in Figure 5.4, right panel). As the average queue length, which is a
measure of ‘service quality’, depends on the arrival rate only (and is equal to A/(u—\)),
the latter implies that in equilibrium, service quality can be over- or under-provided. Re-
call that without a social norm (x = 0), the average queue length was too long when the
potential market of repeat customers is too small and hence, quality is under-provided

in equilibrium. In Azar (2005b), the service quality is under-provided in equilibrium
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FIGURE 5.4: Expected tipping wage for y =1, k =1 and ¢=1 and U = 9. Curve (a)

are equilibria with one-time customers joining, but, not tipping (A > A,,m < 1/(2k),

Regions I & IIT in Figure 5.3). Curve (b) are equilibria with one-time customers joining

and tipping (A > A,,m = 1/(2k) + U — C,, Region IIT in Figure 5.3). Curve (c) are

equilibria with no one-time customers joining (A > A.,m = 1/(2x) + U — C,., Regions
III & IV in Figure 5.3).

(under reasonable parameter settings). In our model, there exist also equilibria in which
there is also over-provision of service quality. Intuitively, this is because the tipping war

restricts the joining rate, which improves the quality.
Social welfare and tipping with a social norm.

Now, we study the role of the social norm and tipping on the social welfare. The
maximum social welfare that can be achieved is pU(1 — /c/(Up))? (see e.g. Glazer
and Hassin (1986)). Without a social norm (k = 0), we already discussed that the
tipping wage can achieve the maximum social welfare, but only when there are sufficient
repeat customers, such that no one-time customers join (Corollary 5.6). When one-time
customers do join, because they are served FCFS, their existence in the system creates

market inefficiencies due to over-joining of the facility.

To the extent that x > 0, the existence of a social norm carries out an inherent loss in
welfare: In principle, customers could all tip exactly the same amount and avoid any

costs in the social market stage. However, this is impossible in congested markets with
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repeat customers, as explained in Proposition 5.1; repeat customers have incentives to
differentiate their tips, thanks to the priority service discipline. By model design, any
strictly positive social norm, x > 0, incurs strictly positive costs bore by the customers.
Hence, in the presence of a social norm, the maximum welfare is never achieved in our

model.

Nevertheless, it is possible that social welfare losses are minimal. Notice from Figure
5.4 that for an interval of arrival rates A, just above XT, the tipping wage increases
in A,, attains a maximum and then decreases. Recall from Proposition 5.9 that Ar
decreases in the social norm, k. As the social norm gets stronger (i.e., x increases), Ar
approaches zero. Corollary 5.17 characterizes a relation between x and A,, in which,
when k is large, the interval over which the tipping wage increases and then decreases
shifts towards values of A, close to zero (the order of 1/x/3). Moreover, the maximum
tipping wage over this interval approaches pU (1 — \/W)Q, i.e., the maximum social
welfare. Contrary to a weak social norm, the welfare losses are minimal when there
are few repeat customers, who all join, as well as one-time customers, who all tip a
strictly positive amount. As the one-time customers join, the repeat customers obtain
strictly positive surplus, hence, to achieve minimal welfare losses, their volume must
be vanishing small. Finally, from Proposition 5.7, observe that the tipping distribution
of these repeat customers will be concentrated around the mean tip (¢ — t), which is

necessary to minimize the social cost, caused by the variance of the tipping distribution.

Corollary 5.17. (i) In the presence of a social norm (k > 0), the tipping wage is always
strictly less than the optimal social welfare for any A, € (0, p).

(ii) In the presence of a strong social norm (k > 0), when the arrival rate of repeat

customers is low (A, = %{2?:’/‘%(1 - c/(UM))}%), the joining rate is approximately
socially optimal, one-time customers join and tip, and the social welfare losses become

arbitrary small.

Technical derivation of Corollary 5.17(ii) is given in the Appendix.

Our model illustrates the sources of the losses in social welfare in the tipping mechanism:
(a) the strictly positive utility repeat customers enjoy and (b) the strictly positive social
costs, caused by the repeat customers’ tipping behavior. Without social norm, there
must be enough repeat customers in the market such that they competitively tip to
eliminate (a). With a strong social norm the welfare losses are minimized when the tip
distribution is concentrated, to reduce (b) and there are not many repeat customers, to

reduce (a).

The above finding addresses an equilibrium where the market of repeat customers is

sufficiently small, and the significant share of the capacity is allocated by one-time
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customers. Note that in order to make them tip, the all-out tipping war is necessary
and, as discussed above, such war is driven by the finite service capacity. In such case,
the system resembles an FCFS queue, in which the variance of the waiting time is
minimized?. In our model, waiting time can be thought of as a measure of ‘service
quality’. Empirically, the relationship between ‘service quality’ and tips is ambiguous,
May (1978), Lynn and Grassman (1990). Our model sheds a light on this: a stronger
social norm does indeed reduce the tip and service quality variability. In the Appendix,
we explore numerically how tip and service quality (i.e. waiting time) co-vary. We focus
on the equilibrium in which one-time customers join and tip. Even though the standard
deviation of the tip can increase in the social norm, we observe that for a very strong
social norm, the standard deviation decreases; i.e. the tipping distribution becomes
more concentrated. Interestingly, the standard deviation of the waiting time increases
as the social norm becomes stronger. This is because of the demand effect in our model;
in the equilibrium at which one-time customers tip, more customers join when the social
norm is stronger, creating more congestion and therefore more waiting time variability.
As expected, a higher tip implies a lower waiting time and therefore, we observe negative
correlation between the two. We also observe that as the social norm becomes stronger,
the correlation decreases. This implies that tips become better predictors of waiting
time (service quality). With the demand (joining rate) determined endogeneously and
the limited service capacity in our model, a stronger social norm amplifies the role of

tips on service quality, due to increased congestion.

Finally, we discuss the social welfare in an extension of our model. Instead of incur-
ring dis-utility (costs) in the social consumption phase, customers could obtain strictly
positive utility, say v, from tipping d more than the randomly selected customer with
whom she is paired. Such preferences can be justified e.g. when over-tippers (d > 0)
are considered to be generous and the act of tipping generates positive feelings (v > 0),
see Azar (2004b, 2005b). Instead of k(7 — ty)? in Equation (5.1), k(T +d — t,)? — v
would capture these traits. It is easy to see that, in equilibrium, the tip of the one-time
customer is t = {m 4+ d — 5=}. Obviously, d must be low enough to ensure that the
lowest tippers tip less than the average tip (m); d < 1/(2k). Here again, the social
welfare losses can be minimized when d — 1/(2k) as then, the tipping density must
become concentrated at m. Similarly as for kK — +o0o, there exists an arrival rate of
repeat customers, A, that is strictly positive, but, small, such that one-time as well
as all repeat customers join at approximately the optimal social joining rate, yielding

arbitrarily small welfare losses.

9compared to any other non-anticipating regime in an M/M/1 with identical (effective) arrival rate,

see Kingman (1962).
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Finally, it follows immediately that v simply increases the utility of the service in a
model with tipping to U + v. For sufficient high v, tipping (with a social norm) will
yield a higher tipping wage than uU(1 — /c¢/(Up))?. The latter is because the tipping

process itself contributes to the welfare.

5.4 Concluding Remarks

Tips are an important component of a customer’s cost of obtaining service, as well as
an important component of the income of many low-paid service employees. In this
chapter, we developed a model in which the service quality is service speed. As in
the literature, we focus on one-time customers tipping behavior and show, that in the
absence of behavioral motivations, these customers would never leave a tip after service.
We introduce a social norm (like Azar (2004b)) in a queueing game with priorities (like
Glazer and Hassin (1986)). To make insights sharp, all customers are homogeneous in
terms of their service valuation (U) and waiting cost sensitivity (¢). The only source
of heterogeneity is the impact of the tip on waiting time; repeat customers (A, arrival
rate) can reduce their waiting time by tipping more, while one-time customers (A, arrival

rate) cannot.

While in the theoretical tipping literature the main focus is on the strategic interaction
between the customer and service provider, in a capacitated environment with a social
norm, as in our model, the interactions among customers are crucial. The service rate
in our model is exogenously given (i.e. the service provider cannot increase the service
rate with some effort), but, not unlike practice, the service provider can allocate priority
to customers who are believed to tip the most. Our main performance measure is the
tipping wage, that is, the rate at which the service provider earns a wage via tips (i.e.
the joining rate times the average tip). The queuing literature, Edelson and Hildebrand
(1975), Glazer and Hassin (1986), provides mechanisms to maximize the social welfare
generated without tipping (e.g. setting a service fee). We compare the equilibrium
tipping wage with the maximum social welfare. Our main findings, summarized in the

Corollaries are the following:

e In the absence of a social norm, one-time customers do not tip. They only join
when repeat customers join too, and the potential market of the latter is relatively
small. Thus, as in the tipping literature, in our model, rational one-time customers

are not motivated to tip in the absence of a social norm.

e In the absence of a social norm, customers over-join the service facility when the

potential market of repeat customers is small, such that they all join, as well



Tipping in Service Systems: The Role of a Social Norm 88

as some one-time customers. Thus, contrary to the queueing literature with ho-
mogenous customers (in terms of preferences, U, ¢), the heterogeneity introduced
by the repeat customers causes losses in the tipping wage. One-time customers,
who determine the joining rate, do not internalize fully the waiting externalities
their joining decision imposes on other customers. Repeat customers earn strictly

positive rents that cannot be appropriated via tips.

e In the absence of a social norm, the tipping wage achieves the maximum social
welfare when the potential market of repeat customers is sufficiently high such
that not all of them join. Repeat customers join at the socially optimal rate, and

earn zero rents, one-time customers don’t join.

e In the presence of a social norm, one-time customers do not necessarily tip when
they join. Contrary to the tipping literature (with an exogenous social norm), the
existence of a social norm is not sufficient to motivate one-time customers to tip.
Only when the service value is high enough and the potential market of repeat
customers is neither too high nor too low, there exists an equilibrium in which
one-time customers tip. When they tip, all repeat customers also join (and tip

also).

e In the presence of a social norm, when the potential market for repeat customers
is neither very small nor very large, at least two equilibria emerge; one in which
one-time customers join and tip and another one in which they don’t join. In the

former equilibrium, the tipping wage is the highest, the demand is the lowest.

e In the presence of a strong social norm, the social welfare losses of the tipping
wage are small when the potential market of repeat customers is small (as the
latter earn rent) and one-time customers join and tip. A strong social norm makes

the tipping distribution concentrated, which makes the social norm cost minimal.

We also find that when customers care about tipping more than other customers, equi-
libria exists in which social welfare losses are minimal as the latter reduces the spread
in the tip. Finally, we find that when customers enjoy tipping, the tipping wage can

exceed the maximum social welfare (without tipping).

The main driving forces in our model are (1) the tension between one-time and repeat
customers and (2) the variability that competing repeat customers introduce. Factor
(1) causes inefficiencies because when both types join, the repeat customers are able to
earn strictly positive rent. The intuition is that these customers can influence better the
service quality via their tip. The consequence is that the equilibrium joining rate is too

high, compared with the socially optimal joining rate. Factor (2) causes inefficiencies
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because the social norm is convex in the tip. Therefore, the social costs are always strictly
positive. The intuition is that when (homogeneous) repeat customers tip for faster
service, they try to differentiate themselves by tipping different amounts, generating

variability in tips and therefore social cost.

According to Azar (2005a), if future service is a reason for tipping, the sensitivity of
tips to service quality should be higher for repeating customers than for non-repeating
ones. In our model, the sensitivity of tips to service quality is the same for repeat and
one-time customers and yet, one-time customers might tip. According to Azar (2004b),
to sustain a social norm on the long run, it is required that customers derive strictly
positive benefits from tipping higher than others and from being perceived as generous
when tipping. Otherwise, the tipping norm erodes over time. In our model, such benefit
is not necessary; even when v = 0 and d = 0, the tipping norm does not erode (as
there exist equilibria with one-time customers that tip). Our result is driven by the
coexistence of one-time customers and repeat customers in a capacitated environment.
Competition among the latter for fast service generates sufficient variation in the tips
such that one-time customers feel compelled to tip, based on negative emotions only

(i.e. tipping a different amount than others).

To the best of our knowledge, no prior research studies tipping for congested services.
Adding a social norm to a queuing game is new, and so is adding a queue to a tipping
game. While the main insights obtained are consistent with both queuing and tipping
literatures, we believe new insights emerge: First of all, as most of the tipping literature
with a social norm focuses on the employee-customer interaction, the demand is typically
exogenously given (a single customer). In our model, demand is endogenous and our
welfare analysis takes this into account. From the perspective of the tipped employee,
it is not the average tip that matters, but, also the demand. Second, our social norm
arises endogenously and is fundamentally driven by one parameter, k, capturing the
dis-utility of not conforming to the norm. Third, we characterize multiple equilibria
with a social norm. This should be expected as norms are real actions (tips) based on
beliefs (about other customers’ tips). Multiple actions and beliefs might be consistent.
In general, in queuing games as in Glazer and Hassin (1986), congestion externalities
are negative (some customers avoid crowded facilties) resulting in an avoid-the-crowd
based behavior of customers, and therefore in a unique equilibrium. Adding a social
consumption stage, we observe positive externalities caused by mingling customers who
tip lower amounts (one-time customers) with customers who tip higher amounts. These
positive externalities may yield multiple equilibria. The existence of multiple equilibria
might shed a different light on the evolution of social norms, see Azar (2004b). Fourth,
the customer to customer interaction in the service consumption phase has significantly

different implications for tipping than the customer to customer interaction in the social
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consumption phase. In the service consumption phase, the finite capacity may trigger a
tipping ‘war’ among customers, lifting up the average tip so much that some customers
leave. The social consumption phase, on the other hand cannot provide such upward
pressure on the tips, instead it reduces the dispersion of the tips. Finally, while in the
tipping literature (with exogenous demand), the service quality is under-provided in
equilibrium, we identify situations in which service quality (the average queue length)
is over-provided (too short). The latter is because demand is endogenous; a tipping war
among customers drives up the ex ante cost of joining, which may restrict the demand

(joining rate), keeping the average queue length too low.

As with all models, ours is a simplification of reality, aimed to obtain insights based from
first principles. To that end, we made simplifying assumptions. The following extensions
of our model would be interesting, but, come at the cost of significant analytic compli-
cation: We assume that all customers are homogeneous in their delay sensitivity. As a
consequence, a priority scheme can never generate more welfare than the FCFS under
optimal price. Introducing heterogeneity in waiting costs might give a strict advantage
to tipping when the social norm is weak. We also assumed that customers compare tips
in the social consumption stage with one randomly selected other customer, without
incorporating their actual service experience (as is done in Azar (2005a)). The social
norm could depend on the comparison of the tip, conditional on the service experience
(waiting time). The social norm component would then become more complicated. We
leave these extensions for future research. In addition, our model did not capture a num-
ber of tipping behavioral motivations that play a role in practice. For example, we did
not take into account altruistic reasons for tipping, or tipping as a means of approval by
the server. We leave these for future research as well. Our modeling framework might be
a rich one for further research, enhancing our theoretical understanding of tip behavior
via formalized economic models. Better understanding will inform empirical work and,

in the end, improve practice and impact public-policy issues of concern.
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Appendix A

Proofs for Chapter 2

A.1 Proof of Proposition 2.5

Proof. If n, = ne, it follows immediately by Proposition 2.4 that n,, < n,. Suppose that

Ne 7 Ne, then by Proposition 2.3, n, < ne. Since n, is the maximum point of E(S(”)),
E(S™)) > E(S™), Vn € [ng,ne. (A1)

By assumption, E(S’ (n) _ pp (”)) is a non-decreasing sequence in n € [n,, ne), thus, we
have
E(S)) —E(M")) <E(SM) —E(M™), Vn € [n,+ 1,0 (A.2)

Subtracting (A.2) from (A.1) we arrive at
E(M")) > E(M®™), Vn € [n,+1,n.,

which means that n,, ¢ [n, + 1,n.]. From Assumption (A-i) and Proposition 2.4 it

follows that n,, < n., and we conclude that n,, < n,. O

A.2 Proof of Proposition 2.6

Proof. Recall that in such a system, the stationary number of customers at arrival
instances (and therefore the offered position) is invariant to changes in service regime.
Consider the system when customers follow threshold n + 1, but with the following
modification: customers in the system are divided into two different (preemptive-resume)
priority classes. Customers who are offered positions 1 to n join as regular priority

customers, whereas customers offered position n + 1 join as second priority customers,
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meaning they commence service only when there is no regular customer waiting in the
system. Customers offered position n+ 2, from the (n+ 1)-threshold assumption, do not
join at all. By construction, at any time point, there can be at most one second-priority
customer in the system, thus, we tag this customer as the standby (or transparent)
customer, similarly to Haviv (2013)§4.7.3. All regular customers are indifferent (in

terms of sojourn time) to the existence of the standby customer.

It can be easily seen that with the above modification, the joining strategy of regular
customers coincides with the n-threshold strategy, thus the number of regular customers
in the system (at arrival instances) is given by Q™. Since the prioritization scheme does
not affect the stationary distribution of the process, the distribution of total number of
customers in the system at arrivals, including the standby customer, is as of Q1)
Moreover, at any given moment, the number of awaiting standby customers is at most
one, yielding Q1) e {Q™, Q™ + 1}, and so, by Shaked and Shanthikumar (2007)
Theorem 1.A.1, QM < Q"D < QM +1. O

A.3 Proof of Lemma 2.9

Proof. First, we note that from (2.4) and the definition of J,, and B,
1, =1y, +1p,1ac = 15,14, + 1ag,

thus,

E(M"Y - M™) = E(u(n+1)-14,,, —u(n)-14,)
E(u(n+1)- (1, +1p,14¢) —u(n)-1y,)

u'(n) - Pr(J,) +u(n+1) - Pr(B, N AS). (A.3)

In addition,

B(SM+) — g = (U(Q(nm) 1y, —u(Q™) 1Jn)
(L 1a, + Lag) (@ +14,) = (L, 14, + 1, 1a5) - u(Q™) )
_ E<1Jn1An (1(Q) +1) — u(@)) + Ly ((Q™) — 15,u(@)) )
(10, 14,(Q")) + B (15, Lagu(@™) )

(10 14,4/(Q™)) + uln+ 1) Pr(B, 1 A3). (A.4)
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Subtracting (A.3) from (A.4), together with the definition of D™ we achieve
E(D™) — D) = <1Jn1Anu/(Q(n))> —u'(n) - Pr(Jn),

which is equivalent to (2.5). O

A.4 Proof of Proposition 2.10

Proof. Suppose (2.6) holds. Note that since u(k) is nonicreasing, u'(k) < 0 for every k
and therefore E (u’(Q(”)) } Jn N Ap) <0 for every n € [no,ne]. Equation (2.6) can be

then rewritten as
E (u’(Q<")) ‘ Jp N An) Pr(J, NA,) —d/(n)-Pr(J,) >0, Vn € [ng,nel.
This, with (2.5), implies that
E(D(”H) - D(”)) >0, VYn € [ny,ne.

Thus, by Proposition 2.5, n,, < n,. Together with Proposition 2.3, the result is obtained.
O

A.5 Proof of Corollary 2.11

Proof. Since u(k) is convex decreasing, u/(1) < u/(k) < 0 for all ¥ > 1. By the assump-

tion,
u'(n)

_ Wy O
Pr(An‘Jn> gu(1)§E<U (Q )‘ JnﬂAn), Vne[no,ne]

where the second inequality follows since the right-hand side is a convex combination of
u'(k) such that & > 1. Thus (2.6) holds, and by Proposition 2.10, n,, < n, < ne. O

A.6 Proof of Corollary 2.12

Proof. Since u(k) is decreasing and concave,

w'(n) <d'(n—1)<---<d/(1) <0.
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Note that the random variable 14’ (Q(”)) takes values on the set {0} U {u/(k)}}7_,. It

follows that for all n,
W'(n) < E (1Anu/ Q™) ‘ Jn> —E (u’(Q(")) ) T 0 An) Pr(A, | J,),  (A5)

thus, since E (u’(Q(”)) ‘ Jn N An) < 0, Equation (2.6) holds, and by Proposition 2.10,
N, < Ny < M. OJ

A.7 Proof of Lemma 2.13

Proof. By taking expectation on both sides of Equation (2.4) and rearranging we prove

the first item. In addition,
Pr(J,NA,) =Pr(4,) —Pr(B,NA4,) =Pr(4,) — Pr(Byi1),

and therefore,

_ Pr(J,NA,)  EQ") —E(Q™) - Pr(By1)
Pr(dn | Jn) = Pr(Jy) Pr(J,) ’

which proves the second item.

We note that
Pr(QM™ =k) =Pr(QM™ =k, A,) +Pr(QM™ =k, A%), k=1,....n+1, (A.6)
and that
Pr(Q") = k) =Pr(Q™ =k —1,4,) + Pr(Q™ =k, A%), k=2,....,n+1. (A7)
Since {QtY) =1} = {Q™ =1, A%}, we have, from (A.6) for k = 1,
Pr(Q™ =1,4,) = Pr(Q™ =1) - Pr(Q"™) =1).

Substituting (A.7) in (A.6) for k =1,...,n+ 1 we get

Pr(Q(”) — ijn) - Z (Pr(Q(") — Z) — Pr(Q(n+1) — z)) — Pr(Q(”) < k:) —Pr(Q(”H) < k),

i=1

which completes the proof of the claim. O
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A.8 Proof of Lemma 2.14

Proof. For every k <n+1

Pr(An { Q(") _ k) _ Pr(Q(") = k?,An) _ Pr(Q(”) < k) _ Pr(Q(n—H) < k‘)

Pr(QMm =k) Pr(QM = k)
_ Pr(QUT) > k) — Pr(Q™ > k)
Pr(Q(n — k)
_ Pr(Bug) = S [Pr(@™ = i) — Pr(QUHY = i)
Pr(Q™ = k)
Pr(Bpi1 Pr(B,;1) Pr(B,NA,
- Pr(c§<”>+—)k) - Pi(B;) N (Pr(Bn) ) Pr(4, | B,). (A8)

The second equality follows by the third item of Lemma 2.13. The first inequality
follows since Pr(Q("‘H) = k:) < Pr(Q(") = k‘), and the second inequality since Pr(B,,) <
Pr(Q(”) = k), for all £ <n + 1. By the law of total probability and (A.8),

Pr(A,) =Pr(A4, | Jn) - Pr(Jn) + Pr(4, | By) - Pr(B,)

= zn: Pr(A, | Q™ =k)-Pr(Q™ = k) + Pr(A, | B,) - Pr(B,) < Pr(A, | By).
k=1

We conclude that Pr(4,,) < Pr(4, | By), and therefore Pr(A4,, | J,,) < Pr(4,). O



Appendix B

Proofs For Chapter 3

B.1 Proof of Lemma 3.1

Proof. We show that {E (¢(Sy))}>2, is convex by showing that the sequence of its dif-
ferences is non-decreasing. Let X be a random variable independent of all {X;}2, and

identically distributed, then, for all n € NU {0},

g(Sn-H) - g(Sn) ~ g(X + Sn) - g(Sn)a (B'l)

where the notation “~” stands for equality in distribution. Since g is convex and S,,—1 <

Sn, then for all n € N,

g(X 4+ Sp—1) — 9(Sn—1) < g(X + Sp) — g(Sn). (B.2)
Taking expected values of both sides of (B.2) we arrive at

E(9(Sn)) = E(9(Sn-1)) = E(9(X + Sp-1)) — E(9(Sn-1))
< E(Q(X + Sn) - E(Q(Sn))) = E(g(sn+1)) - E(g(Sn))7

concluding that {E (¢(S,))}52, is convex. O

n=1
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B.2 Proof of Corollary 3.4

Proof. Recall Q™) the offered position for an arriving customer when the threshold

strategy is n. Define the following quantities

k

Bo = 1; 5k=H

i=1

A

— k=1,2
w6’

g Ly oo

Since the system is a standard birth-death process (M/M/14+M), using PASTA, it suffices

to solve the steady-state equations to obtain the distribution of QM.

Z?:o B; ’

By Lemma 2.13 and (B.3), for any k =1,2,...,n+1,

k k—1
Pr(Q™ =k, A,) = %‘—1 _ Bim ) _ Br+1 D i—g Bi . (BA
" > <2j=o G X8 (Siosi) - (S0 8) .

and by (3.3), the definition of «/(k) and the definition of Sy,

—Ruf _ —Rpb  Bri

W) =kt 1) k) = o s = e g (B)
We shall show that
W' (n) - Pr(Jn) < E (u’(Q<”>) ‘ T 0 An> Pr(J, N Ayp), (B.6)

and then, from Proposition 2.10 (recall that «’ is nonpositive) we will derive the desired

result. First note from (B.3) that

Bn
ijo B;
From (B.5) and (B.3) we have
 —Rupb  Bpia ‘ Z;‘L:_(} Bi  —RubBni1 1

w'(n) - Pr(Jn) = X By Di0Bi AT 0B Pr(Bp1)
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Analyzing the right-hand side of (B.6) we get, by (B.4)

B (w/(Q") | JunAn) - Pr(Ju 0 Ay)

=~ n "\ —Ruf  Brs1 Bur1 32070 Bs
=Y W(k)-Pr(Q™ =k, A,) = . . i
> 23 Gy (Z”:o 5j> (Z?iol j>

_ —RpbBni — Bri1 Yig B Rueﬁnﬂ Brt1 1
A2 Z;'L:O 53, P Br_1 ZnJrl /8_] )\2 05] — n+1 ] PI‘(kal)
Clearly, 05
—Rp00n+1
e 7 <0,
A2 ijo Bj

therefore to show our aim (B.6) it suffices to show

Br+1 1 1
Z ”Hﬁg " Pr(Bj_1) = Pr(Bp-1)

Note that Pr(By) is positive and monotone decreasing in k, as it represents the blocking

probability of a queue with threshold k. Thus is monotone increasing. Now,

_ 1
?» Pr(By)

n

Z Br+1 1. Per v 1
> B Pr(Byo1) T &= Bjer Pr(Byoa) T Pr(Buoa)’

where the first inequality evolves as we decrease the denominator and the second in-
equality follows as the second term is a convex combination of terms m such that
k<n. O

B.3 Proof of Lemma 3.5

Proof. Let the state of the system be the position offered for an arriving customer.
Since arrivals are Poisson we can, by the PASTA principle, analyze the state time-
averaged distribution. To prove the first item, note that when A < p the sequence
{Pr(Q(") = k:) }Zii is decreasing. This can be easily verified by writing down the
balance equations, as done in Boudali and Economou (2012). However, we note that
even in the extreme case when A\ = p and £ = 0, the state distribution is uniform, and
increasing either p or ¢ increases the drift towards states closer to state 1 (when the
system is empty). Thus, Pr(B,) < Pr(Q(n) = k:) for all k <n+ 1.

For the second item, consider a pair of states k,l € {1,...,n+ 1}, and denote by T}

the expected time elapsed from the moment of leaving state k£ until we first hit state [.
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Then for every k € {2,...,n},

1
PI_(Q(H) — k) — )\+M+§
1 A —n &
)\+#+§ + )\+#+§Tk+1,k + )\+H+£Tk71,k + )\+H+£Tl,k
1
L+ AN e+ 1Tk + €T

The terms Tj_; and T3 do not depend on the threshold n, because the path from
state [ to state £ when [ < k never crosses states greater than k. When in state k + 1
the time to hit state k is either the time to the next catastrophe, or the time it takes
to reduce the number of customers by one, the earliest among them, plus the hitting
time from 1 to k if the catastrophe occurred first. Both the time to the next catastrophe
and the hitting time from 1 to k are independent of the threshold n. The time it
takes to reduce the system by one (given that a catastrophe did not occur) increases
stochastically with n, for every k < n. Therefore T} is increasing with n and so,
Pr(Q™ = k) > Pr(Q"+Y = k). O

B.4 Proof of Lemma 3.6

Proof. Consider the case where p = 0, that is, service is infinitely long and customers
only leave the system when a catastrophe occurs. By showing that Pr(A4,,) is maximal

for = 0 we will obtain an upper bound for the term Pr(A4,,) for any u > 0.

Note first that in the u = 0 case, the state transitions possible within one step are from
state i to state i + 1, ¢ € {1,...,n} and to state 1 (i.e., empty system). Writing down

the balance equations for y = 0 we have

A+ -Pr(QMW =k) =APr(Q™W =k—1), k=2,...,n,

APr(Q(n) — 1) = ¢Pr(B,) _’_52?12 Pr(Q(”) i),

)

and

Pr(B,) + zn: Pr(Q™ =) =1,
i=1
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and their solution is easily found to be'

) A k—1 5
e o2 ()

Pr(By)|,—0 = (Aj\%)n

In addition,

Pr(A)co = PriBu)lo = (10¢)

because for p = 0, the event A, occurs only when the system is in state B, and a
customer arrives before the next catastrophe. Note that when p = 0 and the system is
empty, the standby customer (who is offered position n + 1) enters the system if and
only if n+ 1 arrivals (including her own) occurred before a catastrophe. However, when
> 0 this is merely a necessary condition. Thus, the expected time between the exit of
a standby customer from the system and the entrance of a new standby customer into
the system is smaller when ¢ = 0 than in the case p > 0. Moreover, when p = 0, once
the standby customer has entered the system, she only leaves the system by the next
catastrophe, which in expectation will occur within % units time. As for the p > 0 case,
the standby customer may leave when a catastrophe occurs or sooner due to service
completion, thus, her expected sojourn time in the system when p = 0 is longer than in

the case u > 0. We conclude therefore that

A n+1
Pr(an < Prld o= (55 )

and, along with the assumption A < p,

A n+1 M n+1 M n—1
s (rre) =(ihe) =(e)

B.5 Proof of Lemma 3.7

Proof. Consider two processes, N (t) and N+ (), representing the number of cus-

tomers in the system at time ¢, when operating under threshold n and n+1, respectively.

'To explain this, consider a customer who arrives at time t. Denote by t' the time of the last
catastrophe that occurred before ¢ (#' < t). This customer is offered position k € {1,...,n} in the queue
if ezactly k — 1 customers arrive during the time interval (¢',t), and balks if at least n customers arrive.
Since the process is time reversible, the length of the interval (¢',t) is exponentially distributed with
rate £. Thus, the number of customers arriving between (t',t) follows a shifted geometric distribution
with parameter (/\575), hence, the distribution of Q™ (By shifted geometric distribution we refer to the
distribution of the number failures before the first success in a sequence of Bernoulli trials).
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Since the arrival process is Poisson, we have by the PASTA property that Q) = N 41,
where N is the limiting distribution of N (¢) when t — co. It suffices therefore to
show that N <y N(+D < N 41,

First, we show that N <, N1 We construct a coupling as follows: We assume
that at time t = 0, N (0) = N+t (0) = 0, and the arrival process to both systems
is identical. Each customer arrives at both systems simultaneously, retaining her own
service demand which is drawn independently from some general distribution. Suppose
a customer arrives at time tp, than we assume she takes her action according to the

following set of implications:
o If N (ty) < n and N+ (t5) < n 4 1, she joins both systems.

o If N(™(tg) = n and N (t5) = n + 1, she balks from both systems.

If N (o) = n and N+tD(t5) < n + 1, she balks from the n-systems, and joins
the (n + 1)-system.

If N (tg) < n and N®D(tg) = n + 1, this means that among the n waiting

customers (those not being served) in the (n + 1)-system, there exists at least one
that at time ¢y is not present in the n-system (if there are more than one such
customers, we pick the oldest in the system). This customer leaves the (n + 1)-
system immediately, and the newly arriving customer joins at the back of the
queue at both systems. This assumption is w.l.o.g, because the service demands

of all customers are i.i.d.

With this construction, it can be observed that whenever a customer joins the n-system,
she also joins the (n+1)-system. Moreover, the relative ordering of the customers joining
the n-system is the same as their ordering at the (n + 1)-system. Thus, if a customer at
time ¢ is present in the n-system, she is also present in the (n + 1)-system. Therefore,

N® () < NFD() for all ¢ € [0, 00), implying that N < N+,

We turn now to proving N1 < N 4 1. Recall that when arrivals are Poisson, the
number in the system embedded at time instants just after service completions forms
a Markov Chain. When the threshold is n, the state space of this chain is the set
{0,1,...,n — 1}. Denote by BZ-(n) the state of the chain a moment after the i-th service
completion, when the threshold is n. Let X; be the (random) number of arrivals during

the i-th service period. Then,

BB = 0} = min{Xi11,n— 1}, (B7)
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and for k€ {1,...,n— 1}
BW{BM™ =k} = min{k — 1+ X,11,n — 1}. (B.8)

Assume that the processes {Bl(n o, and {B, n+1)} ©, are both induced by the same

(m) _ p(n+D)

sequence {X;}°,, and that at stage 1, Bl = 0. Consider some stage i,

o If B™ =0 and B"™™ € {0,1}, then by (B.7) and (B.8) (with k = 1)

min{X;11,n—1} < min{X;;1,n} = B Y < min{X;41,n—1}+1 = Bi(i)l—i—l.

B(n) )

+1
o If B™ =k >0and k < B™™ € {k,k+ 1} then by (B.8),
B™ = min{k — 14+ X;41,n — 1} <min{k — 1 + X;41,n} < Bfﬂ_l)

+1
<min{k + X;11,n} =min{k -1+ X;y;,n—1} +1= sz)l + 1.

By induction we deduce for all i € N, BZ.(n) < Bi(nﬂ) < Bi(") + 1, therefore
B(n) Sst B(n+1) Sst B(n) + 17 (Bg)

where B(™ = lim;_,o Bi(n). Denoting ﬁ,gn) =Pr (B(”) = k), an equivalent expression for

(B.9) is given by
k k Lk
ST >N >N g k=0,1,... 0. (B.10)
=0 =0 =0

(for k = 0 we define the sum in the right-hand-side of the inequality by 0). In particular,

(n+1)

setting £ = 0 in (B.10) implies B(g > 50 , and therefore, with Z being the mean

service time and p = AT,

1 1
0< < (B.11)
o TP 0 +p

Equations (B.10) and (B.11) yield

k—1
Z gt ! S k=0,1,....n (B.12)
/Bn+1)+ = ﬂon)‘i‘P = J

By Cohen (1982)§3.6.3, we have for all j € {0,n — 1}

8"

Pr(N™ =j) = —L—,
Bon) +p
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thus, by (B.12), we obtain Pr(N™+) < k) < Pr(N®™ <k —1) for all k € {0,1,...n},
therefore N1 < N() 4 1,

Overall, we proved that N <y N1 < N 11 and as Q™ = N™ + 1, we
conclude that Q™ <y QM+ < Q™ + 1, satisfying Assumption (A-ii). O



Appendix C

Proofs for Chapter 4

C.1 Proof of Proposition 4.1

Proof. A necessary and sufficient condition for stability is p(p, p) < 1, i.e.,

> p—1
p>—F——=p.
p(2—p) =

To Find the maximum throughput we study the case p = 1, which means everyone
senses S, before joining the queue. Then, from (4.7), the stability criterion for p = 1
gives:

2
p 9 1+5
= <l <& —p—1<0 <« < =
1+ P p p 5

(1, p)

Thus, for p > ¢ and p = 1 the system is not stable. Note that j(p,p) is monotone
increasing in p. Consequently, if p > ¢ then the system is not stable for every p € [0, 1],
otherwise it is sable if and only if p > p. O

C.2 Proof of Proposition 4.2

Proof. Proving the continuity of E[X | Y = 0] is immediate as, referring to (4.4), (4.5)
and (4.6),

1 o0 o0
EX|Y=0=c———== Pio=(1 Py,
[X | ] Pr(Y:O);Z 50 = ( +pﬂ);l 0,0
which is a countable sum of continuous functions in p € [0, 1].

In order to prove monotonicity, we examine the transitions between states in two coupled

systems, 2 := {Sq, S} and Q" := {57, ST }, under the same sequence of events. Systems

105
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Q and Q' are identical except that in € the sensing probability is p, as opposed to €/,
where the sensing probability is p/, and p < p'.

Denote by (X (¢),Y(t)) and (X'(t),Y'(t)) the states at time ¢ of systems Q and
respectively. Since for all p € [0, 1] the state (0,0) in the Markov chain is recurrent, we

can assume w.l.o.g. that at time t = 0,

Showing that
Vt € [0,00) : E[X'(t) | Y'(t) = 0] < E[X(¢) | Y(¢) = 0] (C.1)

will complete the proof.

We begin by attaching three variables to each customer: Let {(T, 7, u;)};cy represent
the arrival time, service duration and sensing aversion of the i-th customer respectively,

and for all + € N:
Tiy1—T; ~Exp(A), 7 ~Exp(u), wu; ~ Uniform[0,1]. (C.2)

Fach customer arrives to both systems simultaneously. Customer ¢ arriving at ) senses
if and only if u; < p while arriving at ' he/she senses if and only if u; < p’. This ensures
that the sensing probability is p in system Q and p’ in system €', and as a matter of

fact, implies that customers who sense in €2 also sense in €2'.
We assign each customer one of three types based on the values of their sensing aversion:
Customer ¢ will be assigned
e type-L (stands for “Low”) if u; € [0, p],
e type-M (stands for “Medium”) if u; € (p,p'],
e type-H (stands for “High”) if u; € (p/, 1].
By definition, upon arrival, an H-type customer joins both Sg and Sb, the shared queues

in  and Q' respectively, an M-type customer joins Sg but senses S, whereas an L-type

customer senses both Sz, and S7.

W.lo.g., we modify the service regime as follows:

(i) Arriving at Q (Q') when Sp (S}) is busy, customer ¢ preempts the customer in

service in Sz, (S}) with no regard to type, and the preempted customer is routed
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to continue the service in Sq (Sg). Arriving at  (©2') when Sp (S7) is empty,

customer-i’s actions follow by type.

(ii) The shared queue, subsystem Sg (Ség), is a preemptive resume LCFS-PR queue,
meaning that customers are served following a preemptive last-come-first-served

discipline, and the preempted service resumes from the last point it stopped.

Lemma C.1. Assumptions (i) and (ii) do not affect the stationary probabilities of the

systems.

Proof. We shall show that Lemma C.1 holds for system  and the proof for ' is identical.

Let ¢ and 7 + 1 be a successive pair of customers and suppose that customer i + 1
preempts customer ¢ in subsystem Sr. Denote A; ;1 := T;y1 — T; the time difference
between their arrivals. Then, as a result of the memoryless property of the exponential
distribution, the service duration of customer i + 1 (i.e., 7;4+1) and the residual service
of customer i (i.e., 7; — Aj i1 | 77 > A4 i41) are independent and identically distributed.
This incident of preemption is equivalent to the joining of the new comer to subsystem
Sg, the shared queue, when Sy, is busy. Hence, assumption (i) does not influence the

transition probabilities and the stationary probabilities remain as before.

The validity of assumption (ii) can be explained by the fact that in a work-conserving
preemptive resume system with exponential service duration, as sustains in Sg, the
queue length is independent of the service regime. Consequently, assumptions (i) and

(ii) do not restrict the generality of the model. O

Exploiting assumptions (i) and (ii) we immediately achieve several properties that will

be later used in the proof:

Lemma C.2. Under assumptions (i) and (ii), the following arguments hold:

(a) At any moment, if Sy, (S} ) is busy, then the last customer to arrive until that

moment is in St (S ).

(b) Both in Q and in ', all customers begin service at the moment of arrival, whether

they sense or not.
(c) Customers beginning service in Sy, upon arrival, begin service in S} as well.
(d) Customers beginning service in Sb upon arrival, begin service in Sg as well.

(e) The sojourn time of customer i in Ség is no longer than the sojourn time of © in
Sg.
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Proof.

(a)

Suppose customer ¢, which arrived at T;, is the last customer until time ¢, and 7 is
not in Sy, at time ¢. From assumption (i), there are only two possibilities: either
Sr, was idle at time 7; and ¢ did not sense it (i.e., i is of type H or M), or i joins
St and completes service before time t. Hence, in both scenarios, S, stays idle at

time ¢. The proof for €' is similar.

In system €2, customers at their moment of arrival either begin service immediately
in Sz, or, by assumption (ii), join the head of the shared queue, thus beginning

service in Sg. The proof for ' is similar.

Recall that at time ¢ = 0 both Sz, and S} are empty. Only upon the arrival of an
L-type customer will the state of Sz, alter. Arriving at ', an L-type customer joins

", regardless of the server’s state. Suppose the last customer has joined both Sy,
and S7. By assumption (i), this tagged customer can either complete service in
St and S} simultaneously (so S; and S} become empty) or be preempted in the
two subsystems by the next customer to come. As for the latter case, it holds that
the preempting customer joins both Sy, and S} . Thus, it follows by induction that

customers who join Sz, also join S7.
This property is immediately achieved as the modus tollens form of property (c).

It results from assumption (ii) that the sojourn time of each customer in the shared

queue depends only on future arrivals. Combining this with property (d) we deduce

().

With property (c¢) and the simultaneousness of occurrences we get:

vt e [0,00): {Y(t) =1} = {Y'(t) = 1}, and {Y'(t) =0} = {Y(t) =0}.  (C.3)

Moreover, from properties (d) and (e) we see that, if at an arbitrary point in time there

is a

customer waiting in Sb, then the same customer will also be waiting in S, not

leaving Q before leaving €Y. Therefore,

Vt € [0,00) : X'(t) < X(t), (C.4)

implying that the process representing the number of customers in S¢ over time stochas-

tically dominates the one representing the number of customers in S’Q.



Proofs for Chapter 4 109

For the sake of simplifying the notation, when there is no ambiguity we denote (X (¢), Y (¢))
and (X'(¢),Y’(t)) by (X,Y) and by (X’,Y”) respectively. On utilizing (C.4), we get

EX'|Y' =0 <E[X|Y'=0].
To prove our claim (C.1) it suffices to prove:

EX|Y' =0 <E[X|Y =0]. (C.5)

Denote by 7 the last customer who arrived by time ¢, and let
A(t) := {i joined Sg and T; + 7; > t}

express the event “¢ joined the queue in €2 and was still in the system by time t”. For ¢
being the last customer, by property (b) we get that A(¢) occurred only if i was still in

service in Sg by time t. Therefore from property (a),

Wt € [0,00) 1 A(t) = {Y(t) = 0} . (C.6)

Recall that by property (a) if there is a customer in S} at time ¢ then it must be 4
(the last customer arrived). So, assuming that Y (¢) = 0 and Y'(¢) = 1, we have that
customer ¢, arriving at €2, joined Sg, and at the same time, arriving at €', began service
in S7. As i was the last customer until time ¢, knowing that Y’(¢t) = 1 implies that

T; + 7 > t. Hence,
Vt € [0,00) : {{Y'(t) =1} n{Y(t) =0}} = A(2). (C.7)
Lemma C.3. Conditioned on A(t), X(t) and Y'(t) are independent random variables.

Proof. Let t be an arbitrary point in time and ¢ be the last customer to arrive by that
time. Assuming that A(¢) had happen, it means that ¢ was still in © by time ¢. The
residual service of customer ¢ at time ¢ is an exponential variable with parameter u.
Thus, we can assume w.l.o.g. that ¢’s arrival (at time T;) occurred a short moment
before t. A(t) can be rewritten then as the event when a new busy period in Sy began

right before ¢ (i.e., t = T;r := T; + ¢, where ¢ is a small positive infinitesimal quantity).

Denote T, the moment after customer n’s arrival. To prove Lemma C.3 we shall show by

induction that Vn € N, X (T,7) and Y’(T,) are conditionally independent given A(T}).

Presume that A(T)) is satisfied. Having that n joined Sg means that n is not of type L,
and, by (C.6), Y(T,/) = 0. Define T,; := T,, — ¢, where ¢ is a small positive infinitesimal
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quantity, the moment before n’s arrival. Then,

X(THIA(TH) = X(T,)+1. (C.8)

n

Regarding n’s arrival at €', there are two possibilities:

e Upon n’s arrival, S7 was empty (i.e., Y'(T},) = 0).

e Upon n’s arrival, S} was busy (i.e., Y'(T,;) =1).

To the extent that A(T,}) holds and Y'(T),;) = 0, n’s action (and therefore the state of
S7) is determined one to one by n’s type (M or H):

. : Ly

YT | A(TF) = 0, iff n is of type-H, _ 0 w.p. ﬁ,
n n ,

1, iff n is of type-M,; 1 w.p. pl—__g,

Since i’s type does not depend on previous events in the system it follows from (C.8)
that X (7,7) and Y/(T,}) are independent conditioned on A(T,").

To the extent that A(T]) holds and Y'(T,;) = 1, with assumption (i), n must have
preempted his/her predecessor, n — 1, in S, simultaneously as joining Sg. This is
possible only if customer n — 1 remained in service until customer n’s arrival, and

indicates that

(a) Customer n — 1 joined Sg upon arriving at €, and V(7 ;) = 0.

b) Customer n—1 joined S) upon arriving at €', and Y'(T:H|A(TH) = Y (T ) = 1.
L n n n—1

(c) Customer n had arrived before n — 1 left S, and X (T,))|A(T,") = X (T, ) + 1.

From (a), (b) and (C.7) we deduce that A(7) ;) holds. Followed by the induction
hypothesis, X (7)) ;) and Y’(T})" ;) are independent conditioned on A(T\ ;). Thus, from
(b) and (c) we conclude that X (T.7) and Y'(T,/) we are also independent conditioned
on AT ).

It is left to show that X (7;") and Y’(T}") are conditionally independent given A(T}").
We can assume, w.l.o.g., that Y’(T7) = 0 (otherwise we observe the last customer that
arrived before T7). Thus, as discussed, cusotmer 1’s action is equivalent to type, which

is a random variable independent of X (7}"). O
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Define the operator Ey_g[e] := E[e | Y = 0]. Combining Lemma C.3 with (C.7) we
arrive at

Ey—o[X | Al =Ey—o[X | A,Y' =1 =Ey_o[X | Y' =1]. (C.9)
Since A(t) indicates the beginning of a new busy period at time ¢
Ey—o[X]| < Ey—o[X | 4].
Upon substituting (C.9) we get

Ey—o[X] < Ey—o[X | Y' =1]. (C.10)

By the law of total expectation we have

Ey—o[X] =Ey—o[X |Y' =0]-Pr(Y=0]Y =0) +
Ey_o[X |Y' =1]-Pr(Y' =1|Y =0)
=E[X|Y'=0]-Pr(Y =0|Y =0) +

Ey_o[X |Y' =1] - Pr(Y' =1|Y =0),

(C.11)

where the second equality follows from (C.3). Note that the right-hand side of (C.11)
is a convex combination of E[X | Y’ = 0] and Ey—o[X | Y’ = 1]. Amalgamating (C.10)
and (C.11) we attain

E[X | Y =0] < Ey_o[X],

thus confirming (C.5). This completes the proof of Proposition 4.2. ]

C.3 Proof of Proposition 4.3

Proof. p € [0,1] is an equilibrium strategy if no individual can benefit from choosing

any alternative strategy. Recall Cs and Cy as defined in (4.8). Note that:
EX]=Pr(Y =1)-E[X |Y =1 +Pr(Y =0)-E[X |Y =0],

and therefore,

1

Cs

(Cn(p) = Cs(p)) = yPr(Y = 0) - E[X]Y = 0] — 1. (C.12)

Clearly, Pr(Y = 0) is positive monotone decreasing in p and by Proposition 4.2, E[X|Y =
0] = 1 is positive non-increasing in p, thus, Cn(p) — Cs(p) is decreasing in p. We have

then that the conditions for equilibrium are as follows:
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e If Cy(0) < Cg(0) then p = 0 is an equilibrium strategy.

e If Cn(1) > Cg(1) then p =1 is an equilibrium strategy.

e If for some p € (0,1) Cn(p) = Cs(p) then p is an equilibrium strategy.
Other cases are infeasible considering that Cn(p) and Cs(p) are continuous and Cx(p) —
Cs(p) is a monotone function.
Suppose first that there exists a value of p € (0,1) such that Cn(p) = Cs(p).

From (C.12) and (4.4), p. = p € (0,1) if and only if:

YEX |Y=0=1+pp. (C.13)

Note that the function 1 4+ pp is continuous and strictly monotone increasing in p, and
therefore, using Proposition 4.2, we deduce that if there exists a solution p, to (C.13)
then it is unique, implying that p. is a unique equilibrium strategy. We shall mention in
passing that since Cn(p) — Cs(p) is decreasing, then the existence of p. € (0, 1) implies
that Cn(0) > Cg(0) and that Cn(1) < Cg(1).

Suppose now that there is no p € (0,1) satisfying (C.13)and that Cn(1) > Cg(1).
Equivalently, for all p € [0,1), Cn(p) > Cs(p). This means that the expected cost for an
individual is smaller when sensing then when not sensing, regardless of other customers’
strategy. Thus, sensing is a dominant strategy for all individuals, and therefore p, = 1
is a unique equilibrium strategy. Similarly, p. = 0 is the unique equilibrium strategy if
and only if C'(0) < Cg(0). O

C.4 Proof of Proposition 4.4

Proof. Assuming that (0, p) = p < 1, from (C.13), p = 0 is an equilibrium strategy if
and only if:
VE[X |V =0]<1.

Note that in this case the queue is an M/M/1 queue, and
E[X|Y =0=E[X]=—.

Thus, a necessary and sufficient condition for p, = 0 is:

P 1
—<1 & < —.
Vl—p_ p_l—i-’y
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C.5 Proof of Proposition 4.5

Proof. For p =1, g(z) is a polynomial of the second degree, and

Z(’:Kl‘ﬁ):afew'

With (4.10) we obtain
1+6— 02
P070 = T .

Substituting this result in (4.12), after basic algebraic manipulations we get

(0—1)2%0+1) 1—60—06%+6
1+60—-62  14+60—62

EX|Y =0 =

Recall that, by (4.4), p. = 1 if and only if YE[X | Y =0] > 1+ p. We have then that

pe = 1 if and only if
(0 —1)2(0 +1)
! (1+0—92 20 (C14)

Note for every p € (0,¢), both § > 0 and 1+ 0 — #? > 0, thus, we can multiply each
sides of the inequality in (C.14) by 1+ 0 — 6% and divide by (6 — 1)2(0 + 1) to get the

desired result. O

C.6 Proof of Proposition 4.6

Proof. Let v and p be the fixes parameters of the system. If p. € (0,1) is the equilibrium
strategy, it must hold that

Cs(pe) = Onpe) & APr(Y =0)-E[X |Y =0] =1, (C.15)

where the terms Pr(Y = 0) and E[X | Y = 0] are calculated from p and the sensing
probability. By (4.4) and Proposition 4.2, both Pr(Y = 0) and E[X | Y = 0] are
positive and non-increasing in the sensing probability, thus, so is their product. So,
if v is increased, then in order to satisfy the equality in (C.15), one has to reduce
Pr(Y =0)-E[X | Y = 0] by increasing the sensing probability. O
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C.7 Proof of Proposition 4.7

Proof. To prove that F(p) is convex we shall show that its derivative is monotone non-
decreasing in p. Given that ¢y = 0 and <2 = 1, the expected cost of a customer (F(p)) is
the expected number of customers ahead of him /her, which varies depending on his/her
action (sensing or not sensing). Let 6 > 0 such that p + 0 < 1, and define D(p) as the
expected difference between the cost for a customer when the sensing probability is p+ 0

and when the sensing probability is p. Namely,
D(p) =F(p+9d) - F(p)- (C.16)

It is clear that the more customers sense, the greater the system utilization is, and since
cs = 0, the expected cost for a customer (equivalently, the social cost) decreases. Thus,
for all p € [0,1], D(p) < 0. Note that lims_, % = (%)F(p), which can be interpreted
as the marginal social cost of a sensing customer when the sensing probability is p,

normalized in the arrival rate, \.

Lemma C.4. D(p) is monotone non-decreasing in p.

Proof. As in the proof of Proposition 4.2, recall Q@ = {Sg,Sr} and Q' = {S},57}
with the coupled states (X(¢),Y(¢)) and (X'(¢),Y’(¢)) and sensing probabilities p and
p' (p < p' < 1) respectively. We use {(T}, 7i,u;)};cy - the set of variables defining the
queueing process as in (C.2), with 7; the arrival time, 7; the service duration and w;
the sensing aversion of customer i. We also assume (i) and (ii) as in Lemma C.1. Our
purpose is to show D(p) < D(p'), that is, the marginal cost of increasing p by an amount

d, is not greater then the marginal cost of increasing p’ by d.

In the next step of the proof, we point out how increasing the number of sensing cus-
tomers influences the expected cost of customers within the two coupled systems, {2 and
Q. To this end, in each of the two systems we tag a customer that initially joins the
shared queue and analyze how the social cost changes when he/she senses. Let i be a
customer such that w; > p’ (such customer exists because p’ < 1). This means that
from the outset ¢ did not sense, neither in  nor in . By changing ¢’s action into
sensing we assure that the population of sensing customers, both in Q and in Q' strictly
increases. Thus, to measure the impact in the two systems of a customer switching from
not sensing to sensing, we can, w.l.o.g., assume that it is customer ¢. The fact that each
customer that senses in  also senses in € is still valid, regardless of whether 7 senses in
both systems or ¢ joins the shared queue in both systems. This ensures that Lemma C.2
holds in each of the two cases, ¢ senses and ¢ does not sense, and our aim is to investigate

systems Q and €, subject to each one of these cases. Define:
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e D, - The social cost difference in system €2 between the case ¢ senses and the case

he/she does not sense.

e D! - The social cost difference in system ' between the case i senses and the case

he/she does not sense.

Recall by (C.3) that for all ¢ € [0,00), {Y'(t) =0} = {Y(t) = 0}, thus,

Vt € [0,00) : Pr(Y(t) =1,Y'(t) = 0) =0.

We divide our event space, therefore, into three complementary disjoint events: The
first event is Y (7;) = Y'(T;) = 1, the second is 0 = Y (T;) # Y'(T;) = 1, and the third is
Y (T;) = Y'(T;) = 0. We shall show that all these three possibilities satisfy D; < D.

(a) If Y(T;) = Y'(T;) = 1 then, with the fact that ¢; = 0, the social planer in Q is

indifferent between 7 sensing and 7 not sensing as both actions result in the same

outcome, thus D; = 0. In a similar manner, since Y'(T;) = 1in @/, D, = 0.

If Y/(T;) = 1 and Y (T;) = 0, as explained above, D! = 0. Regarding system €,
when customer ¢ senses there is the possibility that ¢ will complete service in Sy,
and X (7;) + 1 customers (that is X (7;) customers in the queue plus customer 7)
would save the expense incurred by ¢ joining the queue upon arrival. Thus the

social cost when ¢ senses is less than when he/she does not sense and D; < 0.

(c) fY(T;) =Y'(T;) = 0) then we separate between two cases:

e When 7; < Ty — T;, customer i completes service in Sy, (and in S7) before

the arrival of the next customer. Denote by B; and Bj the sojourn time of
¢ in the queue of Q and of Q' respectively, measured in units of i From
property (e) of Lemma C.2 it is clear that B, < B;. Since %w =1, i sensing
in Q in this case saves X (T;)B; + B; — 1 relative to not sensing (that is X (7;)
customers in the system saving B; each, plus customer ¢ saving B; minus the
cost of his/her own service). Likewise, ¢ sensing in Q' saves X'(T;)B.+ B —1.
Recall by (C.4) that X'(T;) < X(T;), then we have:

D;=1-B;— X(T))B; <1 - B, — X'(T))B. = D,.

When 7; > T; 41 —T;, customer 4, when sensing, begins service in Sy, (S7) but
with assumption (7) he/she is forced to join the queue upon the arrival of i+ 1.
Denote by L and L’ the number of customers that has left the system during
the time period [T}, Ti+1) in © and in €' respectively. Since X'(T;) < X(T;),
L’ < L. Denote by B; and B} the sojourn time of 7 in the queue of £ and
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of Q' respectively, measured in units of i As explained, B} < B;. Then
we have L customers in () saving the expense of waiting B; each one and L’

customers in ' saving the expense of waiting B] each one, therefore,

D;=—LB; < -L'B,=D,.

In summary, for all ¢ such that u; > p/, D; < D}. Subsequently, if J C N is a subset of
customers such that for all j € J, u; > p/, then

> D;<) Dj. (C.17)

jedJ jedJ

Assume now that each customer j in © senses if and only if u; € [0,p) U [p/, p’ +0). This
implies that the sensing probability in Q is p+ 4. Similarly, if each customer in ' senses
if and only if u; € [0,p’ + §), then the sensing probability in Q' is p’ + d. Define the set
of customers J := {j € {1,...,n} s.t. u; € [p/,p +0)} then

F(p+9d)—-F hmfZD < hm—ZD/ F(p'+46)—F(),

n—oo n n—oo n
jeJ jeJ

where the second inequality follows from (C.17). Therefore, by (C.16) we conclude that
D(p) < D(p') as desired. O

(p)

Since D(p) is non-decreasing in p for all 6 > 0, we have that limg_, is also non-
decreasing in p. This implies that (%)F(p) is non-decreasing, and therefore F(p) is

convex in p. O

C.8 Proof of Proposition 4.8

Proof.

(a) Suppose p = 0, then the system is an M/M/1 queue with arrival rate A. This is
socially optimal if and only if society prefers to bear all the social cost imposed by
an individual that chooses not to sense rather than pay the cost of sensing. We
tag the “transparent” customer as the one assigned the lowest priority, that is to
say preempted by every other customer. Note that if this tagged customer senses,
he/she will find Sy, idle and no other customer will preempt him/her because p = 0.
It was shown in Hassin and Haviv (2003) that since the arrival and action of the

transparent customer imposes no externalities on other customers, the optimal
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strategy for the transparent customer coincides with the socially optimal strategy.
Thus, p* = 0 if and only if the transparent customer prefers not to sense. As
explained by Haviv and Ritov (1998), in an M/M/1 system, the queueing time of
the transparent customer equals (,u,(liip)Q) — i This is the product of the expected

queue length (ﬁ) and the expected time it takes to reduce the queue size by

one (ﬁ) minus the expected service duration (i) We deduce that p* = 0 if

and only if:

1 1 1 v
ot )<l o 7<—1>§1 & p<lo [
v (u(l—p)2 u) ° (1-p)? 1+~

This result can be verified both algebraically and intuitively. Recall Proposition
4.4:

1
=0 <& < —.
De P> 1+~
Note that:
[ 7 [ | 1
0<1l—/—< (1 +,/— | |1— = ) C.18
. l—l—'y_< 1+’y>< 1+7> 147 ( )
; ] 0 _1
concluding that if p <1 — ) then p < i) -
We now give an intuitive explanation: Denote W0 := p=1 . ﬁ the expected

waiting time of a customer when p = 0 (as in the M/M/1 model). Suppose p, # 0,
then by Proposition 4.4, v - ﬁ > 1, which is equivalent to ¢,/W° > ¢s. This
means that an arbitrary customer can reduce both his/her own cost and the waiting

cost of the others by sensing. Thus, p* # 0, as claimed.

¥ 1
1—/ — < —.
\/1+'y 14+~

Taking p € [1 — | /(11—7), ﬁ] implies by Proposition 4.4 and Proposition 4.8(a)
that p. = 0 < p*.

By (C.18), if v > 0 then

C.9 Proof of Proposition 4.9

Proof. Denote F'(1) := (%)F(pﬂp:l and C'(1) := (d%)C(p)\p:l. As discussed, C(p) is

convex, so,

el o o< =14 rp) & o <F).
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Since F(p) is convex we have that for all h € (0,1):

h
Suppose that h € (0, 1) satisfies (4.17), then
1 F()—F(1-h) ,
—— < F(1
et ),

and therefore p* < 1. O



Appendix D

Proofs for Chapter 5

D.1 Proof of Proposition 5.1

Proof. Let T be an equilibrium cumulative distribution of tips, with first and second
moments ET and ET? respectively!. Recall that the sum of the tip and the social cost
is

t+ 5 / (1 — 24T () = 5t — (2kET — 1)t + ET?, (D.1)

which is a convex quadratic function in ¢ centered at ET — 1/(2k). Since onetime
customers’ expected waiting cost is constant and does not depend on their tip amount,
restricted to non-negative tipping, they will all choose to tip t, = {ET —1/(2k)}*. For
a repeat customer, tipping ¢t € [0,t,) is sub optimal because such a tip will assign him
with priority level (and hence, expected waiting cost) strictly worse than any onetime
customer, and, will yield a higher cost in the sum of tip and social cost than that of
tipping t,. Thus, t, > t,. In addition, if ¢, > t,, then a repeat customer tipping ¢,
can reduce his/her cost incurred by tipping and social cost by tipping any amount ¢ €
(to,1,), without changing her expected waiting cost, in contradiction to the equilibrium

assumption. Therefore, ¢, = ¢,, proving the second item.

The proof of the first item is similar to that of Glazer and Hassin (1986): Assume on
the contrary that the tipping distribution for repeat customers, 7;., contains an atom at
some t,. Thus, the probability that at an arbitrary time point, a repeat customer who
tipped t, is waiting in the queue is strictly positive. Then, consider a repeat customer
who arrives at that particular moment. By tipping ¢, + ¢ for some infinitesimal amount
e > 0, this arriving customer will cut in line all those customers who tipped ., receiving a

strictly positive, e-independent gain in waiting cost. Yet, her cost incurred from tipping

'Recall that the tips must be non-negative and that the tip amount is bounded from above by U,
thus the first and second moments exist.

119
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and social cost will differ to that of a customer who tipped %, only by an infinitesimal
amount. Thus, she will receives a strictly higher expected utility than a customer tipping
exactly t,, in contradiction to the equilibrium assumption. Therefore in equilibrium 7,
is continuous. Moreover, T, is strictly increasing: Assume on the contrary that there
exist a pair ] < ¢ such that no repeat customer tips an amount ¢ € (¢.,t”). Recall
that t, minimizes the sum of the tip and social cost, and t, < ¢, < t/!. Thus, a customer
who tips ¢/ can reduce his/her cost incurred by tipping and social cost by tipping any
amount ¢ € (¢, t"), without changing her expected waiting cost, in contradiction to the

equilibrium assumption. Therefore T is continuous and strictly increasing, proving the

first item.

As explained, since onetime customers in equilibrium tip the least amount ¢, (thus,
receiving the lowest priority level), a repeat customer can always tip infinitesimally
more than t,, receiving strictly higher utility in equilibrium. Therefore, we immediately

obtain the third item. O

D.2 Proof of Proposition 5.2

Proof. Assume that the total arrival rate to the system in equilibrium is A, and let
Ar = min{\, A, } be the rate of repeat customers. Consider the repeat customers tipping
distribution function, 7.(¢; A): From Equation (D.1), for k = 0, the tip paid by onetime
customers, t, satisfies £ = 0. Therefore by Proposition 5.1, the domain of T}.(¢; A) can be

written as (0,¢())] for some £(A) > 0.

By Kleinrock (1976), the waiting time for a repeat customer tipping ¢ € (0,%(A)] is given

by 1 1
AT ATy P

Specifically, for a repeat customer tipping 04, the expected waiting cost is equal to

<

the total cost which is given by uﬁ‘ Since all repeat customers receive the same
"

expected utility in equilibrium we have, for all ¢ € (0, #(\)]:

c 1 c 1
it W N =t+ S . D.3
IR I ROEV RS P
Isolating T,.(t; \) we obtain:
1
T (4 A) = L +1- Ly
)\r 1 o Et >\r




Proofs for Chapter 5 121

Since the waiting time of a customer tipping ¢(A) includes only his/her service time,
then, by substituting ¢ = ¢(\) with W,.(¢(A\); \) = i in Equation (D.3) and isolating ¢(\)

we immediately get

_ c 1
tAN=-(—55 D
_ Ar)2
(=2
Moreover, from Equation D.3 it can be seen that
1 t
Wr(t;A) = ———— — —.

Finally, since onetime customers tip 0 and all receive the same priority level and com-
mence service only when no repeat customers are in the system, by Kleinrock (1976),

we have

D.3 Proof of Proposition 5.4

Proof. Suppose that A, € (0, — /%] By proposition 5.2 we have that W,.(0; ) is
nondecreasing in A. Using the definition of C'(\), we have, for every A € (0, A;),

C\) = W, (03 \) < Wi (0:Ay) < W (Os 0 — | By = R
U=y
w

Therefore in equilibrium, all repeat customers join with rate A, and by Proposition 5.2

tip according to T'(¢; A,) over (0,¢(A,)].

Similarly, if A, € (u— /%, u), then for every A € (A, )

CN) = W,o(N) = cWp(0;0) > Wy (03 A,) > Wi (0; 1 — 1/%“) —U.
Therefore in equilibrium, only repeat customers join with rate p— +/cu/U < A, and tip

according to T, (t; u — \/cu/U), and since t(u — /cp/U) = U — ¢/ p, the tipping domain
is (0,U — ¢/ . O

D.4 Proof of Proposition 5.7

Proof. Suppose the T'(t;m, ) and T,.(t;m,\) are the equilibrium unconditional and

repeat customers’ tipping distributions, with a given (unconditional) mean tip m and
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arrival rate A, respectively. Let A\, = min{\, A, } be the rate of repeat customers. As in

the proof of Proposition 5.7, we have that

1 1
Wy(t;m,\) = — P
p(1—(1=T(t;m,N))5x)2
Suppose that the tipping domain is [t,?]. Since repeat customers are indifferent in
equilibrium between any tip amount, we have that the total cost of a repeat customer

tipping ¢, is equal to that of a one tipping t € (t,]. Equivalently, for all ¢ € (¢,],

c 1 9 c 1
tt——— 4k [ t—7)2dT(r;m, \) = t+—
- u(l—%)Q /( Jax ) w1 =1 =T (t;m,A
(D.4)
Denote by ET5 the second moment of the distribution 7'(t;m, A). Assuming that the

mean tip is m, we have that
/(t —7)2dT(t;m,\) =t* — 2mt + ETy, Vt € [t,1],

and therefore, by Equation (D.4), we have, for all ¢ € (¢, 1],

1
p(L— (1= To(tim, 0) )

e}

1
;(1_/\7")2+Ht2_(2ﬁm_1>t_ 5 +rt? = (26m—1)t. (D.5)
m

Isolating T} (t;m, A) in (D.5), we obtain

1
T, (t;m, \) = L +1- L (D.6)

Ar " Ar
\/(1&;)2 B %(t +i- 2(m - i))(t - t)

Note that —£2(t +t — 2(m — 5-))(t — t) is concave decreasing for ¢ > ¢, and since ﬁ is

convex and decreasing, we have that T).(¢;m, \) is convex increasing.

Similarly, isolating the expected waiting time in (D.5),

W (t;m, \) =

Since the waiting time of a customer tipping ¢ includes only his/her service time, then,
by substituting ¢t = ¢ in Equation (D.5) and rearranging we get a quadratic equation in
t

,2 1 1 e 1 B
t —Q(W—%)t—t(t—Q(m—%))—w{W—1} =0,

—7)? T:m, \).
)))Z)Q—Hi/(t )2dT (75 m, A)
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from which we solve for t. Restricted to positive tipping we arrive at

t(m,\) =m — iﬁ—l— (m—21m)2—|—;{(1_1>\r)2—1} —l—t(z—Q(m—i)). (D.8)
m

Finally, since the mean tip is m, we have from Equation D.1, that the tip payed by
onetime customers, ¢, as a function of m, satisfies t(m) = {m — i}* Substituting
t={m— 3} and A\, = max{\, A, } in Equations (D.6), (D.7) and (D.8), we conclude
that

2 1 o g
i \/W—M(tz—ﬂm—%)w tl-miasr ™<=
(1,“‘”‘777“) c K
Tr(t;m, A) = } z ) , o
min{AA} [ 1 uRg g, 1)2 +1- mn{nA T M e
V(lfwﬂ c m 2Kk
2 _ 1 1
Wr(t;m7)\) = miln{)\A e kK { (t 2(m 1 2n2t)’ m < 2114
,u(l—Tva el (t—(m—3:))7, m> 5-
and
1 1 1 1
, m‘%*\/(m‘zn)”&{(l_mw—l}, m< g
t(m,\) = B
1 1 1
m_znﬂ/w{(l_{w—l} m> 5
I3
as desired. 0

D.5 Proof of Proposition 5.8

Proof. Assume that the arrival rate to the system, A is given, and let A, = min{\, A, }
be the rate of repeat customers. Suppose that m < 2—1&, so that t(m) = 0. Thus, by
definition, ET(m,\) = 3 ET,(m, ). To prove the first item, it suffices to show that
ET,.(m, \) is convex increasing and positive in m. Let t,(m, A) denote the the p-quantile
tip amount of repeat customers’ tipping distribution, i.e, t, satisfies T}.(t,;m, \) = p.
Substituting t = 0 and ¢ = t,, in Equation (D.5) yields a quadratic equation in ¢, whose

positive solution is:

1 1 c 1 1
tp(m,/\):m—ﬂ—i— (m_%)2+w{(1—);[)2_(1—(1—p)’>[)2} (D.9)
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Since z + V22 + a (with a > 0 a constant) is convex increasing and positive in z > 0,

1
' 2K

tp(m, A) is convex increasing and positive as a function of m € [0, 5-], for every p € [0, 1].

Note that .

ET,(m,\) = / tp(m, X)dp
p=0

and therefore ET,(m,\) is also convex increasing and positive as a function of m €
1

[07 ﬂ]

Suppose that m > i, such that t(m) =m— i > 0. Substituting t = m — 2—1ﬁ and t =t,

in Equation (D.5) yields a quadratic equation in ¢, whose positive solution is:

1 c 1 1
tp(m,)\):m—%-l- fi,u{(l—’};)z_(l—(l—p)’”)?}’

1 1 1 c 1 1
ETr(m,A)—/pzotp(mvk)dp—/pzom—%+ w{(l—t)z a (1_(1—p)r)2}dp

By
M
:m_21,€+/plotp(21,f’)‘)dp:m_215+E r(i7)\)'
Thus, we have, for m > i
ET(m, )) = %ET,«(m, A+ (1 - %)L(m) = %(m - i + ETr(i M)+ (1 - %)( =5
—m ot YET (o N =m - o+ ET(5 ).

D.6 Proof of Proposition 5.9

Proof. First, we note that lim, .o A(p) = —o0, and lim,_,; A(p) = co. In addition, by

basic algebraic manipulations,

VP T _ 1-p
dA o2 T 2 arctan( 2p7p2)
— = . (D.10)
dp P

Since arctan(z) € (=73, 5) for all z € R, % > 0 for all p € (0,1), and therefore A(p) is

strictly increasing in p € (0,1). Thus, for every x > 0 there exists a unique solution Ar
such that 2—1,{ = éA(%) Equivalently, \, = uA_l(%1 /£, where A~1 is the inverse
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of A, and since \F is decreasing in x and A~! is an increasing function, A, decreases in

k> 0.

Suppose that A, > 5\7". Since A is monotone increasing,

A A 1
oA = [SACT) = = >0
Kit KiL 2K
and since % is decreasing and approaching 0 as A — oo, there exists a unique solution
\ Ar Ay
Ao = Ay, such that 5~ = 5 [ A5

By Proposition 5.8, ET(m, \) is convex increasing and positive in m, with slope equals
1 when m > 5. Therefore, if A is such that 5~ = ET(5-,\), then, for every m > 5,
m = ET(m, )\), and for every m < 2—, m < ET(m A). To show that M(X) =[5, +oo)

it suffices therefore to show that o= = ET(5-, \).

Assume now that A, > A, and recall the definition of ¢,(m, A) in Equation (D.9). Then

1 _mln{)\r,A} I 1 %
(2* Ar) = T (7 Ar) = /po tp(ﬂ7)\r)dp
1 c 1 1 c A 1
P)
(D.11)

where the second to last equality follows basic integration, and the last from the defini-
tion of A,. Therefore, M(A,) = [i, +00). Similarly, with A, > A,,

1 _min{j\o,Ar} 1 A (1 1
ET(5 - 20) = == ET(5 -, %) = AO/pzotp(%,Ao)alp

o

A, 1 c 1 1 A [c A, 1
:A/ KpL Ay i (= A =5
R Jomo \ mn \ 0= 22~ (1= (1 p)2) 3o V=) T s

and we conclude that M(),) = M(A,) = [+, +00). O

2K

D.7 Proof of Lemma 5.10

Proof. Assume that the equilibrium arrival rate is A € (0, A,] such that only repeat
customers join. Prior to proving the result of the lemma we show the following properties

that we shall make use of in the proof:
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1. ET(m, A) is increasing both in m and in A and convex in m: Let T;.(t; m, \) be the
tipping distribution of repeat customers and denote its k-th moment by ETF(m, \).
Note that since we focus here on equilibrium with only repeat customers joining
(i.e., A € (0,A;]), T, (t;m, ) is also the unconditional tipping distribution.
Suppose first that m < i, and recall the definition of ¢,(m, A) from Equation
(D.9). Since T,(t;m, ) is defined over non-negatives and A\, = A € (0,A,], we
have

1

ET*(m, ) = / (b m )y
k

1 1 1 c 1 1
:/po m—ﬂ—l- (m_%)2+w{(l—)”“)2_(1—(1—p)>/‘j)2} dp.

As explained, t,(m, ) is positive increasing and convex in m for every p. In

addition, by taking derivative with respect to A we have that the term @ —
W is positive increasing in A for every p, thus (t,(m,\))* is increasing
in both coordinates for every p and k > 0. Therefore, ET¥(m, )\) is increasing
in both coordinates, and convex in m for every k > 0. Finally, since A € (0, A,],
ET*(m,)\) = ET*(m, \), where ET*(m, )\) is the unconditional k-th moment, is
increasing in both coordinates and convex in m, for every k£ > 0 (in particular,

when k= 1).
For m < Tlm we have that T;.(¢; m, \) ~ m— i—i—Tr(t; i, \), and clearly ET*(m, \)

is increasing in m for every k& > 0. In addition, since ETk(i, A) is increasing in A

for every k > 0, so is ET*(m, )\), in particular, when k = 1.

2. C(m, A) is increasing both in m and in A\: Suppose that m < i, so that t(m) = 0.
Assuming that A € (0, A,], we have,

C(m,\) = /{/T2dTT(T; m, \) + W, (0;m, \) = kET?(m, \) + W
ME=

From item 1 we know that ET2(m,)) is increasing both in A and m, and since

M(TCAF is in increasing in A, we have that C'(m, \) is increasing both in A\ and m.
I
If m > 5-, then C(m,\) = m — i + C(5=, A), and since C (5=, A) is increasing in

A, C(m, A) is increasing both in A and m.

We turn now to proving the result of the lemma: By Proposition 5.8, ET(m,\) is
convex increasing and positive in m, with slope equals 1 for m > i Therefore, for any

A € (0, A,], exactly one of the following options holds:
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o If ET(5-,)\) < 5=, then M(X) = {m,} is a singleton and satisfies my < 5-.

o If ET(5-,\) = 5=, then M()\) = [5-, 00).

2K

o If ET(5-,\) > 5, then M()) = 0.

Recall from Equation (D.11) that for A < A, ET(5-,\) = ﬁA(%), which, as ex-
plained in the proof of Proposition 5.9, is an increasing function in A. Since ), by
definition satisfies that 1/H—CNA(%) = 5, then ET(5,A) < 5 if and only if A < Ar
(with equality if and only if A = S\,n) Thus, we obtain

{my} for some m) < i if A< A,

M(A) = [5,0) if A=A, (D.13)

2K

0 it A >\

1

For A = \,, since C(m,\) = m — =+ C, is linear increasing in m € [555

that C(A,) = [C}, 00).

o0), we have

Consider A € (0, \,), and denote by m, the unique solution my = ET(my, A). Let g(m)
denote ET(m,)\) as a univariate function of m, and ¢(™ (m) its n-th function power.
Thus, g(m) is an increasing function, possessing a unique fixed point my = g(m)), and
for every m > 0, lim,, oo g™ (m) = my. We next show that C()\) is increasing in \:

Consider A < \, with ms; = ET(mj;, :\) Then, since ET is increasing in each coordinate,

ms5 = ET(m3, \) < ET(m5, \) = g(m3)

and by induction, mj; < g™ (my3) for every n € N. Therefore, m5 < lim, o0 g™ (m3) =

my. Thus, with item 2, we get

C(A) = C(ms, A) < Clma, A) = C(N).

Combining all together we obtain

{CO)Y A< A,
[Cryo0)  if A=A,
0 if A >\,

and C'()) is increasing in A € (0, A]. O
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D.8 Proof of Proposition 5.11

Proof. As explained, every arrival rate A € (0, A,] in equilibrium must satisfy U € C(\).

Suppose that A, < A, and recall from Lemma 5.10 that for every A < A, C(A) = {C()\)}
is a singleton with C'()\) increasing in A. If U > C(A,), then, U > C()) for every
A € (0,A,], therefore U ¢ C(X) for every A € (0, A,] and an equilibrium with A € (0, A,]
does not exist. If, however, U < C(A,) (note that C(0) = 0) then there exists a unique
A € (0,A,] such that U = C(\) (equivalently, U € C(\)). This value \ satisfies that

M = {m} is a singleton with m < i

Suppose on the contrary that A, > N U< C, =C (5\,«) then again since C'(A) is
increasing over (0, A,], there exists a unique A € (0, \,) such that U = C(\) (equivalently,
U € C(\)) and that M = {m} is a singleton withm < 5. If U > C,, thenU € [C,, 00) =
C (;\T) and for every X # A\, U ¢ C(X). Thus, there exists a unique equilibrium with rate

A\ and mean tip m such that

1 1 - 1 A
U—C(m,)\r)—m—%—FC’(%,)\T)—m—ﬂ—I—CT,

or, equivalently, m = i + U — C,. O

D.9 Proof of Lemma 5.12

Proof. Recall the definition of A, as the unique solution satisfying i = 1/HLA(%).

Ar o 1
>? 2k

1
) 2K

When p approaches 1, A(p) grows unboundedly, therefore A < . Thus

% K—CMA(%), and since both A(%) and % are increasing and positive in A € (0, i), there
exists a unique solution A, > X, such that = > %1 / ﬁA(%)

Suppose that A, € [S\r, ;\r) Similarly to the proof of Lemma 5.10, we have that

o If ET(5-,)\) < 5, then M(A) = {m,} is a singleton and satisfies my < 5-.

o If ET(5-,)\) = 5=, then M()) = [5-, 00).

2K
o If ET(5-,\) > 5, then M()) = 0.

Recall from Equation (D.12) that for A € (A, u), ET (5=, \) = % H—CMA(%), which,

2K

as explained in the proof of Proposition 5.9, is a decreasing function in A. Since Mo by
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RV %, then ET (5, L)< —R if and only if A > )\,

definition satisfies that Az —A(%) =
o). Thus, we obtain

(with equality if and only if A = A

{my} for some m) < i if A > Mo,
M(A) = { [£,00) if A=\, (D.14)

2K

0 if A< Ao

For A = A, since C(m,\) = m — = + C, is linear increasing in m € 00), we have

that C(\o) = [C,, 00).

[QH’

Consider A > 5\0, with my € M(A) and my < i Note that in this case t(m)) = 0 and

C(A\) =C(ma, A) = K/TQdT<T;mA,)\)+CWO()\) = /iA)\TETf(m)\,AT)—FM(l - /\)c(l TRy
" (D.15)

We next show that C'()) is convex in A € (A, 00). To this purpose we first note that my
is convex decreasing with respect to A\: Since my € Aand t(m)y) =0, my = %Tr (my, Ay).

Taking derivative with respect to A we get

dm)\ —AT A dT (m)\, Ar) dm,\ dm)\ Tr(m)\, Ar)
—=—T, A+ — = = — .
PN CA AU N 2 R W e a— X 2y )

r m
(D.16)
Recall by Proposition 5.8 that % < 1, thus, % is negative and m) is decreasing

dT’V‘ (m)\ 7A )
mx

is increasing with A. T,(my, A,) is

in A\. Moreover, since T,.(m,A,) is convex in m, is increasing in m) and

dT (m)\vAr)
A dm

increasing with my, thus, decreasmg with A. Overall, we have that dm* is negative and

decreasing in A, implying that ﬁ —

monotone increasing concluding that m) is decreasing and convex in )\.

Observing the expression for C'(A) in Equation (D.15), we note that from item 1 in
the proof of Lemma 5.10, ET?(my,\) is positive convex increasing in my, and since
my is convex decreasing, ET?(my, ) is positive convex decreasing in A. Clearly, % is
convex decreasing and positive therefore %ETQ(m A A) s positive convex decreasing in
A as the product of two such functions. We further note that A is convex increasing
and positive, approaching co as A — . We conclude that C ()\) 1s convex and positive

in A e (Ao, ), with limy_,, C(X\) = oo.

Suppose that A, < 5\7", meaning that for every A € (A, p),

1 A [c A, c A, c A 1
ET(%,)\) = TN/KMA(;) < \/@A(?) < \/@A(;) = on
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Then M(X) = {m,} is a singleton and satisfies my < 5= for all A € (A, ), and, as

explained, C'(A) is convex and positive with limy_,,, C()\) = oo.

Finally, if A, > A,, then for every \ € (A, 1)

1 A c A A c A A c A 1
ET(— =T A T A T Ay =
(50N M\ (u)> M/W (u)> A\ (u) 5

which implies that C(\) = M(\) = 0. O

D.10 Proof of Lemma 5.13

Proof. First, we derive a simplified expression for C(\) (Equation (D.18) below) on
which we base our analysis in the proof: For a given equilibrium arrival rate A >
maX{AT,S\O}, suppose that m) is the unique value satisfying my € M and m) < i
(by Proposition 5.8, such value must exist uniquely). Thus, t(my) = 0. In equilibrium,
repeat customers are indifferent between tipping any amount in (0, #(my, A)]. In partic-
ular, a repeat customer can choose an independent random tip X ~ T,.(t;my, \). Note
that the expected waiting time of that randomizing customer is, in fact, the average
waiting time of repeat customers in the population, which is equal to ﬁ, and her
expected tip is the average repeat customers’ tip, which is equal to ET,.(my, \) = A%m A
Also note that ET?(my, \) = A%ET2 (my, ). The expected total cost for such customer

is therefore given by

E(X)+kE </(X — 7)2dTy (1;my, A)) + cE(Wr(t;ma, A)) =

E(X)_,_ﬁ(E(X?)_2E(X)-ET(m)\,)\)+ET2(m>\,)\))+M_CA =
Y A A ¢

1+ ) ET? — 2k} + ————.
Arm)\—l-lﬁ( + Ar) (m)n)\) ’%Arm/\—i_ w— A,

This cost is equal to that of a repeat customer who tips 0T, thus,

A A
Zma(1 = 26my) 4+ k(1 + —)ET?(my, \) + = kET?*(my,\) + ————.
A A) F A1+ )BT (ma, A) . (ma, A) EREESE

c

Upon rearranging we get an expression for ET?(my, \) (equivalently, %ETf(m Ao A))

ch? 1
W + 2m>\(m)\ - 7) (D17)

ET?(my, \) = 5
K
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Substituting the latter expression in Equation (D.15), we have

cA? 1 1 ¢
OO = G ia T 2rmlm = 5 ) g Ay

(D.18)

Suppose now that A, > 5\7«, so that A\, > A,. From Lemma 5.12; C'()) is convex over
(5\0, w) and approaches oo when A — p. Therefore, C'(A) is also monotone increasing
over (5\0, w) if and only if its right derivative evaluated at Ao is nonnegative, otherwise
C(\) is non-monotone. In other words, C, = C if and only if %]/\:;\o > 0. Thus,
concerning A, > S\T, it suffices to show that there exists A, satisfying S\T <A, < AT,

such that %b\:;\o < 0 when A, € (A, A,) and %])\:5\0 > 0 when A, € (A, A,).

Taking derivative of (D.18) with respect to A and substituting A = A, (note that

. N _ L .
lim, 5+ my = 5;) we arrive at

dC B cl c( A, ) i dmy,
PR . P— R 2 - ~
dA =3, (u—Ay) (N _ /\O) Ao (10— Ay) dA

A=Xo
2 1
_ cp - ( A, )__ T (L, A)
- )2 \, (1 — 2 & dT (mA,
(1= Ar) (1= o) No(p=Ay)) X _j, A

(D.19)

where the second equality follows from Equation (D.16) and the third from the fact
that ET,,(%,AT) = %ET( L \,) = % L and the fact that Z-(mAr) =1 (see
T T m

Py T dm

Proposition 5.8).

Consider the right-hand side of Equation (D.19) as a function of A,. From the definition

of \, we have
ck . A,

Mo — Ap = (20 ALY — DA,
(u(u))

Note that A(p) is increasing. By assumption, together with the definition of j\r, we have
A > A = pATH(31/L), and therefore, 2 %A(%) > 2 %A(%) = 1. Thus, A, — A,

~

is positive increasing in A, and so, A, is also positive increasing as a function of A,., for

-1 . . . . . 1 1
A, € (A, pt). Hence, the term S_a 18 increasing in A, and so is the term T vl

as it is a product of positive increasing functions of A,.. In addition, we have that

A, 1 /p 1

o=y 2Ver G A)AC:)
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Simple algebraic manipulations, together with the definition of A(p) yield:

A
d A, | 1— 2= A, A,
—AA(ED) )= = — -k |-, /L (2-=
dA, ((“ ) (u )) AZ | 2 aretan ) 1 ( u) >0

where the inequality is because the function

= arctan 1;10 —
f(p) = arct ( p(2—p)>+ p(2=p)

is decreasing over (0,1) with lim, o+ = 5. Therefore, #:A) is decreasing and pos-
2
itive, and — (ﬁ) is increasing. Overall, we have that the term in (D.19) is a

sum of increasing functions, therefore increasing in A, for A, > S\T. Note that when
A — X, then A\, — A,, and the term in (D.19) approaches —oo, while when A — A,,
then 5\0 — u, and the term in (D.19) approaches co. Thus, there exists some A,., such

that 4 <0if Ay € (A, A), and €|, >0if A, € (A, A,).

|>\:5\0 X [a=2,

Suppose now that A, < A Similarly to the previous case with A, > 5\,1, here it suffices
to show that there exist A’ and A” satisfying 0 < A’ < A” < ., such that %\ A=A, >0
when A, € (0,A]] and %b\:/\r < 0 when A, € (A7, 5\7«)

Taking derivative of (D.18) with respect to A and substituting A = A, we arrive at

dc clt c dm,
- - 4 1) 22
dA [\=a, (n—Ap)3 " (1 —Ap)? + (4nma, ) dX [\_a,
cu c =T (ma,, Ar)
= + + (4kmp, — 1) -
(h=Ar)? (= Ay)? A, — A, rlmds) (D.20)
m m=may,
o c B ma, (demy, — 1)
(=AY (A2 A (1— 4Ty (m.Ar)
r dm m=ma,

where the second equality follows from Equation (D.16) and the third from the fact that

ET,.(mp,,Ay) = ET(ma,, \o) = ma,.

Consider Equation D.20 as a function of A,.. By Proposition 5.8, when A, < 5\7« we

have 1 > % . Note that when A — A}, ma, — o and %

M=mAx,. M=MA,
approaches 1, therefore the term in (D.20) approaches —oo. Thus there exists some
A7 < A such that 45|, _, < 0 for all A, € (A7, ),). When A, — 0, mp, — 0,

and since my is decreasing for every A > A,, the term (4xmp, — 1)%7\‘ approaches a

nonnegative value. Thus, limy, o (%‘/\:A ) > 0, so there exists some Al € (0,A))
such that 45 aen, <O0forall A, € (0,A7]. O
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D.11 Proof of Proposition 5.14

Proof. As explained, every arrival rate A € (0, A,] in equilibrium must satisfy U € C(\).
Recall from Lemma 5.12 that for every A € (A, ), C(A) = {C(N\)} is a singleton with

C(A) convex in A and approaches co as A goes to y, and A = argminygy, ) C(N)-

Suppose that A, < A

o If U > C(A;), then, U > C(A) (i.e,, U ¢ C(N)) for every A € (0,]], and, there
exists one A € (A, u) such that C(A\) = U (i.e., U € C(\)). Therefore there exists

an equilibrium with A € (A, u) and mean tip m < i

o If U € [C,C(A,)], then, since C'(A) is convex, there exists one \; € [A,, A] such
that C(A\1) = U, and (in case C' < C(A,) another Ay € (A, ) such that C(A\g) = U.
Therefore there exist two equilibria, one with A; € [A,, A\] and mean tip m;, and

another one with Ag € (A, ;) and mean tip mg, such that mi, mg < i

o If U < C then for every A € (A, ), U < C(\) implying that an equilibrium with
A € (A, p) does not exist.

Suppose that A, € [Xr, AT):

e If U > C,, then by Lemma 5.12, U € C(j\o), and there exists an equilibrium with
arrival rate 5\0 and mean tip m = i + U — C’O. In addition, there exists one
A € (A, p) such that C(A) = U and therefore there exists one more equilibrium
with A € (A, 1) and mean tip m < 5-.

e Otherwise, the cases U € [C,C,] and U < C are the same as U € [C, C(A,)] and
U< C(A) for A, < Ar, respectively, and their proofs are identical.

Finally, when A, > A,, then by Lemma 5.12, for every \ € (Apyp), U & C(N) = 0,
implying that an equilibrium with A € (A,, 1) does not exist. O

D.12 Extended explanation for Corollary 5.17

Taking the first two terms of the Taylor expansion of A(2?) about the point z — 0,

we have, for sufficiently small p, A(p) ~ @. Therefore, with the definition of ), and

A~ ~ ~ 3
Ao (see Proposition 5.9) we have that A\, =~ %’ with Ao = L?,)ZCA”. Suppose that

32kc
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A, = %(2 —(1— \/:H))% Thus, upon substitution we get limy o0 Ao = ft — % Note
that A . ch? 1 c
Co=CNp) = —F—+— -
PO TR s
where the first equality follows by definition and the second follows Equation (D.18),
substituting A = o and my = i Thus, when x — oo, we have A, — 0 and
limy o0 Cp = % Assuming that U > ﬁ we have for sufficiently small k, that U > C,

and that A, € (XT,AT) (note that by definition Ao < A, for all A, € (0, ) and that
Mo approaches a constant). Thus, by Proposition 5.14(ii-a), there exists an equilibrium
with total arrival rate 5\0 and mean tip m = i +U — C’m and for this equilibrium, the

tipping wage, m5\0 satisfies:

b = T (T — v — Y — o Y IRy
lim mA, = lim (o= +U = Co)(u—4/77) = (U W=/ 47)=nUQ MU)’

K—00 Kk—00 " 2K

which coincides with the socially optimal welfare.

D.13 Derivation of tip-waiting-time correlation

Given an equilibrium tipping distribution 7'(t; m, 5\0), with m = i +U -G, (such that
one-time customers tip), consider Pearson’s correlation coefficient, Cor(Z,S), where
Z ~ T(t;m, \,) is a customer’s randomly chosen tip and S is the random waiting (or
sojourn) time of that customer. Recall, by Lemma 5.12, that when the arrival rate is
Mo, every tip above 1/(2k) is rational, and “shifts” the tipping distribution linearly. The
correlation coefficient is invariant with respect to shifting, thus for every value x, it can
be assumed, without loss of generality, that m = 5, and therefore, Z ~ T(t; LA 0)-

) 2[{7
We have

E(ZS) — E(Z)E(S)

Cov(Z,58) =E(ZS) — E(Z)E(S) and Cor(Z,S) = D.21
(7.5) = E(25) ~ EZ)E(S) and Con(2,5) = I (D21)
Lemma D.1. Define p, = AT and po = 52, then: E(S) = m, E(Z) = 2—15,

1 ke p} 1 (pr —3)p2 +2 (2 + 1) po + (p2 — 3p + 2pr — 2) P2
Var(Z) = 7(*'ﬁ—1), Var(S) = (2 ) . ( . )

K2 po(1— pr) 2u2(1 = pr)? (1 = o) Po
and

~2aresin,/5) - (1 - p)VE = 7
E(ZS) = 1\/; Vi .

2(1 - pr)2pr
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Proof. We first derive Var(S). To this purpose, note (from basic Queueing Theory, see
Kleinrock (1975)) that E(S) = ﬁ, thus, we have to calculate E(S?). From the law of
total expectation,
E(S?) = &E(Sf) +(1- ﬁ)E(Sﬁ), (D.22)
0 0

where S, and S, are random variables representing a repeat and a one-time customers’

waiting time, respectively.

A repeat customers’ waiting time depends on the proportion of customers tipping more
than her. Suppose that this customer’s tip equals the p-quantile of the tipping distri-

bution, #, (4 Xo) (see Equation (D.9)) and let S,(p) be her waiting time in the system.

2k
The arrival rate of customers tipping more than her is (1 — p)A,. Denote by X, the
number of customers a moment after an arrival to an M/M/1 system with arrival rate
A (and service rate p), with mean Z, and second moment 225. Then Xy ~ Geo(1 — %)
When the customer tipping tp(i? 5\0) arrives at the system, her position in the queue
is distributed as X(;_p)a,. In addition, customers who cut her in line continue to flow
into the system with rate (1 —p)A,. Denote by B the random variable representing the
length of a busy period in an M/M/1 queue with arrival rate A\, and denote its mean by
by and second moment by b2,. The discussed customer will have to wait for a number

of X(1_p)a, busy periods (each distributed as B1_p) A,) until she completes service. Let

B((?—p)Aw i = 1,2,... be a sequence of i.i.d random variables distributed as B(1_p)a,,
then
X(1*P>A'r ( )
E(S:(0) =E| Y Bipa | =Ta-mala-pa.
i=1
and
X(1-p)Ar : 2 X(1-p)Ar )
2\ _ (i _ 72 (
E (S.(p)°) =E > By, =E(Xq_pa )021-pa, +2E | D 3(1 on B,
= 1<j
= T1-pa, B 1-pa, + E(Xa-pa, Xa-pa, = D) (ba-pa,)?
= Ta-pa, P 1-pa. + @2 a-pa, —Fa-pa,) Ca—pa,)’
(D.23)
From Queueing Theory (see Haviv (2013)) we have
S U o 2y
_ 2, _ 2.
xA_l—A’ xA_(l—A)27 b)\_l 2\’ b)‘_(l_é)ii’
1 I 1 1
and upon substitution we get
1 (1-p)h=+2
E(S,(p) = n and E(S,(p)?) = = (D.24)
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Integrating over p € [0,1] (by the law of total expectation) gives the second moment of

the repeat customers’ waiting time:

N Y O L B
E(Sr)_/o E(Sr(p) )dp_/o M2(1—(1—p)%)4dp_ 2/12(1_%)3 : (D'25)

Consider now a one-time customer arriving at the system (recall that the overall rate

of arrival is ;\0) The number of customers in the system after her arrival is distributed
as X3 . Repeat customers continue to arrive with rate A,. Thus, this customer has to
wait a time length equally distributed as X 5, busy periods of a queue with arrival rate

A,. As in Equation (D.23), we obtain

2

) o) | o s 2=k
E(S;) =E E:BAT =T b2, + (275, =T )(0a,)" = 1A 3(1 S )2
‘ P =5 T
(D.26)

Substituting (D.25) and (D.26) in Equations (D.22) and rearranging, we arrive at

AryAr A Ao
E(52):ﬁ.4_(3_7)“ +(1_ﬁ) 2= e D%
- - - .

Ao 2p2(1—r)? Ao” p2(1 = Ary3(1 — dey2

PT(P%_3P+4)(/30_1)2+2(PT po) ((pr +1)po — 2)
2p2(1 = pr)? (1 — /30) Po

where p, = % and p, = 52. Thus, with E(S) = we get

1
H(l_ﬁo)

3)p$ + 2(/)% + 1)po + (pi - 3/)% + 2p, — 2)ﬁg

_ 2\ 2 _ (pr —
Var(§) = E(57) ~ B = 221~ o)L~ o 2o

. (D.27)

Since Z ~ T'(t; ZL A o) in equilibrium satisfies rational tipping (see Section 5.3.3), w
have that E(Z) = 5, and

1 . 1 c\? 1 1 ke p? 1

Z)=E (Z%)-E(Z)? = ET*(— \)—(—)2= —— r - _ (= A -

Var( ) ( ) ( ) (21%7)\ ) (2/1) /{)\O(M—AT)Q 4:‘4/2 /i2(,U/ ﬁo(l_pr)g 4)
(D.28)

where the third equality follows Equation (D.17). Last, we calculate E(ZS). Recall
the definition of ¢, (5=, Xo) from Equation (D.9) and the expression for E(S,(p)) from
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Equation (D.24). Then,

1
B(ZS) = S"E(28| 2 € (0.0) + (1= SOBES | 2=0) = [ 40500 (S, 0)ds

=
L

! 1 c 1 1
DY /p=0 p(1 = (1—=p)pr)? \/fw <(1 —p)? (1-(1 —p)pr)2>dp

A
o1 & 2arcsin (,/%) — (1= p) V(2= py) pr
Po b K 2 (1 - Pr)2 Pr .

(D.29)

We further note that A, = 2A, %A(%), thus, p, = 2p, %A(pr). Assuming that
T(t; 5, o) is an equilibrium distribution, it must therefore hold that s € [(2v/¢/pA(p,)) 2, (%p,«\ /c/pd
otherwise either A\, > p or A, < ), contrary to Proposition 5.14(ii-a). O

Numerical illustration: We illustrate \/Var(Z) and /Var(5), Cov(Z,S), Cor(Z,S),
forc=1,p=1and A, = 1/4:
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FiGure D.1: Standard deviation of tips, waiting time, covariance and correlation

between tips and waiting time for ¢ = 1, g = 1 and A, = 1/4 as a function of the

strength of the social norm; k, for the equilibrium in which one-time customers join
and tip; the arrival rate is A, and tip is 1/(2k) + U — C,.
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