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Preface

Network economics is a very hot topic, at the same time from a research point of
view (with several conferences devoted to the theme, plus a devoted section in
most of the other main telecommunication conferences), from a political point of
view (as highlighted by the network neutrality debate, the increasing discussion
on volume-based pricing, etc.), and of course from a business point of view
(encompassing advertisement pricing definition, spectrum selling and sharing,
bundling of offers, etc.).

This dissertation summarizes about ten years of research experience in the
area after obtaining the PhD degree. While my PhD work only focused on
designing auctions and applying them in telecommunication networks (basically,
to sell bandwidth on communication links), I have had the opportunity since
then to develop and study models for a variety of issues and settings, including
the competition among providers at several levels (through price, technological
investments, retention strategies), the economics of security and of peer-to-
peer storage systems, optimal routing issues, and the debates regarding network
neutrality and search neutrality. In all those cases the interactions among actors
need to be described along with a solid scientific foundation towards a careful
analysis.

Several more topics remain to be investigated, as highlighted in the last
chapter of this document.

I would like to thank all my co-authors for the stimulating exchanges of ideas
we have had, and in particular Bruno Tuffin for the very fruitful collaboration
we have maintained since the end of my PhD work. This dissertation contains
several excerpts from the book we have co-written, I also thank him for allowing
me to use those parts.

I am very grateful to Anna Nagurney, Eitan Altman, and Samson Lasaulce,
who gave me the honor of evaluating this document, providing me with some
constructive feedback, and serving to my defense committee. This version has
been improved based on their remarks; of course, all errors and omissions remain
my sole responsibility. Finally, many thanks go to Dominique Barth, Tijani
Chahed and Bruno Tuffin (again) for participating to my defense committee.

And to Maria, for her love and support.
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Chapter 1

Why study network
economics?

1.1 A joint soaring growth of networks and de-
mand

Telecommunication networks are occupying an increasing role in our daily life:
almost everything is now available from the Internet (possibly from a mobile
phone), and getting this kind of access has even become compulsory for many
administrative operations, without mentioning the social pressure to be part of
the trend. While the telephone network commercially started in 1877 following
the birth of Bell Telephone Company, and its development slowly democra-
tized, mobile networks and the Internet have quickly occupied a major place
since the 70s: now more than 90% of the global population can reach a wireless
network [51], and the number of broadband mobile subscriptions has exploded,
reaching 2.3 billion in 2014, while the total number of Internet users is estimated
to 3 billion. As an example of usage changes, Americans spend on average more
time online (about 32 hours per week) than watching television. With an in-
creasing number of subscribers but also because of more and more demanding
applications in terms of bandwidth and resources, the Internet sees a tremen-
dous increase of traffic worldwide, as illustrated in Figure The networks
themselves, and in particular the Internet (the key network of our analysis, as
the one over which all networks converge), have considerably evolved to be able
to cope with this increase, offering new possibilities and services [98]. The initial
(actually, non-existing) business model of the Internet, with free interconnec-
tion between academics, and that is still partly in application, has therefore been
more and more questioned: some ways to make revenues have to be defined to
at least cover the capacity expansion costs.
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Figure 1.1: IP traffic evolution in petabytes per month, logarithmic scale (Cisco
data).

1.2 A (more and more) complex set of actors

While the Internet was initially built by academics having the same purpose,
its expansion has been accompanied with the involvement of new actors, most
of them being commercial entities and therefore aiming at profit.

Nowadays telecommunication systems involve several categories of actors,
as sketched in Figure we briefly describe them here to fix the vocabulary
used in this dissertation, and to highlight the complexity of the ecosystem. The
various categories, and the presented examples of entities pertaining to those
categories, are of course debatable.

1. End users are the actors to which services are delivered, and whose interest
is in getting those services if the prices are ‘“reasonable". Modeling users’
behavior and level of acceptance in terms of price for a given service has
always been hard; they are often represented through demand functions
describing their reactions to the propositions of services and prices.

2. Access network service providers, also sometimes called eyeball providers,
offer access to the end users, through a wired line at home or through radio
links. Several access technologies coexist, and not all providers operate
on all technologies: they have to strategically decide on which ones to
make investments in terms of infrastructures, and licenses for wireless
technologies. Initially, access operators always operated their network,
but now wvirtual operators can lease the network of a competitor to serve
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Figure 1.2: The main actor categories of the Internet.

customers; this has been encouraged by regulators in the mobile industry
to foster competition.

3. Transit providers run the network resources at the core to transfer traffic
between access providers and /or other transit providers. Transit providers
are organized in a multi-tier hierarchy (even if the boundaries between
levels tend to blur), with a clique of Tier-1 providers connected through
peering links; more regional Tier-2 providers, customers of Tier-1 providers
who can peer with some other providers but need to pay transit fees to
reach some parts of the network; and smaller businesses Tier-3 providers,
themselves customers of Tier-2 providers. Note that some access providers
are also transit providers (Orange in France, British Telecom in the UK,
etc).

4. Content providers create information, educational or entertainment con-
tent for the Internet, CD-ROMs or other software-based products. In
the Internet, content mainly used to be produced by users, located usu-
ally on their individual web pages, but we now also have “bigger" content
providers, i.e., companies selling goods, music (Sony or Studio Universal),
displaying news (CBS, BBC, all newspapers such as the New York Times),
providing videos (T'V channels such as Arte or Planete in France). Some
content providers make money by selling their content, while others pro-
vide the content for free but get their revenue by displaying advertisements
banners.
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5. Service providers (or more exactly application service providers) provide
facilities or doorways to/for content providers. We can think of the por-
tals of ISPs on which news and personal web pages can be published, or
YouTube or Dailymotion on which you can publish your videos or music,
but also social networks such as Facebook or Twitter (remark that Face-
book could be seen as a content provider, since owning the copyright of all
published content). In most of those cases, providers make money thanks
to (targeted) advertisements on the displayed pages. Netflix, an Internet
subscription-based service for watching movies and TV programs, being
among the exceptions. Other specific categories of service providers we
can think of are search engines and application stores.

6. Content delivery networks (CDN) and cloud operators are large dis-
tributed systems of servers deployed in the Internet, used by content and
service providers for their infrastructures: while service providers provide
the tools, the computer facilities are managed by CDNs. For example,
Netflix’s customer traffic is supported by Amazon’s cloud services and
Akamai. Basically, CDNs are paid by content providers and pay network
providers for the traffic exchanged but more specific economic relationships
can exist. Somehow similarly (the resource offered being computational
power instead of storage), clouds provide facilities to perform operations
for companies and individuals without having to buy their own costly
resources.

7. Network architects and device constructors, such as Cisco or Alcatel-
Lucent, provide the network infrastructures (devices) and softwares for
performance-optimized transmissions with limited complexity. Device
constructors such as Apple, Nokia, Samsung, Hewlett Packard sell mobile
phones and computers, “physical tools" for an efficient use of applications
provided by CDNs and CPs.

8. Regulators are agencies established by governments to control the market
operations. They intervene to protect public interests, notions of fairness,
etc, hence having an important role when some actors have a dominant
position on the market. Regulators also ensure satisfying relationships
between the different sets of actors.

1.3 Some economic problems to solve

Among the many questions that the telecommunication network actors need to
answer, we can non-exhaustively mention:

e Determining the most relevant and profitable access network pricing
scheme for end users, in a competitive context between access network
providers, also called Internet service providers (ISPs). In particular, the
fact that users are used to the so-called flat-rate pricing scheme has to
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be kept in mind [37], but may not prevent providers from implementing
usage-based pricing schemes.

e Determining the best investments for network providers: new technolo-
gies, capacity and infrastructure expansions, participation in spectrum
auctions, are high-stakes strategic decisions to be taken very cautiously.

e Managing economic relations between network operators: transit opera-
tors, access operators, Content Delivery Network operators, all belong to
a complex ecosystem, and need each other to run their business. The
economic agreements among them are then complicated to analyze.

o Understanding the relations between content providers and network
providers. The Internet now counts some large and bandwidth-consuming
content and service providers (for example YouTube). Hence the ISPs
to which they are not connected (but who have to forward their traffic)
start to wonder why distant content providers should not be charged by
them [66]. This ignited the network neutrality debate at the end of 2005,
a still vivid debate where regulators play an important role.

e Defining economic models for content and (application) service providers.
To get revenue, content and (application) service providers can either
charge users for content access, or provide free access but insert advertise-
ments. A similar issue occurs for search engines such as Google, Yahoo!
or Bing. Search engines make money by presenting advertisement links,
usually at the top and/or on the right of the page, in addition to the search
results. Advertisement links are selected from an auction scheme whose
rules have evolved since its creation. Note that the combined search engine
revenue of Baidu and Google exceeded $43 billion in 2014, this business
still expanding.

Those items illustrate some of the stakes for all actors in the telecommunica-
tions business. Since telecommunication networks keep evolving, and with the
complex set of actors involved, the question about the most favorable economic
decisions always comes back.

1.4 The need for economic modeling and analysis

We now highlight that mathematical modeling and analysis is an important way
to avoid pitfalls which can have dramatic consequences, through some simple
examples.

The tragedy of the commons. An argument often advocated for chang-
ing the Internet pricing is the so-called tragedy of the commons, stating that
several individuals acting independently, rationally and selfishly can actually
deplete a shared limited resource. This type of counter-intuitive outcome can be
understood thanks to modeling and analysis through game theory. In telecom-
munication networks, such situations can occur in several settings, for example
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with regard to the use of unlicensed (wireless) radio spectrum, or of the Internet
as a whole. Hence the need to carefully design mechanisms to incentivize an
efficient use of the resources.

The Braess paradox also illustrates the need to be careful when taking
decisions, especially at the governmental/regulation level. Like the tragedy
of the commons, this undesirable outcome stems from user selfishness: adding
extra capacity to a network when users selfishly choose their route, may actually
harm all users. The possibility of experiencing the Braess paradox in the context
of wireless networks has been highlighted in [4].

Spectrum auctions. The principle of spectrum auctions is that govern-
ments sell licenses to providers, allowing them to operate on specific bands of
the radio spectrum. An auction conducted properly allows to allocate the re-
source to those who value it most, and to yield high revenues to governments.
But the goals of regulators are also to ensure a fast deployment of services, good
quality of service, and a fair competition among providers, to the benefit of end
users. Though, some problems have been noticed in the auctions previously run,
such as collusion among bidders, or final prices too high for providers. A careful
design of the auction process and rules is therefore needed to end up with a
spectrum allocation that is good for customers, and allows providers to get re-
turn on investment and governments to earn money. While spectrum auctions
are not developed in this dissertation, it is another example where economic
modeling is necessary (and indeed, the FCC and other organizations rely on
renowned economists to design appropriate schemes).

Network Neutrality basically states that all packets should be treated
equally by intermediate nodes in the network. Neutrality proponents argue
that allowing differential treatment of Internet flows would harm innovation
(since only those who could afford good quality may succeed), and could also
impinge freedom of speech and the right to information. On the other hand, the
opponents claim that ISPs currently have no incentive to invest in networking
capacities because of their reduced revenues; also economic arguments plead
for vertical integration (one actor being involved in several stages of the value
chain) and service differentiation as ways to increase not only the revenues of
providers, but also social welfare. Here again, some careful analysis is needed
to weigh both sides and possibly draw recommendations to regulators.

1.5 Methodology and tools

This dissertation aims to show how I used modeling and analysis in telecommu-
nication economics, for different settings, in order to understand the behavior of
the current Internet and some of the evolutions that we are experiencing. The
work presented here is in the stream of works on revenue management [119|,
which tries to maximize the revenue of the actors.

The tools involved are economics, in particular the branch of game theory
and applied mathematics (optimization). Game theory is the study of interac-
tions among several decision-makers (called actors, or players) having different
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objectives |41L|100]. A key notion in game theory is the Nash equilibrium, that
characterizes an outcome (a decision made by each player) from which no indi-
vidual player can improve his objective through a unilateral move. Therefore,
Nash equilibria represent stable situations, and are considered as good predic-
tions for the result of the interaction.

My research methodology has evolved with the tools, theories and frame-
works I have discovered through my readings, my teaching classes, and mainly
the collaborations with some brilliant researchers. For example, I became ac-
quainted with (atomic and non-atomic) routing games during my 6-month visit
to Columbia University in 2006, during which I deeply studied them and worked
on them with Nicolas Stier-Moses; since then I used that formalism for several
different settings. Similarly, working with Bruno Tuffin and teaching stochas-
tic processes helped me develop and study stochastic models for network eco-
nomics, in settings going from user churn to search engine ranking strategies.
Finally, my knowledge of the network infrastructure and protocols has consid-
erably improved thanks to numerous exchanges with my colleagues in the RSM
department of Telecom Bretagne, allowing to build models closer to the techni-
cal realities.

Among the contributions presented here, several consider different levels
of decision making: for example a regulator will not make decisions at the
same time as operators choosing whether to invest or not in a technology, or
as end-users selecting an ISP for Internet access. For such settings, we use the
classical backward induction method, where we assume at each stage that the
decision-makers anticipate the resulting outcome from the stage below (e.g.,
that regulators anticipate how operators will behave).

Our methodology is also characterized by the willingness to obtain analytical
results, in order to be able to interpret the influence of each model parameter.
This is often at the cost of simplifications made to the models. When models
become intractable analytically, we resort to numerical computations and/or to
simulations.

1.6 Are we the best community to address net-
work economy?

The “computer networking” community’s main field of study covers the technical
aspects of computer networks. This means, to a great extent, the definition and
analysis of communication protocols from a security, flexibility, implementation
cost, or performance evaluation point of view.

Hence the study of economic relationships, and incentives, is not the specialty
of this community, despite the appearance of conferences, special issues and
journals devoted to economic problems among the networking community. This
raises several important questions, highlighted in the next subsections.
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1.6.1 Why should network economics be studied by non-
economists?

Network economics is a highly interdisciplinary field, at the boundary between
networking, applied mathematics, computer science, and economy. And several
communities . But of course the main tools and reasoning principles are from
economy. I happen to have a background in economy, from my education at
Ecole polytechnique. T do not consider myself as a “pure” economist, but I am
aware of some of the economic vocabulary and tools, mainly in microeconomics
and in particular in game theory.

Besides, I have had the chance to collaborate with economists such as Galina
Schwartz (UC Berkeley), which confirmed me with the idea that the gap between
our communities is not so large. We can moreover be very complementary, for
a good knowledge of the technical aspects can help define fine-grained models,
and tools from economy can be needed to solve those models, together with an
“economy-oriented” mind to interpret the results.

The models I try to develop in my work are quite specific, based on some
particular scenarios, and while probably covered by the more general settings
economics tend to analyze, the model specificities sometimes make them solvable
when the general ones were not. In summary, I do not claim to be a researcher
in economy (in the sense of improving economy tools and methodologies), but
rather a researcher who applies economic reasoning and tools to networking
situations.

In that context, the contribution from the “networking” community to net-
work economics is, in my opinion, in the definition of models addressing specific
questions appearing with the evolution of telecommunication networks. The
risk is to “reinvent the wheel” by defining models that would be subcases of
existing models studied by economists; it’s a pitfall we try to avoid. The tools
necessary to solve those problems are not always specific to economics, but are
part of the “common knowledge” of most communities studying such problems,
involving mainly optimization methods.

1.6.2 What remains to do in network economy after a
whole century of research?

As pointed out before, what remains to do is tackle very specific problems, that
were not covered by general economic models. Hopefully, when those models
are specific enough we can find some analytical solutions and get some insight
from them.

1.6.3 Does research on networking done by mathemati-
cians and engineers have an impact on economists?
Is this research published in economics journals?

There are many links between communities: some research results from mathe-
maticians/engineers are published in economics journals (like, for routing games,
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in journals on game theory, or for models on network neutrality, in journals
focusing on policy). In the other direction as well, some economists pub-
lish in journals/conferences from the engineering/mathematics community. As
another sign of those links, some recent journals like Netnomics, or confer-
ences,/workshops like NetEcon are new convergence venues for the diverse com-
munities working on network economics.

In summary, I think engineers, mathematicians and computer scientists can
definitely bring interesting contributions to the field of network economics. But
we would benefit from more interactions with economists.

1.7 Outline of the dissertation

The rest of this dissertation is organized as follows.

Chapter [2] focuses on noncooperative situations at the user level, and dis-
cusses how the outcome can be improved through outside interventions (clas-
sically, via monetary incentives). The models developed here will also serve as
inputs for several parts of the other chapters.

Chapter [3| discusses the economic relations among ISPs. While initially,
the telecommunication industry was a monopoly in most countries, the increas-
ing competition dramatically changes the picture. The chapter presents my
main contributions in the study of competition among access providers. When
decisions other than prices have to be taken, we describe this competition as
multi-level games, played at different time scales: at the largest ones, providers
choose where and how much they invest (in terms of capacity, QoS provisioning,
etc.), then they choose their price competitively, and at the shortest time scale,
users choose their provider. Those games are usually solved by backward in-
duction as described before: the games at a higher level are solved anticipating
the solution of lower-level games. We present models of customer churn (i.e.,
switching providers), as well as provider retention strategies, and the regulation
rules that can be imagined for a more efficient economic model. The question
of licensing the resource spectrum versus sharing it is also discussed, from the
regulator perspective.

Chapter [4] discusses competition at the content and service level. Competi-
tion between content providers, and between service (here, security) providers,
and its potential impact on the providers decisions, are investigated.

Chapter 5| is about the interactions between content/service and network
service providers, with a special focus on the so-called neutrality issues: we
explain and propose models to study some aspects of the vivid net neutrality
debate, as well as the more recent search neutrality debate.

Chapter [6] concludes the dissertation, and also highlights some new research
directions opened by recent technologies, namely Content Delivery Networks—
already widely used, but not studied a lot from an economic perspective—and
the promising Software-Defined Networking paradigm.

The dissertation summarizes several models and their main results. Most of
them have been published in international journals or conference proceedings,
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the corresponding articles are provided in the appendices for completeness since
the main body of the document does not include the mathematical proofs.



Chapter 2

Modeling user behavior with
nonatomic games

This chapter focuses on the lowest-level interactions we consider in this disser-
tation, namely the competition among users for network resource. Several of
the mathematical models described here will be re-used in later chapters, where
we study higher-level interactions (e.g., competition among providers).

We consider in this chapter nonatomic games |114], i.e., games where indi-
vidual users have a negligible influence: only fractions of the population have an
impact on congestion. This framework is well adapted to the study of networks
in many contexts, where the number of users is very large and externalities (such
as congestion, or positive network effects) stem from the cumulated influence of
many users.

We first present the nonatomic routing game framework, that allows to pre-
cisely model the behavior of a large number of users, each one having a negligi-
ble weight. Then we show some results obtained for specific network contexts,
three having an underlying nonatomic routing game model (routing game with
rebates, cellular networks, choice of security solutions), and another one using
the nonatomicity assumption to gain some insight when comparing management
schemes for a peer-to-peer storage system. The contributions summarized here
can be found in the references [43,44L|54}73,(75.(76./120].

2.1 Nonatomic routing game models

Routing games refer to situations where users try to select a cost-minimizing
route between some origin and some destination on a network, whose links have
load-sensitive costs. The typical applications are in transportation networks,
however those types of games can also be found in other domains, like supply
chain management [93|, or telecommunication networks.

Non-atomic routing games in general may involve complex network topolo-
gies and multiple origin-destination pairs (hence, different types of players).

11
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There, the description of the game consists in:

e a graph (nodes and arcs) describing the network topology, let us denote
by A the set of arcs;

e a set K of origin-destination pairs and their respective demands (cost-
independent or elastic) (dg)kek,

e a cost function ¢, for each arc a € A that depends on the load (generally,
only on the load of link a).

Due to the non-atomicity of players, the conditions for a situation to be an
equilibrium can be expressed in a simple way known as Wardrop’s first principle,
stating that each player selects one of the cheapest paths:

“The journey times [the costs] on all the routes actually used are
equal, and less than those which would be experienced by a single
vehicle [a single player| on any unused route.”

Wardrop, 1952 [124]

The key intuition is again that if there were an available route with a strictly
lower cost, then part of the traffic would have an interest to switch to this one.
That principle characterizes the outcome of non-cooperative behavior in non-
atomic routing games, that is called a Wardrop equilibrium. The socially optimal
outcome, on the other hand, is expressed in terms of aggregated (or equivalently,
average over the population) cost, through Wardrop’s second principle:

“The average journey time [the total cost] is a minimum.”
Wardrop, 1952 [124]

Mathematically, for non-elastic (i.e., fixed) demands, the user equilibrium
as described by Wardrop’s first principle, corresponds to the following math-
ematical program, where Py is the set of possible paths (sets of links) for an
origin-destination pair k£ € K and y, is the flow on path p:

vk € K,Vp,q € Py, yp >0 (2.1)
VEEK, > yp=di (2.2)
PEPk
VEEK,Yp,q € P, >0 = Y la(wa) <Y la(xa), (2.3)
aEp acq

where o 1= p.,c, Yp is the load on link a € A. Relations (2.1) and (2.2)
simply represent the constraints that the flow on each path be nonnegative and

demand of each origin-destination pair is satisfied. Relation represents
the Wardrop condition, namely, only paths with minimum total cost (the sum
of the costs on the path’s links) are used. Solutions of this system are called
Wardrop equilibria: when the cost functions are continuous and nondecreasing,
a solution exists and is essentially unique, i.e., even if there are several solutions
the cost on each path is unique.
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On the other hand, a desirable outcome, that is often called social optimum,
would by one satisfying Wardrop’s second principle, which can be expressed

mathematically as finding y = (yp)pep, ke satisfying (2.1)-(2.2) and minimiz-
ing the total cost

C<y) = Z Z Yp Zga(ma) = Z xaga(ma)v (24>

kEK pePy, a€p acA

cost on path p

with z, the load on link a as before.

The research community has been quite active in the study of those routing
games in the early 2000’s, an interest ignited by the seminal results of Rough-
garden and Tardos [105,109] on the so-called Price of Anarchy [60] of those
games. Indeed the loss of performance due to user selfishness—the total cost
at Wardrop equilibrium versus social optimum—is often bounded, with bounds
independent on the network topology and the demand structure, but only de-
pendent on the cost functions. From there, much research has been carried out
in several directions, mainly by teams in Stanford University (investigating the
impact of controlling part of the traffic [106], of removing some edges to improve
performance [108], of adding prices on links [23]), GeorgiaTech (extending the
price of anarchy results to more general functions [101]), Columbia University
(analyzing the case of atomic users [24]), MIT (considering capacity limits on
links 26|, providing new proofs of the initial results |25|, studying fairness versus
efficiency tradeoffs [27}/115]), and the university of Hong Kong (considering elas-
tic traffic |21]). The activity on those models has decreased recently, due to the
complexity of the untreated cases, but nonatomic routing game models are now
more and more used as the underlying model to study higher-level interactions
such as competition among providers, as we will see in the next Chapters.

The rest of this section contains our contributions in this domain, that can
be classified into four categories, according to the setting considered:

e Specific case of negative prices applied on link (rebates), that can corre-
spond to subsidies provided by cities on public transport but may also
have interpretations in telecommunications (Section [2.1.1));

e Application of existing results to specific telecommunication cases (cellular
networks) and derivation of analytic expressions for prices leading to cost-

minimal outcomes (Section [2.1.2));

e Modeling of user choices for a security solution, taking into account the
trade-offs between the price of each solution, the risk of an attack, and
the likeliness of attacks being successful (Section [2.1.3)).

2.1.1 Application: Influencing routing games through re-
bates

While the possibility of adding monetary incentives (tolls) to links had been
quite studied [107], in |75] we investigate the impact of negative tolls, i.e., sub-
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sidies or rebates set by regulators, for example to incentivize the use of public
transportation.

With the notations above and denoting by s, > 0 the rebate on link a € A,
users will select paths p with minimal values of

Z[ga(xa) - Sa]+a

aEp

with [z]T := max(z,0). Then the objective function for the system owner is a
weighted sum of the total cost experienced by users and the monetary cost of
the rebate to the regulator. More precisely, the regulator will want to minimize

Cpls) = Y atle(a) — st +p Y aimin(ei(a).s).  (25)

i€l i€l

participants’ perceived cost cost of rebates

which can also be expressed as

Cols) = Y wieiled)  +p— )Y aimin(ei(ad),s), (26

i€l i€l

participants’ real cost cost of rebates

for some parameter p representing the reluctance to spend on rebates.

Our objective (social cost) function hence explicitly considers the transfer
payments to capture the cost of providing rebates. Instead, most of the earlier
articles that studied the coordinating power of tolls and prices consider a social
cost equal to the sum of costs for all participants, thus ignoring the costs and
benefits of payments because they are transfers that stay in the system (see
[10,/12,/63] for classical references; |23| is a notable exception that considers
transfer payments as part of the social cost).

We consider a Stackelberg game in which the system owner (e.g., the city
or the transportation authority) is the leader and the participants are followers
[122]. In a first stage, the leader offers rebates in each arc; in a second stage,
participants selfishly select arcs that have minimal cost, taking rebates into
consideration.

Focusing on the modal choice problem, we characterize the optimal rebates
in the case of affine cost functions and networks with multiple arcs that connect
two nodes (the alternative modes of transportation are substitutes). In |75], we
prove that:

e if the system owner values the perceived cost more than rebates (i.e.,
p < 1), then an optimal strategy for the leader is to refund each participant
the perceived cost at each arc under a system optimal solution;

e if the system owner is more sensitive to the investment in rebates than
to the perceived cost (p > 1), it will offer rebates in the modes that
are under-utilized. We establish that the proportion of participants that
actually receive a positive rebate is then upper-bounded by 1/p.
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For the special case of affine cost functions on links, we use our characteriza-
tion of Stackelberg equilibria to provide a polynomial-time algorithm that selects
the arcs where rebates should be offered, and computes the optimal rebates for
those arcs. This enables us to derive an explicit formula for the resulting social
cost, from where we compute the price of anarchy, expressed as a function of the
predisposition of the system owner to offer rebates. The main conclusion is that
when the system owner is willing to offer rebates, the resulting solution has low
social cost. Conversely, when the system owner cannot afford to provide signif-
icant rebates, the resulting outcome is close to a Wardrop equilibrium. This is
represented by the ratio of the user cost experienced at the Stackelberg equilib-
rium compared to the minimum user cost, that we prove to be upper-bounded
by % for p > 1:

e when p tends to 1 the rebate cost is not too large, so that the system

owner can almost perfectly coordinate users who then experience a cost
close to the optimal one;

e for large values of p, the system owner cannot afford to use rebates to co-
ordinate users, hence our measure converges to the Price of Anarchy [107]
that estimates the loss of efficiency due to the lack of coordination.

While the initial motivation for rebate-based schemes was in the context of
transportation networks, the two following subsections present applications of
the nonatomic game framework to telecommunication services.

2.1.2 Application to wireless cellular networks with het-
erogeneous users

The selfish behavior of users in networks can be regulated through incentive
tools, such as taxation or penalties. The idea being that users select the cheapest
path from their position to their destination node in the network, taking into
account the cost (latency, or delay, that is sensitive to congestion) of the paths
but also possibly some additional (monetary) costs imposed by the network
manager. So that a proper definition of the price levels influences user choices.
In the homogeneous case, i.e., when all users have the same sensitivity to the
taxation, Beckmann et al. |[10] showed that the so-called Pigovian taxes—applied
on each link, and computed using the derivative of the cost functions of the
links—produce a minimum-latency (delay) traffic routing (see [102]).

Cole, Dodis and Roughgarden [22| consider the case when users may per-
ceive differently the relative costs of delay and prices. The authors were the
first to study this setting, for a situation when all users have the same source
and destination, with any network topology in between. For that scenario, it
is shown that there exist prices so that the resulting user flow minimizes the
average latency. Those results are generalized to the multicommodity setting
(i.e., several source-destination pairs) in [55/56]. A constructive proof is given to
show that prices inducing the minimum average latency multicommodity flow
exist for both the cases of elastic (i.e., cost-dependent) and nonelastic demands.
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Our analysis falls in that framework (with nonelastic demand): we consider
a system with n heterogeneous wireless networks covering the same area. The
users situated in the common coverage area of these networks seek for an Internet
connection. We assume that they can easily handover from one network to
another, thus choosing at every moment the most suitable one. Users select
which network to connect to based on the QoS they experience and the prices
charged.

We assume a total user demand D, coming from different applications. Since
QoS requirements can vary depending on the applications used and on user pref-
erences, the trade-offs between QoS and monetary cost shall differ, which we
model through the sensitivity to the monetary cost (or equivalently, the ratio
of the price sensitivity to the latency sensitivity). To simplify notations, with-
out loss of generality we will treat a user running ¢ applications with different
requirements as ¢ separate users, each one running one application. Therefore
from now on we only evoke users, each one having a given price sensitivity.

Let us express the problem mathematically, using index ; to refer to network
i, 1 <14 < n, and exponent j to refer to user class j, 1 < 7 < m. Users in class j
have price sensitivity o/ > 0 and the total demand from class-j users is denoted
by d’, so that Z;’;l d’ = D. Each network i has a QoS-related cost function

—1 .
li(x;) = {(ci — ) ?f TS Ci’, where x; is the flow (cumulated throughput)
00 if x; > ¢,

on network i, and ¢; the network capacity (we assume D < Y1, ¢;, ie., the
aggregated capacity is enough to treat all demand). Finally, all networks are
owned by the same provider, which is aiming to minimize the total QoS-cost
experienced, and can influence users behavior through charging a price 7; on
each network <.

The cost perceived by a class-j user connected to network ¢ is then a com-
bination of QoS (through the latency function) and price

Cl(f) = li(w) + o', (2.7)

The provider owning all considered networks is interested in minimizing the
social cost (or total cost) expressed as:

n

C(f) = infi(l‘i), (2.8)

i=1

where f = (x1,...,,) is the flow distribution vector, with > | #; = D. Note
the difference with the previous subsection when monetary exchanges were part
of the objective: here we just focus on the coordinating power of prices, ignoring
their possible impact on social welfare.

The problem is that users selfishly select a network minimizing their own
perceived cost expressed in , hence the provider does not directly control
the flows but can only indirectly influence them through prices.
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Routing game interpretation

The setting described above is actually a routing problem, with a common source
for all users (the common network coverage area), and one common destination
(the Internet). Each user forwards his flow through one of n routes, which are
the n networks, with a routing cost equal to the cost in , as depicted in

Figure

L1(z1) +admy

@@

n(@n) + ol

Figure 2.1: Logic representation of the network selection problem as a routing
problem: the perceived cost on each route ¢ depends on the load z; and the
price 7;, but also on the user type j through the sensitivity a/.

Computing optimal prices

We assume without loss of generality that ¢; > ¢ > ... > ¢, and a3 < as <
.. < @y, i.e., network 1 is the most performant and class-1 users are the most
QoS-sensitive (since they are the least price-sensitive).

The literature [22] already guarantees the existence of prices (7;)1<i<n lead-
ing to a user equilibrium minimizing the total cost but no analytical expres-
sion is provided given the generality of the result. Our contribution [43}|44] is
then in the analytical treatment of that specific game and the design of a simple
algorithm to compute the optimal prices, as summarized below.

The expression for the optimal flows had been obtained previously [59], we
recall it here for completeness.

Proposition 1 ( [59]). The flows (z{*"),<;<, minimizing are unique and
given by:
c; k  c;—D P
LOP Ci"Xié%%i%é?‘l ifesk, (2.9)
0 otherwise,

where 1 < k < n is the maximum index for which

k
q—wazFﬁfJ»>a (2.10)

Yiveg

We then use that result to compute the prices leading to an efficient use of
the network resources, even when users have different price sensitivities.
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Proposition 2. The following prices are optimal:

0(25PY) — L (3RY)

adi

Ti+1 = T3 + ) (211)

for:=1,...,n — 1, with 7; taken arbitrarily, and with

i J
;= min{jzzxﬁpt<2dq}. (2.12)
r=1 q=1

For networks used at the optimal situation (networks with z** > 0), the index
s; represents the class with maximum sensitivity among those sending flow to
network 1.

We then have an algorithm to compute the optimal price: Proposition [I]
should first be applied to obtain optimal flows, then provides the value
of s; for each network 4 to be inserted into so as to get the price value.

The intuition behind Proposition |2 and the algorithm is illustrated in Fig-
ure We know how much (optimal) flow we want on each network, so we

opt d4 4
S e (G Il e (I =
3| 3
.Z‘gpt 02 opt _CQ opt d @
1(x1 ) = z(xz ) —
“““““““““““ 22| o2
opt —
%1 d'| ot

Figure 2.2: Example of user distribution among networks with optimal prices
for the case m = 4,n = 3: class-1 (resp. class-4) users all attach to network 1
(resp. 3), while class-2 (resp. class-3) users are split among networks 1 and 2
(resp. 2 and 3).

use prices to drive users away from networks with too much flow. But we also
know that the most price-sensitive users will be the first to react to prices, so
it is easy to know which user classes will be ending using which network(s). On
Figure class-1 users would be the last ones to leave network 1 (which has
the best QoS); but their demand is below :z:'ipt, so some class-2 users should also
select that network. The aggregated flow of classes 1 and 2 exceeds the opti-
mal flow 29", so some class-2 users should use other networks. The Wardrop
equilibrium conditions can then be used to express 7o — 71, since class-2 users
should be indifferent between networks 1 and 2.

For this setting, we also carried out simulations in [44], showing that applying
this static model (for which the analytical results are valid) to a dynamic setting
(with users entering and leaving the system over time) performs quite well, even
if the network owner has an imperfect knowledge of the repartition of classes in
the total demand.
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2.1.3 Application to users choosing a security solution

Another problem in telecommunications that we can represent as a nonatomic
routing game is the choice of a solution to protect one’s equipments against
attacks. Cybercrime concerns colossal amounts of money, and is highly orga-
nized so that attacker efforts are rationalized to maximize the associated gains.
This is why we model here an interesting negative externality effect of security
architectures and systems, through the attractiveness for potential attackers:
majority products are likely to be larger targets for hackers, and therefore be-
come less attractive for consumers. Then, the choice of a particular system and
security protection by the whole online population can now be considered as a
congestion game.

The literature on network security involving game-theoretic models and tools
is recent and still not very abundant. Some very interesting works have been
published regarding the interactions between attacking and defending entities,
where the available strategies can consist in spreading effort over the links of
a network [16}/58] or over specific targets [32], or in selecting some particular
attack or defense measures [15,46]. In those references, the security game is a
zero-sum game between two players only, and therefore no externalities among
several potential defenders are considered.

Another stream of work considers security protection investments, through
models that encompass positive externalities among users: indeed, when con-
sidering epidemic attacks (like, e.g., worms), the likeliness of being infected
decreases with the proportion of neighbors that are protected. Since protection
has a cost and users selfishly decide to protect or not without considering the
externality they generate, the equilibrium outcome is such that investment is
suboptimal [52] and needs to be incentivized through specific measures [65]. For
more references on game theory applied to network security contexts, see |3}/84].

In contrast, the work presented here considers negative externalities in the
choices of security software/procedures. Such situations can arise when attacks
are not epidemic but rather direct, as are attacks targeting randomly chosen IP
addresses. The interaction among users can then be modeled as a population
game, that is a game where the user payoffs for a given strategy (here, a security
solution) change as more users choose that same strategy [41].

In this model, we consider a very large population, where the extra con-
gestion created by any individual user is negligible, hence again forming a
nonatomic game. As stated before, nonatomic congestion games have seen re-
cent advances for the case when all users are identical or belong to a finite set
of populations [25}56,[101,{107,[110], but we want here to encompass the larger
attractiveness to attackers of “rich” users, compared to the ones with no valu-
able data online. Fewer results exist for those games [14,/91], even when user
strategies only consist in choosing one resource among a common strategy set.

Moreover, in our model users undergo the congestion cost of the security
solution they select (which depends on the congestion as well as on their par-
ticular data valuation) but also the monetary cost associated to that solution,
which is the same for all users. As a result, following [90,|91] the game would
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be called a weighted congestion game with separable preferences, and can be
transformed into an equivalent weighted congestion game with player-specific
constants [89) (i.e., the payoffs of users selecting the same strategy only differ
through a user-specific additive constant). In general, the existence of an equi-
librium is not ensured for such games when the number of users is finite [89-H91].
In the nonatomic case, the existence of a mixed equilibrium is ensured by [114]
and the loss of efficiency due to user selfishness is bounded [14], but the existence
of a pure equilibrium in the general case is not guaranteed.

Our model considers a finite set Z of security solutions (each one on a given
architecture). Users differ with the valuation for their data. When an attack is
successful over a target user u, that user is assumed to experience a financial loss
v, > 0, which we call her data valuation. The distribution of valuations over
the population is given by a cumulative distribution function F' on R*, where
F(v) represents the proportion of users with valuation lower than or equal to v.

‘We may not suppose that the support of F', that we denote by 5,,, is bounded,
but we assume that the overall value of the data in the population is finite, i.e.,

Viot 1:/ v dF (v) < +o0.
S.

v

Security systems performance

In this model, we focus on direct attacks targeting some specific machines, which
may for instance come from an attack-generating robot that randomly chooses
IP addresses and launches attacks to those hosts. The attacks generated by
such a scheme have to target a specific vulnerability of a given security system.
As a result, the attacker has to select which security system i € Z to focus on.

If an attack is launched to a security system i, we consider that all machines
protected by a system j # i do not run any risk, while the success probability
of the attack is supposed to be fixed, denoted by m; > 0, on machines with
protection system 4. In other terms, the parameter 7; measures the effectiveness
of the security defense.

The attacker point of view

Successful attacks bring some revenue to the attacker. Be it in terms of damage
done to user data, or in terms of stolen data from users, it is reasonable to
consider that for a given attack, the gain for the attacker is proportional to the
value that the data had to the victim.

We then define for each provider ¢ € 7 the total value of the protected data,

as
V= / v dF(v). (2.13)
users with prov. ¢

For an attacker, the expected benefit from launching an attack targeted at
system ¢ (without knowing which users are with provider ¢) is thus proportional
to m;V;. We therefore assume that the likeliness of attacks occurring on system
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i is a continuous and strictly increasing function R;(-) of m;V;, and such that
R;(0) =0.

User preferences

For a user u with data valuation v,,, the total expected cost at provider i depends
on the risk of being (successfully) attacked, and on the price p; charged by the
security provider. That total cost is therefore given by

Vi Ry (13 V5) + i,y (2.14)

that takes into account the price p; for the security service, the valuation for
the data to protect, the quality of the protection, and the likeliness of being
attacked.

The variables of interest in the model are drawn in Figure [2.3] to summarize
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Figure 2.3: Values of interest in the security game model.

the interactions among the three types of actors in the model through those
variables: for a particular provider i € 7

e users care about the risk (m;R;(m;V;))iez and the price (p;)i;cz when se-
lecting a provider j with minimal total cost vm;R;(m;V;) + p;;

e attackers focus on the target values (V;) (balanced with the protection
efficiencies (m;));

e cach provider 7 is interested in his market share n;, through the product
pin;.
Results

In |73|, we establish the existence and essential uniqueness (the corresponding
repartition of value (V;) among solutions is unique) of a pure equilibrium for our
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model, as well as its tractability by proving that an equilibrium solves a strictly
convex optimization problem.

Proposition 3. For any price profile (p;);ez, there exists a user equilibrium, that
is completely characterized by the valuation repartition V*, unique solution of
the strictly convex optimization problem

Vi
| mtay+m (W) - Vi) (239)

min g
V feasible Z\Jy=0

S

Market share of prov.

where Vj; = Z;.:O V;, and N (z) is the minimum proportion of the population
whose aggregated value equals z (i.e., the proportion of “richest” users with total
value z, that is computed using the distribution of valuations). Moreover, the
value repartition at a user equilibrium is unique, and the user equilibrium is
unique (unless for a zero-measure set of users) when all providers set different
prices.

To the best of our knowledge, such proofs for nonatomic games had only
been given for unweighted games [111}/112], with a finite number of different user
populations; here we have a weighted game with possibly an infinity of different
weight values, with the specificity that the differences in user congestion weights
are directly linked to their user-specific valuations (in other terms, the valuation
v of a user is both his sensitivity and his marginal contribution to congestion).

Those results can then be used to analyze the decisions made by security
providers, in terms of pricing (how much to charge for their service, anticipat-
ing the resulting user equilibrium) and possibly of investment (how much to
invest in improving the protection level-reducing the 7;), that we will present
in Section

2.2 Managing a peer-to-peer storage system

In this section, we focus on a specific telecommunication service, namely a peer-
to-peer storage system, where participants can store data online on the disks of
peers in order to increase data availability and accessibility. Due to the lack of
incentives for peers to contribute to the service, we suggest and compare two
approaches:

e the first one does not involve any money exchanges but enforces some
reciprocity in providing the service: each peer’s use of the service is here
limited to her contribution level;

e in the second one, we introduce a (monopolistic) system operator, who
can buy storage space from some peers and sell it to other peers in order
to maximize profit.

Using a noncooperative game model to take into account user selfishness, we
study those mechanisms with respect to the social welfare performance.
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Our model is not explicitly non-atomic since the number of users may be
finite, but we make the reasonable assumption that individual users do not
consider that they have any impact on the prices set by the monopolist, either
because this impact is negligible (the case of nonatomic games) or because
they are not aware of this impact. This assumption significantly simplifies the
analysis, users then being simply price-takers.

In [76], we consider simple functions to describe users’ willingness-to-pay for
storing data on the system and perceived cost for offering storage space to the
system, so that the resulting supply function (how much storage they are willing
to offer for a given price) s; and demand function (how much data they would
store if the unit price is given) d; for each user i are

si(p) = ailp—p™", (2.16)
di (p) bi[pi*™* — p] ™, (2.17)

where a;, b;, p™™ and pa* are user-specific parameters. Figure illustrates
those functions, and shows the benefit for the user in the case of a manager

buying resource at a unit price p°® and selling it at unit price p®.

[] Utility U;

quantities
Q
I
I
I
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unit price

Figure 2.4: Reactions to prices and utility of a user i.

min maX among users is limited,

If the heterogeneity of the parameters p™" and p

ie., if

* . min
p* + min; p;

max p" < 5 : (2.18)
7

* . pmax
minpy™ > PR (2.19)
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a; l_nin b7, max . .
where p* = %, then we show that symmetric schemes socially

outperform profit-oriented pricing mechanisms if and only if

i (p* - Zmzﬁ“) (Z Bipiex — p*) > Zw (v} — 1), (2.20)

: : - . R a; L b; * .
w1th the weights for all i € 7T : a; := s ar Bi = s =
aip;xuu_,’_bip;nax L llr‘rb@
a;+b; and Wi = E]’ a;j+b; -

For the special case when all users have the same p}**

then this gives the necessary and sufficient condition

> 2 .
(Ziai+zibi>z 1_|_%*4 (2.21)

i Qg

and the same pi™i* = 0,

%

for symmetric schemes to socially outperform profit-oriented pricing mecha-
nisms. Moreover, if the couples (a;,b;) are independently chosen for all users
and identically distributed, then from the law of large numbers, symmetric
schemes socially outperform profit-oriented pricing mechanisms if and only if

E[f(a,0)]
f(Ela], E[b])

when the number of users tends to infinity, with f : (z,y) —

> (2.22)

3
4

1
1/x4+1/y"

Hence the economic analysis of both management solutions (without mon-
etary exchanges but enforcing symmetry versus profit-driven mechanism) can
help decide what scheme to prefer in terms of total value generated by the
system.

2.3 Summary

This chapter highlights several types of contexts where a nonatomic game model-
ing is relevant in telecommunications. The nonatomicity assumption simplifies
significantly the derivations, allowing us to reach analytical conclusions that
give us general insights regarding the consequences of noncooperative behav-
ior. Those results can then be used to study higher-level interactions, involving
providers and possibly regulators, as will be seen in the next chapters.



Chapter 3

Competition among access
providers

Access providers fight to attract users and make revenue. This chapter presents
some of our contributions to the definition and mathematical analysis of such
situations.

To study competition for customers, we need to model the decisions made
by users regarding their choice of an access provider. Several ways to do that
exist in the literature, we have defined and studied competition models using
various approaches, that we summarize below, together with our main results.

3.1 Association models based on user utility

A first way to model the decision of users is to consider them as self-interested
actors willing to maximize their individual utility. More precisely, for given
provider choices made by the other users and given provider strategies (e.g.,
prices), each user has a utility associated to connecting to each provider, and is
expected to select the provider yielding the highest utility.

We provide below examples with non-atomic users (i.e., individual users have
negligible impact on congestion, as described in the previous chapter), so that
the user equilibrium notion is the Wardrop equilibrium.

3.1.1 Competition on sent packet prices

Consider a set A/ of providers implementing loss-based pricing: each provider
sets a price per packet sent, and all sent packets are charged so that the per-
ceived price per successfully transmitted packet increases when losses occur,
as illustrated in Figure Such a simple way to internalize congestion was
initially proposed in [88]. In his model [88], Marbach deals with atomic users
having to choose among several priority levels in a single network, and estab-
lishes the existence and uniqueness of an equilibrium among users. Here we
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Figure 3.1: Loss model (during a slot): only C; traffic units can be served among
the d; submitted. The d; — C; remaining are lost, the lost units being chosen
uniformly among the d;.

rather consider non-atomic users facing several networks with different prices
(but possibly different loss probabilities), and we add another stage, that of
price competition among revenue-maximizing providers: instead of prices being
fixed as in [88], here they are the result of strategic decisions by providers. In
practice however, networking protocols rather tend to avoid losses than to send
packets when the user wishes to pay for traffic. An alternative interpretation
of the model, that also internalizes congestion without relying on losses, can
involve a pricing per time unit (instead of per packet sent). If each user pays
a given price per time unit, when there are too many users they have to stay
longer and thus pay a higher price for the same data sent, which we represent
with the model.

Let us denote by C; the transmission capacity (in packets per time slot) of
Provider i, and assume that losses occur when demand exceeds capacity on a
network, in which case lost packets are randomly chosen (equal loss probability
for all packets sent to a network). The perceived price p; per successful packet
with Provider ¢ is then

pi = p;max (1,d;/C;) (3.1)

where p; is the price charged per packet sent by Provider i, and d; the total
demand (number of packets sent per time slot) of that provider.

Users are assumed infinitesimal, and selfishly select the cheapest provider in
terms of perceived price when they have a choice. Finally, demand is assumed
elastic, i.e., the aggregated number of packets that all users wish to send (suc-
cessfully) is a strictly decreasing function D of the perceived price. The function
D is assumed continuous and such that D(0) > >\, C;, and can stem from
a distribution of valuations for the service among users and/or from individual
elastic demands. We present two scenarios in terms of network topology.

Common coverage area. First consider that all users can reach all providers,
as depicted in Figure[3.2] Then if we denote by d; the total demand of Provider i,
the Wardrop equilibrium conditions can be summarized by the following system



3.1. ASSOCIATION MODELS BASED ON USER UTILITY 27

Figure 3.2: A network topology with all providers competing for the same set
of users.

of equations:
d.
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(3.2)

The first relation expresses the perceived price for each provider, based on ;
the second one comes from the Wardrop condition (only cheapest options are
selected), and the last equation links total demand to the (common) perceived
price of all chosen providers.

Assuming that providers set their price so as to maximize revenue, anticipat-
ing the outcome of the non-atomic game played by users (backward induction
method), we established the following results (see [82] for proofs).

1. For any price vector p = (p;)i;en there exists a Wardrop equilibrium,
and the corresponding perceived price of each provider is unique. This is
illustrated in Figure where the minimum perceived price (when users
select the cheapest options) and the inverse demand function when the
aggregated demand vary are plotted. A Wardrop equilibrium corresponds
to an intersection point of those curves. If several providers set the same
price p and D(p) < 32, 5 C; (case of Figure , then users are
indifferent between those providers, and any reparfition of the demand
D(p) — >_jp, <5 €5 among those providers such that none of them gets
congested is a Wardrop equilibrium.

2. If among two outcomes leading to the same revenue, each provider prefers

the one where he manages smaller demands, then when demand elasticity

% dgz()p ) is below —1 there is a unique Nash equilibrium of the price com-

petition game: all providers set the same price p* := D=3, . C5) [82],
where D~! is the generalized inverse of D, i.e., D™!(y) := min{z > 0 :
D(z) < y}.
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Figure 3.3: The common perceived price on all chosen providers when the to-
tal served quantity evolves is given by the stair-step function. At a Wardrop
equilibrium, that perceived price is p = min;cpr p; (intersection with the inverse
demand curve).

3. The Wardrop equilibrium for that price vector p* = (p*,...,p*) is unique
and such that d; = C; for each provider ¢ € Z. This situation is actually
the one maximizing social welfare.

Different coverage areas. Consider now two wireless access points owned
by competing operators 1 and 2 offering service over a given area, as depicted
in Figure [3:4] Provider 2 operates in a subdomain of Provider 1, due to a

Prov. 1: LTE

[ zone A [] zone B

Figure 3.4: The competition situation: providers and topology [79].

limited range technology, e.g., a WiFi cell compared to an LTE one, covering
a proportion o € (0,1) of the users in the LTE cell. Even if the number of
providers has been reduced to two, this framework considerably complicates
the analysis with respect to the common coverage area case treated just above.
However we think the results provide interesting insights into the reasons why
different prices can be observed.
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Again, the reasoning at the pricing level is done by backward induction. A
rigorous analysis for that model is carried out in [79], we summarize here the
main results:

e For every price profile (p1,p2) with strictly positive prices, there exists
a (non-necessarily unique) Wardrop equilibrium, and the corresponding
perceived prices (p1,P2) are unique.

e If the demand elasticity % is strictly smaller than —1 for all p > 0,

then the pricing game played by providers has an infinity of Nash equilibria
of the form {p; € (0,pi],p2 € (0,p3]}, where

- <
_p(C «_pi(C
p1D1(1_1a>zp2D1(;), (33)
—if A > &2

pi =ps=p" =D (C1 + Ca), (3.4)

where D~! is again the generalized inverse of D. Despite the infinity of
Nash equilibrium prices, all yield the same perceived prices p; = p;, and
the same revenues to providers, R} = p;C;, i =1,2.

Let us take a step back here. Recall that the condition on elasticity implies
that pD(p) decreases with p, so providers should try to set low prices to max-
imize revenue. However, there is no benefit from lowering too much the price
since providers can only “sell” their capacity (extra packets being lost, which
affects the perceived price and reduces demand), so a natural objective is to
sell all of one’s capacity. The case when ﬁla < % corresponds to a capacity
per user offered by Provider 2 alone in zone B larger than the one Provider 1
can offer in zone A only. Hence Provider 2 can sell all of his capacity Cs in
zone B for a perceived price p5 = D1 (%), a perceived price that Provider 1
can never beat: assume p; < pj, then demand for successful traffic in zone A
is (1 —a)D(p1) > (1 —a)D(p3) > Cq, which Provider 1 cannot fulfill. As a
result, Provider 1 cannot compete in zone B and leaves it to Provider 2, he then
makes revenue by selling his capacity in zone A only, where he is a monopoly.
On the other hand, when lo_—la > % both providers compete in zone B, each
one getting some demand.

Depending on the Nash equilibrium selected by providers, social welfare can
go from 0 (when prices tend to 0) to its maximal possible value (when p; = p;
for i = 1,2). That latter case is however more likely to be chosen by providers
(e.g., if we add some small traffic management costs as we did for the common
coverage area case).

It is worth noticing that in the examples above, a two-level game involv-
ing self-interested users and providers can lead to a socially optimal outcome.
Because of the Wardrop conditions, a price war occurs when no provider is con-

gested; but the price war stops because of congestion effects: decreasing further
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one’s charging price then does not bring any revenue improvement. Some more
elaborate models of competition based on Wardrop user behavior can be found
in [2[53].

3.1.2 Discrete-choice models

In the previous (Wardrop) model, all users had the same comparative percep-
tion of the alternatives (here, the providers to select). Since this is not totally
realistic, we can consider models that assume not all users are exactly the same:
while some users are only looking for the cheapest option, others will consider
it worth switching providers only if the price difference is large enough. Even
more, some users can be willing to stay with the most expensive provider, even
without clear evidence of his better quality: this can explain why incumbent
providers often remain slightly more expensive than their competitors, without
loosing too much market share because of their better reputation. Such effects
are due to rather subjective aspects, such as the perception of the overall service
quality (e.g., through the reputation of the provider), and the attachment to
the provider’s brand (that can be affected by advertising).

The number of aspects other than price that can affect users’ choices, and
their somehow intangible nature, make it difficult to encompass each of them in
a model. Therefore, a natural way to proceed is to aggregate all these unknown
effects into one single value for each user and each provider, that represents
the non-monetary benefit (or cost) that this particular user associates to this
provider. Then we can still assume that each user makes a utility-maximizing
choice, but now users are heterogeneous, so that they do not necessarily all
prefer the same provider(s), even without congestion effects.

Such an approach is typical of discrete choice models, that are frequently
used in economy |[11]. To be more specific, the utility for a user u making the
choice i (among a discrete set of options) is supposed to equal v; + Ky ;: the
term v; encompasses the objective aspects of the option (e.g., price, quality-of-
service) and is the same for all users, while x, ; is an unobserved user-specific
value that is treated on the global level as a random variable. In most cases,
it is assumed that the variables (£, )u,; are all independent, and that for each
option 4 the variables (., ;), are identically distributed, so that the probability
distributions of x,,; for each option i completely characterize the model, and the
subscript u can be omitted. Then from those distributions, one can compute
the probability that a user selects option ¢ for each i; when the population is
sufficiently large this corresponds to the proportion of users making that choice.

Let us now consider competing access providers, this time implementing a
flat-rate pricing scheme, and assume congestion is not an issue (capacities are
sufficiently large). The subscription price of Provider ¢ is denoted by p;, and
each user has to decide which provider to subscribe to, if any. We suppose here
that the average value for an ISP ¢ is affected by his price, but also by some
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average reputation factor x; > 0, through the standard logarithmic relation

v = alog (I) : (3.5)

Di

where a > 0 is a sensitivity parameter. The logarithmic functional originally
stems from psychophysics (the relationship between the magnitude of a physical
stimulus and its perceived intensity is often logarithmic), and has recently been
also observed in the context of telecommunications [104]. Remark that a null
price p; yields an infinite value v;, so that a free option will always be preferred
to one with charge. The average reputation factor can be interpreted as follows:
if ;1 = 1.2 and =9 = 1 for example, then on average customers accept to pay
20% more with Provider 1 than with Provider 2 (the reputation compensates
for the larger price). Finally, we have to model the utility of the “no-provider”
option, that we label by the index 0: we take the same form as for the other
options, i.e., we denote by vy the average (negative) value of not having Internet
access, and still consider a random part k¢ in the individual utility of option 0.

Following the literature on discrete choice models [11], we assume that the
user-specific random variables x; follow a Gumbel distribution of mean 0, i.e.,
their distribution satisfies P[r; < y] = exp(—exp(—y — 7)), where v ~ 0.5772
is Euler’s constant. Such an assumption is mainly made for mathematical con-
venience: it leads to a simple expression for the distribution of demand among
providers. It can be seen as a way to justify the demand expression we obtain
in from a user utility model, instead of directly assuming its form.

It can then be proved (see [11]) that the probability of a user choosing the
option i € {0,1,2,...,n} (n being the number of competing providers) equals

oy (mai/p)®
7ilp) = > i—olxi/pi)*’

with p = (po,p1,- -+ ,Pn), To := 1, and pg := exp(—vo/c) the “equivalent price”
of option 0. We assume here that the number of users is large, so that the
probability o; corresponds to the market share of Provider ¢ for i =1,...,n.

We can observe the effect of the sensitivity parameter a: when « tends to
infinity users only focus on the cheapest option(s) (the one(s) with the smallest
pi/x;). On the other hand, « going to 0 leads to a uniform repartition of users
among all alternatives.

Now let us study the price competition among two providers, labelled 1 and
2: assuming without loss of generality that the total mass of users is 1, the
revenue of Provider i equals

(3.6)

pi(xi/pi)™
x1/p1)® + (w2/p2)™ + 1/p§

Ri(po,p1,p2) = pioi(po, p1,p2) = ( (3.7)

Let us immediately treat the particular case of null prices: if a provider sets a
null price, then he makes no revenue but also attracts all users unless his com-
petitor sets a null price, hence preventing that competitor from making revenue.
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Thus null prices (p1,p2) = (0,0) constitute a Nash equilibrium, however a pecu-
liar one: as soon as the opponent sets a strictly positive price, it is strictly better
for a provider to also fix a strictly positive price than to set a null price. Hence
providers should try to avoid that equilibrium, when possible. As illustrated
later in Figure that equilibrium is actually unstable when « € (1,2). When
a > 0 it is the only equilibrium, i.e., a price war situation occurs.

We now look for equilibria different from (0,0). An equilibrium price profile
(p1,p2) is such that each provider plays a best response to the price of his
opponent; we therefore compute here the best-response functions.

From , we obtain for all strictly positive prices (p1,p2),

OR;
Op;

with o; given in . Since o; is a probability and is strictly positive when
prices are non-zero, the case when a < 1 leads to infinite best-response prices
(i.e., maximizing R; given p;, j # ). This somehow corresponds to a small price
elasticity of demand: a small a means that user choices are not much affected
by prices, hence raising prices improves revenues since only a small proportion
of users switch choices.

From now on, we make the more realistic assumption that o > 1. Fori = 1,2
and j # 4, the maximization of R; in terms of p; for a fixed p; > 0 leads to
1—a(l —0;) = 0: indeed %ﬁ? has the same sign as 1 — a(l — 0;), which is

=o0;(1—a(l—o0;))

decreasing in p; from (3.6). We can then compute the best-response function of

Provider :
e (c R ) N

An example of those best-response functions is plotted in Figure for two
different values of the sensitivity parameter . We remark that for o > 2 there
is no equilibrium with strictly positive prices. Indeed, such an equilibrium would
correspond to o1 = 02 = 1 — 1/, which is only possible if o < 2 (recall that
01+ 09 is the probability of users selecting no provider, thus o1 +02 < 1). When
p1 = BRq(p2)
p2 = BRa(p1)
illustrated in Figure[3.5(a)). That solution (p}, p3) is such that o1 = 02 = 1—q,
hence x1 /pf = xo/p}, which gives

—1/a
N 2—-a .
p; inp0< ) s 1 =1,2.

a € (1,2], solving the system { yields a unique solution (as

a—1

We find here again the condition that o € (1,2]. Interestingly, we also ob-
serve that equilibrium prices are proportional to the “reputation” factor x;,
ie., pi/py = x1/x2. Hence the relative operator prices directly reflect their
relative reputations. Similarly, since equilibrium market shares are equal
(61 = 09 = 1 — 1/a), providers’ revenues are also proportional to their rep-
utation factors: R; = z,0; = z;(1 — 1/«)).
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Figure 3.5: Best-response functions for the price competition, with pg = 1,21 =
1.2,z29 = 1.

Finally, if & > 2 we remark that BR,(p;) < p; <, so that successive best

i)
responses lead to a strictly decreasing sequence of raicios pi/x;, and eventually
to null prices as illustrated in Figure

The discrete choice model presented above is developed in [30] to analyze
the relations between ISPs in terms of traffic exchange. The main conclusion
suggested by the numerical study in [30] is that regulating traffic exchange
prices (or transit prices) is not necessary: it is sufficient to let ISPs agree on
those transit prices, just imposing that an agreement be found (i.e., forbidding
disconnection among ISPs).

To reach such a conclusion, we assume that ISPs decide the transit prices
through negotiation, the result being the Nash Bargaining Solution [95]. The
result depends on the so-called “disagreement point”, that is the outcome when
no agreement is reached among ISPs. Our results in [30] suggest that when
the disagreement point is a disconnection among ISPs, the negotiation results
in a non-satisfying point (favoring the largest ISP over the smallest one), while
the solution is near to the social optimum when the disagreement point is a
“free peering” situation (i.e., null transit prices). Hence our suggestion that the
regulation would be set to a minimum, just imposing free peering in case ISPs
do not agree on transit prices.

3.2 Dynamic models

The telecommunication ecosystem is an extremely fast-changing environment. A
salient example is the churn phenomenon (users switching providers) in mobile
markets: yearly migration rates can often reach 25% [125]. In that context,
it makes sense to take that dynamicity into account in the economic model.
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We therefore propose here an analysis where user behavior over time (more
precisely, the operator he subscribes to) is modeled as a random process. More
precisely and to keep things simple, we consider a finite-state continuous-time
Markov chain |97], as is done in |71]:

e the situation of the user is represented through a state (State i if the user
is with Provider 4, State 0 if the user foregoes the service);

e after some exponentially-distributed random time depending only on his
current state ¢ and the destination state j (through the parameter—or
transition rate-\;;), the user switches providers (or goes with none) and
finds himself in State j.

Let us consider a specific case, where two providers compete by playing on
price only, price being indeed one of the most relevant churn determinants [19|
57,{103]. Then the churning rates are assumed to depend on the price vector
p = (p1,p2), with p; the price set by Provider i. We therefore model the churning
behavior of a user with the Markov chain displayed in Figure[3.6] Using standard

)\12(]31,]32)

Ato(p1,p2) Xo2(p1,p2)

o1 (p1,p2) 20 (p1, p2)

)\21(]31,]32)

Figure 3.6: Continuous time Markov chain model for user switching behavior.
State i = 1,2 corresponds to the user being with Provider ¢, while State 0 means
that the user chooses no provider.

Markov chain analysis, we can easily prove the existence and uniqueness of a
steady-state probability distribution, i.e., a vector 7 = (m;);=0,1,2 of probabilities
such that the proportion of time the user spends in State i = 0,1,2 tends
to m; as time passes. A sufficient condition is that X;;(p1,p2) > 0 for all 4, j.
When all users follow independently the behavior described in Figure[3.6] m; also
represents the stationary proportion of the population in State ¢ (the average
market share of Provider 4, for i« = 1,2). Those steady-state probabilities then
directly give the average per-user revenue that a provider ¢ = 1,2 can expect:
that revenue simply equals R; := p;m;. Since the probability vector 7 depends
on the price vector p = (p1,p2), the revenue (utility) of each provider depends
on both prices, hence a non-cooperative game on prices.
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We study that game as a Stackelberg game, with providers as leaders, and
users as followers (adapting to the leaders’ actions through transition rates, the
outcome being the steady-state probabilities). For this model, we cannot prove
in general the existence or uniqueness of a Nash equilibrium. When transition
rates are simple functions of prices, we may find the form of the Nash equilibria
analytically, or decide to perform a numerical study, with some more realistic
transition rates. Both approaches were presented in [71].

We only provide here some illustrative results from a numerical study
(see [71] for details). The considered transition rates are of the form \;; =
ePri/p; /7vi: 7 represents some reputation effect (reluctance to leave this
provider), and 8 is a sensitivity to prices. Let us have a look at the impact
of the parameter 8 (users’ sensitivities to price differences). Nash equilibrium
prices (p7,p3) and the resulting user repartition among the three states when
B varies are displayed in Figure We observe (similarly to the attraction
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Figure 3.7: Influence of the price sensitivity factor 5, with transition rates
Aij = €Pi/Pi [y and v =y =1, 11 = 2, po = 1 [71].

model summarized by Relation ) that above a given threshold (around 0.85
here), user price sensitivity is such that providers engage in a price war and
prices tend to 0. Below that threshold, prices decrease when sensitivity [ in-
creases, as expected, which results in more users selecting one of the providers
(see Figure [3.7(b)).

Another aspect of the model worth considering is the asymmetry among
providers, reflected by the likeliness v; to remain with Provider i. In Figure [3.§]
we keep 72 = 1, and vary 71 from 1 (symmetric providers) to 5 (strong advantage
for Provider 1). The Nash equilibrium pj increases as expected, Provider 1
taking advantage of his higher reputation to set larger prices. The effect on
price p5 and on market shares is less obvious; for the parameters chosen we
observe that the better reputation of Provider 1 induces a price reduction of his
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Figure 3.8: Influence of the asymmetry among providers.

competitor, but also a reduction in the competitor’s market share, illustrating
the importance of this parameter +; for both providers.

We believe such analyses help understand the market: it is indeed observed
that not all providers set the same price (even for comparable services), and in
general the incumbent is slightly more expensive than the newcomers, benefit-
ting from a better reputation.

Building more developed dynamic models. As we claimed before, one of
the main challenges faced by mobile operators is to retain customers. This may
imply the use of unfair practices such as delaying the migration process [94]. We
include such practices in a dynamic model in [70], through a state i’ representing
the fact that the user has expressed the will to leave Provider ¢ but is being
delayed, as represented in Figure [3.9] From that state, three events can occur:

1. the provider finally releases the client (after some time depending on the
retention policy of the provider);

2. the regulator intervenes (possibly when alerted by the client) to release
the client, and imposes a sanction fee to the provider;

3. the client decides to give up his idea of leaving the provider, finally deciding
to stay.

The two first alternatives lead to the user leaving the provider, but in the second
case an additional fee is paid by the provider. Also, notice that while the client
is in State ¢/, he continues to pay the subscription price to Provider ¢. From
the point of view of Provider 4, the trade-off in the retention policy is therefore
between the gain in terms of subscription revenues due to retention (from users
staying in State ¢’ for a while, and deciding to stay with Provider i), and the
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Figure 3.9: A dynamic model for user behavior with retention from providers
(retention states: 1’ and 2/).

sanction fees imposed by the regulator when informed. If the sanction fee is
not too large and users are quite patient, retention policies can be beneficial
to providers, which can explain the increasing number of sanctions imposed by
regulators to stimulate competition in the mobile market in the 2000’s.

It is noticeable that the state 1’ does not contain all the information about
the user: the model “looses” the aimed state (0 or 2) by the user when he took the
decision to leave Provider 1. However this is not a problem for the study, since
that information is irrelevant for the metrics we compute: we could similarly
consider that users decide to leave Provider 1 after some time (exponentially
distributed with rate A1), and choose whether to go to Provider 2 or to the no-
provider state only when released by 1. The same reasoning holds for Provider
2 and State 2.

To analyze such a model, we first notice that the Markov chain has a unique
steady-state distribution, and denote by 7, the steady-state probability of State
s. Then it is easy to express the (per user and per time unit) revenue Ry of
Provider 1 in terms of those probabilities: that revenue equals

Ry =pi(m +m2) —sg  map ,
—_ N

income sanction frequency

where p; is in monetary units per time unit, and sg (the sanction price) in
monetary units. Considering the counterpart expression for Provider 2, one
can study the non-cooperative game played on prices and retention times, after
selecting the form of the transition rates in terms of those strategic variables.
We performed that study numerically in |70], in order to estimate sanction levels
that are sufficient to prevent providers from retaining users.
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3.3 Providers competing in multiple-time-scale
decision games

In practice, operators have a lot of decisions to make, that involve different
time horizons. Let us consider a wireless access provider for example: the
basic resource needed to provide some service are spectrum, access points, and
backbone network.

Wireless licenses are typically sold for a decade-long period; similarly set-
ting access points involves some long-term estate lease agreements and some
significant equipment investments (we also include backhaul links-to ensure the
connexions between access points and the backbone—in this time category). As
regards backbone connectivity, the decision can be seen both as a long-term one
(when the operator builds or upgrades his own backbone network) or a shorter-
term one (when the operator outsources that part to another company).

Decisions on applicable policies are more flexible: operators can change—
within the regulatory constraints—their prices, and/or the way they deal with
QoS provisioning (e.g., by setting priority classes) on shorter time bases.

Finally, users base their decisions (to subscribe or not, and to which provider)
on all those aspects: pricing policy, provided services (and their QoS), and
coverage areas. As we saw before, the market of mobile users is very volatile,
and regulation also exacerbates competition by favoring churn among providers.
This therefore shall be the smallest-time-scale decision level.

Given that description, how should a provider bid in the spectrum auction?
Also, what strategy should be set in terms of access points, or backbone trans-
missions? And finally, what QoS and pricing policies to implement? All those
decisions also have to take into account the competitive context, i.e., providers
are playing a noncooperative multi-level game.

Of course, there is a lot of uncertainty when making long-term decisions:
about the acceptance of new services in the next 10 years, even about the nature
of the services that might appear, etc. However those decisions can be based
on the backward induction reasoning, where at each level the utility functions
considered are given by the (Bayesian) equilibrium-if any-of the level below.
The two last time scales of the game (price/QoS strategies, and association
game for users) are the ones we have considered in the previous section, now
the outcome from those interactions are assumed to be anticipated by providers
making their higher-level investment decisions.

We summarize here a model we developed in [86], adding a third level on
infrastructure and license investments to the price game and user decisions lev-
els. The model relies on the Wardrop equilibrium notion for the user level, then
on the Nash equilibrium notion for the pricing level (intermediate time scale)
and for the investment level (highest time scale). The initial question addressed
from the point of view of the providers takes the form “What are the technolo-
gies worth investing in?", but answering it implies answering the following series
of questions, getting lower and lower in the game levels:

e What technologies will my competitors propose?
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e Given the set of proposed technologies, what prices shall be set by each
provider?

e For a given price vector and set of technologies offered, what are the user
repartition and the corresponding revenue for each provider?

The capacity aspects are not treated here, since it is assumed that the trans-
mission capacity is fixed for each technology. However, it is worth mentioning
that in other works, capacity investments and pricing decisions are taken simul-
taneously, still considering some Wardrop equilibrium for the subsequent choices
of users [53].

Let us denote by T the set of technologies that are likely to be proposed to
users (3G, 4G, WiFi, ADSL,...), and by A the set of providers. The largest time
scale decision for each provider ¢ € N therefore consists in choosing a subset
T; C T of technologies to operate, weighing costs and expected revenues.

In terms of prices at the intermediate level/game, we assume a technology-
transparent scheme, i.e., each provider ¢ will offer a given price p; (say, per
month) to grant access to users on any of the available technologies in 7;. This
type of offer is more and more common, an goes in the direction of a simplifi-
cation from the users’ point of view, in a context of a multiplication of mobile
devices and access technologies: users do not need (and in most cases, do not
want) to know which specific technology is used for what usage and with what
device, they just want their services to be available. The specific technology
choice may be made by the device (remaining transparent to the user), or by
the user himself; this does not affect our model as soon as the device tries to
select the best option. Due to congestion effects, not all users shall select the
same provider or technology: two subscribers of a provider will pay the same
price but may be directed to two different technologies (WiFi and LTE for ex-
ample, because one becomes more congested otherwise), in order to lead to a
better price/QoS tradeoff for all of them. This is reflected by the Wardrop
equilibrium conditions, implying that all chosen pairs (operator,technology) will
have the same total cost, also below the total cost of the other options. That
total cost, that we also call perceived price and denote by p;, is modeled as
the sum of the subscription price p; and a monetary-equivalent QoS-based cost
¢;+ for each operator i and technology t € 7, depending on the load on that
technology. To be more specific, we distinguish between technologies with li-
censed spectrum (such as 3G) from technologies with shared spectrum (such as
WiFi): in the former case, congestion only comes from the demand level d;
on the corresponding (operator,technology) pair (i,t), while in the latter case
interference comes from all users on the same spectrum (technology t), hence
congestion depends on Zjej\f:teTj dje:

Vie N,teT;,

_ piFlie(diy) if ¢ is licensed,
Dit = ;i + ft(zg'e/\/:teﬁ dj:) if t is a shared-spectrum technology,
(3.9)
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where ¢; ; and ¢; are continuous and strictly increasing functions reflecting the
congestion cost of the technology ¢.

Finally, all users prefer the cheapest option—whose total price will be denoted
by p := min;cprte7; Pit, but the aggregated demand level is naturally assumed

to decrease with p, through some continuous demand function, as we previously
did in Subsection B.1.11

Using very general results on nonatomic routing games [1], we can establish
the existence of a Wardrop equilibrium for the lowest game level (users choosing
a provider and a technology), and the uniqueness of the perceived price on each
option (i,t). The uniqueness of the Wardrop equilibrium (i.e., of all values
(dit)ien teT;) is guaranteed only if we fix a rule regarding demand repartition
on each shared-spectrum technology among several providers with the same
price; for example an even repartition can be assumed.

The study of the pricing game among operators at the intermediate level
(using the above Wardrop equilibrium) is more involved, and in the general
case the existence of a Nash equilibrium—or its uniqueness—cannot be proved.
However the numerical study carried out in [86] (with two competing providers,
linear decreasing demand, QoS-related costs given by the delay in an M/M/1
queue) exhibited unique Nash equilibria with positive prices for the pricing game
with most technology choices (T1,72) € T x T, actually for all cases where the
shared-spectrum technology is proposed by only one provider. In the other
cases, a price war occurs to attract all users of the shared-spectrum technology,
leading prices to zero.

Plugging those equilibrium points into a matrix summarizing the total net
benefit of each provider (including subscription revenues and license and infras-
tructure costs) for each combination (77,72) of technologies then provides us
with a two-player game in normal form for the choice of technologies at the
largest time scale: we can indeed obtain results as examplified in Table [3.1]
where the terms in the payoff matrix are of the form “U;; Us”, the value being in
bold when the corresponding strategy is among the provider’s best-responses to
the competitor’s choice (see [86] for the particular numerical values considered
and detailed justification). Table highlights the effect of regulatory mea-
sures on the outcome of the game: by appropriately setting the license prices
for example (that act as additive constants for strategies involving each tech-
nology), the technological investment game can lead to a totally different Nash
equilibrium. It is then up to the regulator to decide which outcome should be fa-
vored (for example, the one maximizing social welfare), and to set license prices
accordingly. In the present case, reducing the 3G license price for Provider 1
may lead to both providers offering that technology, and an improved social
welfare. Such a reasoning implies considering one additional game level, that of
the regulator fixing license prices as the leader in a Stackelberg game.
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[ 1\2 [ 0 [ 3G [ 4G [3GAG ][ WiFi [WiFi,3G ][ WiFi,4G [WiFi,3G,4G]
1] 0;0 0;19 0;26 0;38 0;22 0;37 0;41 0;48
3G 14;0 [ 12;17 | 11;22 | 831 [ 12,20 | 9;32 8;35 6; 41
4G 26;0 | 22;15 | 20;20 [ 17;29 [ 22;19 | 19;30 | 17;33 14;37
3GAG 32;0 | 2713 | 24;17 | 18;23 [ 27;17 | 21;25 | 18;27 12;29
WiFi 22;0 | 20;17 | 19;22 | 17;82 [ 0;0 - - -

WiFi,3G || 32,0 | 27,14 | 25,19 | 20,26 - - - -
WiF,AG || 41,0 | 35,13 | 33,17 | 27;23 - - N -
WiFL,3G,AG|| 43,0 | 86,11 | 32,14 | 24;17 - - - -

Table 3.1: Net benefits matrix when Provider 1 is positioned on WiF1i only, while
Provider 2 is already positioned on WiFi and 3G (hence has smaller 3G license
and infrastructure costs) [86]. Values are in hundreds of euros per month and
per cell, the symbol “-” indicates that the pricing game has no Nash equilibrium
with strictly positive prices.

3.4 To license or not to license resources?

The previous example illustrates the importance of regulation (through license
prices) on the technologies implemented by operators. But the regulator can
take even more drastic decisions, by deciding whether to license some part of
the spectrum, or to leave it unlicensed and accessible for free by operators.
The tremendous success of WiFi, and the economic growth it allowed, talks in
favor of developing license-free spectrum usage: this is among the objectives
of the upcoming so-called incentive auction in the US. Moreover, with licenses
some spectrum bands may be underused while others are congested; sharing
the capacity for a more efficient use of the scarce resource may be beneficial to
society.

Let us consider a model inspired from the one of Subsection[3.1.1] but mixing
licensed and unlicensed spectrum usage. More precisely, consider two providers,
each provider 7 = 1, 2 owning some licensed bandwidth to serve up to a demand
C;. In addition, some part C of the spectrum is unlicensed, and can be used by
operators when their demand exceeds the capacity of their licensed bands. We
assume that this unlicensed spectrum is shared among providers, proportionally
to their excess demand as illustrated in Figure [3.10

Consider the same pricing model as in Subsection with users being
charged for all sent packets and thus perceiving a congestion-sensitive cost per
successful packet sent (see Equation ) One can then analyze the price
competition among providers: the best-response correspondences, when plotted
(see |78]), highlight a unique Nash equilibrium with non-zero prices. Also, the
impact of the amount of unregulated spectrum can be studied; the main welfare
metrics when the proportion of unlicensed spectrum increases are plotted in
Figure 3.11]

It appears that unlicensing spectrum favors users at the expense of providers
since the shared spectrum exacerbates price competition (lowering one’s price
increases one’s demand and thus one’s share of the unlicensed capacity). For



42

di

do

Cq

[di—Ca]*
[di—C1]t+[d2—Co] T

0=
[

_ [da—Cso] ™
T [di—C1] T +[d2—Co] T

Cs

CHAPTER 3. COMPETITION AMONG ACCESS PROVIDERS

Figure 3.10: Sharing of the unlicensed spectrum capacity C [78]: d; is the

demand of Provider 1,

and z* := max(z, 0).
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this model the overall effect of unlicensing in terms of social welfare is negative,
but remember that the model is quite specific and does not encompass some
WiFi-like services such as free Internet access, that are proposed more and
more widely.

3.5 Summary

This chapter has highlighted several situations where service providers compete
to attract users. My contributions in those contexts are in the modeling of those
different settings (user churn among providers, shared versus licensed spectrum,
technology investments) using various types of mathematical approaches for
user decisions and the resulting demands. In each case, the models help gain
insights about the outcome from selfish behavior (of providers and users), and
about the need for regulation.

My publications related to this chapter are [9}42}45.70H72L(77H79,/82,/85-87].
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Chapter 4

Interactions among content or
application service providers

4.1 Introduction

While the previous chapter was discussing the competition between network
service providers, which could be access network providers, or transit providers
needing (or required) to cooperate to deliver traffic to destination, the present
chapter is focusing on the competition at the content and application service
provider level. We are going to see that the models can be formulated in a very
general way, hence closely related to what we have described in the previous
chapter for access network providers. Indeed, the main driver for customer
choices is the price, but some notions of quality (of service) and reputation,
among others, can or need to be dealt with too, leading to similar models
for customers’ service provider choice (following Wardrop principle, or some
discrete choice or stickiness models). Those choices will be briefly recalled in
next section. We thus have multilevel Stackelberg games with providers playing
first on price and sometimes at an even higher level content /service investment,
anticipating the reaction of users to any strategy profile in terms of consumption.

The categories of content and application service providers which we have
in mind are mainly (but are not limited to): (i) content providers such as news
web sites for example competing on the content relevance and quality, design of
the site, awareness and attractiveness through advertisement; (ii) online shops
with similar characteristics; (iii) content delivery networks (CDNs) who have to
attract content providers in terms of price too, but also in terms of the quality
of service for users through investments in capacities strategically located; (iv)
similarly cloud service providers; (v) service applications such as search engines
competing for keyword searches through relevance of the results, leading to more
revenues from sponsored links; we will describe security providers as an illus-
tration. As said above, most of those competitive contexts can be encompassed
in a general Stackelberg game which will be briefly recalled in the next section,

45



46CHAPTER 4. INTERACTIONS AMONG CONTENT/APP. PROVIDERS

so we will afterwards focus on specific and arbitrarily chosen cases, by injecting
some characteristic modeling properties in the model.

It is worth mentioning that competition at the content/application service
level has risen with the so-called dot-com bubble in the late 90s, when Internet-
based services or applications boomed. The dot-com crash occurred in 2000-
2001, slowing the development of applications, bringing it back to a more re-
alistic rate. It is interesting to note that the goal of companies at their start
was (and still is for new entrants) to develop their base of customers as much
as possible in order to get a chance to survive, even if this is at the expense
of constant financial losses in the first years; typical examples are Google and
Amazon. As a maybe unexpected consequence of the crash, some surviving com-
panies managed to get a dominant position on their market, leading to some
less competitive areas; Google on the advertisement and search engine markets
is the immediate illustration. This type of dominant position and difficulty of
emergence of competitors has to be kept in mind.

4.2 Competition at the content level

This section discusses general models of competition, but also (arbitrary) specific
situations as illustrations.

4.2.1 General models

With full generality, the (abstract) models developed in previous chapters are
also applicable to analyze competition at the application/content level. Basi-
cally, we can represent the competition by two-level games where:

1. At the largest time scale, providers compete on the quality and design of
their content/application and their price (if any);

2. at the smallest time scale, users select their provider given the strategy
profile of providers. Note that they can even choose several providers
depending on the type of consumption, by splitting their usage between
the providers. This is typically what happens for news web site readers,
or often also for search engine users.

The games are here too solved by backward induction, the providers anticipating
the reaction of users for a given profile of strategies at the largest time scale,
making use of the subsequent users reaction.

Price was considered as the (or one of the) key decision variable for network
providers in the previous chapter, since it is a parameter which has a major
impact on users. This may still be the case for some specific service providers,
such as cloud service providers, CDNs (in this case users are specific content
providers themselves), e-commerce, content providers such as paid news sites,
online video services, etc. Though there are situations where applications or
contents are free, and even where free and paid services compete, hence other
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parameters or variable decisions have to be emphasized. A few examples of such
parameters:

e Content innovation and rejuvenation (or updating) for traditional web
sites. This can be seen as a function of the level of financial investments
made by the content provider towards activity on content. The utility
(revenue) is then also a function of the investment level, as a function of
the number of visits (through advertisement, but not necessarily only),
itself dependent on the profile of investments for all providers, hence a
game.

e Web site design and amount of incorporated advertisement. The more
ads displayed, the larger the potential revenue, but displaying too many
of them may deter users from consulting the content site. This has to be
balanced, in relation with the choices made by competitors.

The models to analyze such a competition may thus again follow one of the
three following approaches for customers’ choices:

e Wardrop principle when customers are assumed non-atomic and choose
the provider yielding the smallest perceived cost, or equivalently the largest
utility. Here, cost can again be based on price, for paid services mentioned
above, and on QoS (or congestion effects) such that more users implies
a degraded service—the most relevant use case of this type of equilibrium
notion. But other notions are usually involved, such that quality of content
in addition to price, or instead of it in case of free services. On top of
that game, a game is played by providers, making use of the subsequent
Wardrop equilibrium. This type of model is of interest when congestion
effects occur (a mass of users consuming the service creates a loss of utility
for others), otherwise it ends up with only one provider with a positive
demand.

e Discrete choice models such that the valuation of a customer u for a
provider, say i, is

k
Vi= g Uik + Kuy
i=1

where v;; represents the measured objective value of a
characteristic/attribute k at Provider ¢, and k,,; is an unobserved
user-specific value that is treated on the global level as a random
variable. In Subsection [3.1.2] a single attribute was considered, related to
price, but more can be used, as predefined functions of a corresponding
decision variable such as reputation, content investments, design of the
application, advertisement level, etc. Customers will select the provider
maximizing their utilities, hence the proportion of customers choosing ¢
is P[V; = max; V;]. Here again, providers may play on decision variables
that impact the various v; j.
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e Aggregated demand models, for instance if a decision vector s = (s;);enr is
given for a set A of providers, with s; the decision variable (or potentially
vector) of Provider 4, demand at ¢ is given by

di(s) = dio — i f(si) + Zﬁijf(sj)
J#i

where d; 0, a; and (Bi;)jenn (i} are strictly positive parameters and f is
a non-negative function. The decision variable can be the price as in
Subsection with f the identity function (typical of paid applica-
tions/content), or again content/QoS investments. Such models do not go
down to the user level, and can then be seen as more arbitrary unless the
demand function form is validated. Nevertheless they often lead to more
tractable derivations.

The analysis can then be performed like in the previous chapter.

4.2.2 Illustrative model of competition between free CPs
with advertisement

To give a mathematical model of a specific situation, we present here a simplified
version of the one in [28|. The game is summarized in Table

CP 1
Input: content quality Q;
Strategic choice: advertising level a;
Effect 1: perceived quality Vi=0Q:(1—a;)

Effect 2: number of visits | C; =V;/>_,V; (competition)
Consequence: revenues (C;Q;a;);

Table 4.1: Game among CPs on advertising levels: a larger a; impacts positively
the revenue per visit, but negatively the number of visits because of competition
(more ads means worse perceived quality, hence users may turn to competing

CPs).

Consider a content, which could be a video sequence, a movie, or a TV show.
This content is controlled (or offered) by a set Z of different free CPs, which
can play with the amount of advertisement included in their webpage. CPs
have different qualities experienced by users, depending on the number of clicks
needed to reach the content, such as when ads are superimposed to the content
and have to be clicked to be removed, or when there is a time before accessing
the content if a video ad is displayed first. The level A; of advertising at the
CP i is thus a nuisance for users but an additional revenue through clicks for
the CP. We assume that CP i earns A; each time its content is accessed, and
that the quality of experience (QoE) V; that the user has with CP i € Z is of
the form

Vi=Qi— A, (4.1)
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where @); > 0 is the intrinsic quality of the content of CP i (i.e., the quality that
the user would experience if there were no advertisement). To simplify nota-
tions, we will define and use a; := A;/Q; as the relative amount of advertisement
introduced by CP ¢, such that a; € [0,1] because the amount of advertising will
be reduced to ensure non-negative utility in . Note that we take the CP
(or more precisely, publisher) point of view: the CP is not the one creating
advertisements, it just displays them and gets paid per impression (thus, pro-
portionally to the number of views), so we do not include advertisement creation
costs in our model. We also assume, to simplify the model in [28], a stickiness
model such that the proportion C; of users choosing CP i is proportional to the
valuation associated to that CP:
o _Ql-a) (4.2)
EjeIVj ZjeIQj(l _aj)
The expected revenue per unit of time for a content provider ¢ € Z, through
advertising, is

R; = CiA; = CiQ;a4, (4.3)

where it is assumed linear in the amount of displayed advertisement. Each
CP i’s revenue thus depends on its strategic choice a; but also on the amount
of advertising (a;),ez; that the other CPs fix through the market share C;.

For this game between CPs on the level of advertising, we established in 28|
the existence of a (non-trivial) Nash equilibrium, using Brouwer’s fixed-point
result as the main tool.

Proposition 4. There exists a Nash equilibrium o € (0, 1)‘I|, and any Nash
equilibrium is such that

1/2 <1+ ¢ — /o2 + ¢ < alF < 1, (4.4)

. . Q,
with (bz = ZjEI\{i} ij

Let us briefly look at two particular cases, for which we can carry the ana-
lytical study further.

Symmetric case (Q; = Q Vi € T)
Looking more closely at the simpler symmetric situation, we get the expression

1—(li

Ri =0 =7~
Zjez(l - aj)

(4.5)

The revenue optimization leads to
(1=2a:) > (1 —a;) +ai(l—a;) =0, (4.6)
JjET
giving for any i,k € 7

(1=2a:) > (1—a;) +ai(l—a;) = (1—2a) Y _(1—a;) + ax(l — ax).

JET JjET
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Stated otherwise, it gives

(ax —a;) |ar+a;i—1+2) (1—a;) | =0.
JET

From our general result, a; > 1/2 for all j € Z at a Nash equilibrium, so that
the right part of the above expression is strictly positive, giving a; = a;. Nash
equilibria are necessarily symmetric, of the form a; = a for all ¢ € Z. Plugging
that condition into , we obtain a unique equilibrium, with

NE n .
L — T 4.
a; =) VieZ, (4.7
where n is the total number of CPs, i.e., n := |Z|, yielding the corresponding
revenue
1-— 1
R; = ¢ -

“Pdl-a) 2m-1

From this expression, we can remark that the more competition (that is, as n
increases), the less advertisement at each CP at equilibrium, with an asymptotic
value 1/2. Moreover the sum of revenues R = ), .7 R; = 5.5 is also decreasing
up to an asymptotic value 1/2.

Duopoly case

Consider now the case of an asymmetric duopoly. The best response functions
then equal

_ Q2 Q1 1
al(ag)—l_a(l—&z) 1+Q21—a2_1]
(4.8)
B Q1 Q2 1
ag(al)—l_@(l—al) 1+Q11a1—1]

We draw in Figure an example of best-response functions. We can check
that there are two Nash equilibria (the points where the curves intersect), first
the unlikely dominated situation a; = as = 1 that we disregard, but another
point with a; > 1/2 Vi (since in the symmetric case here, we get a; = 2/3 in
accordance with the previous results).

Figure [£.2] investigates the evolution of that Nash equilibrium point for a
range of ratios (Q1/Q2 between the qualities at CPs. It is interesting to note here
that a content provider with higher intrinsic quality can increase its advertising
load. For more numerical results on this type of model, the reader is advised to
go to [28].
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4.3 Economics of network security

Cybercriminality affects businesses (Cyber risk is considered the most critical
risk by enterprises [118]) as well as private individuals. A recent illustration is
the security breach that has been found in the PlayStation Network in April
2011, whose cost for Sony has been estimated in tens of millions of dollars. That
breach exposed the personal information, and possibly the credit card data, of
77 million customer accounts.

Therefore, network service providers face new economic issues linked to the
providing of communications that are protected against all potential types of
attacks. That task is unfortunately impossible: with the appearance of new
applications and services, the number of breaches to cover increases exponen-
tially, so that many of them get discovered only when they are exploited by an
attacker. The amounts of money that cybercriminality represent are enormous,
be it in terms:

e of damage costs (imagine the financial loss of a 1-day service rupture for
a company like Amazon),

e of investment costs (security represents about 10% of companies IT ex-
penses),

e or even in terms of the underlying economy of attackers, i.e., attackers
selling their “services”.

That last point is particularly striking: since it may become economically in-
teresting for a company to harm a competitor’s IT system, some firms can be
willing to pay to do so, which is now incredibly easy. Indeed, there now exists
a (almost open) market for zombies renting, i.e., hackers who have managed to
take control of a large number of machines rent them for a period of time, at
a given price, so as to saturate the competitor’s servers, i.e., run a Distributed
Denial of Service attack. In the same vein, but dealing more directly with peo-
ple’s wealth, a highly competitive black market of stolen credit card numbers
has risen in the last years [62}/128].

Those examples illustrate the fact that cybercrime is now highly organized
and competitive. Building businesses such as credit card data selling or zombie
renting takes some considerable effort, which has to be rationalized to maximize
revenue. This is the reason why the interactions among all actors in the con-
text of cybersecurity should be modeled and studied within the framework of
game theory, that precisely considers the potential outcomes of situations where
several self-interested agents are involved.

Let us come back to the setting described in Section [2.1.3] (with users choos-
ing a security solution based on its price, performance, and likeliness of being
targeted). We proved in [73| that for any price vector p = (p1,...,pjz|) set by
the providers, a repartition (V;);cz of the total data value among the providers
is the unique repartition minimizing a strictly convex function, which guaran-
tees that a user equilibrium exists, is unique if all providers fix different prices,
and is tractable (using classical convex optimization tools [13]).
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Those results can then be used to study a higher-level game played by
providers, consisting in fixing prices so that the resulting user equilibrium max-
imizes revenue. Again providers are leaders in a multi-level game, and are
assumed to anticipate the user behavior. Remark that providers do not directly
care about the wvalue of the data they protect, but rather about their market
share: denoting by n; the proportion of users subscribing to Provider i, the
revenue of that provider is indeed p;n;.

Actually, if a bounded-price alternative exists (e.g., a free security solution),
then providers will not raise their prices to extremely high values since their rev-
enue will decrease to 0 [73]. This is illustrated in Figure where we consider
two security providers competing on prices, but with a free alternative (denoted
by Provider 0). Numerical results suggest it is quite likely that a price war situ-
ation arises, i.e., that successive price adaptations to the competitors’ behavior
lead to outcomes where providers make no revenue. However, when studying
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Figure 4.3: Revenue of provider 2 (w3 = 0.005) when facing provider 1 (m; =
0.01) and free provider 0 (mg = 0.05), with r;(z) =1 —e™*.

the interaction among security providers as a repeated game, i.e., a game played
repeatedly over time, then equilibrium prices yielding positive revenues can be
reached (due to the Folk Theorem).

4.4 Summary

In this chapter, we have summarized some of the results obtained for models
where content (or service) providers are in competition. Given the numerous
interactions among them, but also with users and possibly ISPs, those models
can be very complex, hence the need for simplification to maintain tractability
while capturing the main phenomena. The examples shown in this chapter
illustrate the variety of strategic levers that actors can activate: not only prices
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can be used, but also the amount of advertising or the level of performance
(through investments) can be strategically determined. Another example, not
presented here, is that of advertisers competing to attract users by bidding for
keywords on search engines (e.g., via Google adwords). Advertisers’ bidding
strategies can then be quite elaborate, especially when advertisement budget
constraints have to be taken into account [80}81].

My publications related to this chapter are [9}28]35},73},80}81].



Chapter 5

Net and search neutrality

This chapter focuses on debates that are still vivid, regarding the neutrality
of intermediate actors between content providers are users. Neutrality is not
easy to define, be it in technical or judiciary terms, but the underlying principle
is quite intuitive: when providing users with access to content, intermediaries
should not introduce any user-based or content-based bias.

The most famous specific cases are

e the network neutrality debate, where the behavior of ISPs (providing the
“pipes” between content providers and users) is under scrutiny to prevent
some contents from being (dis)favored over others;

e and the search neutrality debate, where search engines (providing links to
content providers as a response to user requests) should present the most
relevant results, independently of the interests they may have among the
candidate results.

We present our contributions with regard to those two debates in the next two
sections.

5.1 The network neutrality issue

5.1.1 Introduction and historical facts

Let us first briefly summarize the main facts and concerns regarding the debate.

e Especially due to vertical integration, some ISPs may favor their own
content (or content paying for being favored) with respect to external
one, by providing a better QoS for instance;

e With constantly decreasing transit prices (see Figure, ISPs are worried
that revenues will become more hazardous and that investment in the
network infrastructure will become more difficult. They are thus asking

95
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Figure 5.1: Internet Transit Prices per Mbps (the last values are projected
prices). Data from drpeering.net.

for content providers to pay transit fees (i.e., to pay for traffic transferred
by distant ISPs).

Those suggestions to discriminate traffic or to charge content providers seem in
contradiction with the traditional vision of the Internet, providing a universal
connectivity and serving all packets in the same way. This has raised the so-
called network neutrality debate.

But discussing network neutrality first requires to define what a neutral
(or a non-neutral) behavior is. Surprisingly, there is no well-defined notion
of such neutrality. There is sometimes a distinction between strong and weak
neutrality, where a strongly neutral network is such that it does not allow to
manage packets differently in whatever way, while a weakly neutral network
just prohibits user discrimination but allows discrimination between application
types. In the former case, the network is understood to be as “dumb" as possible,
just carrying packets, and the “intelligence", if any, is rather placed at the
source and destination. The idea in the latter case is that some applications
may have more stringent QoS requirements (typically video needing limited
delay and latencies with respect to email services), hence there is no harm
but benefits for users to discriminate in case of congestion. A quite generally-
used definition of neutrality was introduced by Professors Timothy Wu and
Lawrence Lessig, saying that “Network neutrality is best defined as a network
design principle. The idea is that a maximally useful public information network
aspires to treat all content, sites, and platforms equally." A kind of “official"
definition has been summarized by the four following items and provided by the
Federal Communications Commission (FCC) in the USA in 2005 [39]:
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1. no content access can be denied to users;
2. users are free to use the applications of their choice;

3. they can also use any type of terminal, provided it does not harm the
network;

4. they can competitively select the access and content providers of their
choice.

The history and more details on the issues at hand, with the arguments devel-
oped by both sides, can be found in [83|. In our opinion, the debate is actually
between two different worlds with two different goals:

e an idealistic (neutral or weakly neutral) network as imagined initially by
scientists, with an organization in layers, a low cost, and for which end-
to-end connectivity and universality are the key issues;

e a purely economic (non-neutral) view of the network, looking at an efficient
economic management.

A strict comparison is thus difficult since it depends on the view of what the
network should be. Network neutrality is thus rather a political question about
whether we want a commercial or a non-commercial network, and the recent
intervention of US President Obama indicated a clear stance toward the latter.

We can also remark here that whatever the goal, the need for regulation
may differ depending on the considered country. Indeed, there are differences
in the competition between ISPs which could mean a different output if a care-
ful analysis is not performed: in the USA for instance, competition is not as
fierce as in Europe for broadband Internet access. Moreover, the fact that the
main content /service providers come from the USA may have an impact on the
political decisions.

Regardless of the main stances toward the debate, economic modeling and
analysis of the questions at hand should help decide what regulation (if any) to
impose.

5.1.2 Modeling content and network providers interac-
tions and analyzing neutrality issues

There exist many works trying to model network neutrality-related issues and
perform an analysis thanks to game theory (see among others |5}/6,(18}20}}40]
47.167,168,92,[96] and the references therein). We illustrate in this section how
modeling can be helpful to draw conclusions.

One content provider and one access provider

The model we present is based on the one in [29], with one CP and two ISPs,
that we first simplify by considering one CP, whose parameters will be indexed
by 1 and a single ISP, named A. The flat rate subscription fees prices charged
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ISP A
m
p1

Figure 5.2: Charging interactions between stakeholders. Prices p; and py are
positive flat rates, whereas g4 is a positive per-volume unit price.

Iy

to users to access the CP and ISP A are respectively denoted by p; and ps. We
are going to study and compare neutral and non-neutral outcomes, therefore we
introduce a side payment g4 > 0 that the CP has to pay per unit of volume to
ISP A. In the neutral case, ga is just fixed to zero. The charges imposed by
actors to other players are summarized in Figure

We assume a continuum of end users, of mass one without loss of generality.
We assume that users first choose whether to subscribe to the ISP (depending
on price), and then in the affirmative case whether to subscribe to the CP. We
separate this choice from the broadband access, because users also want to access
the network for other reasons, such as email, web browsing, etc. We consider the
discrete choice/stickiness model of Subsection for the choice of subscribing
or not to ISP A, with a “cost" pg of not subscribing to the Internet, leading to
a mass (or proportion) of users subscribing to an Internet access (through A)

-8
oA — % if pa >0

A PA- + Do
1 if pg =0.

(5.1)

Now, the willingness to pay a subscription to the CP is assumed to follow an
exponential distribution with mean value 1/« > 0 over the population, indepen-
dently of the ISP choice, leading to a proportion e~*P* of the ISP subscribers
deciding to subscribe also to the CP, hence a total mass g e™“P* subscribing
to both. As previously with the Gumbel distribution for user preferences (Sec-
tion , the choice of an exponential distribution (and hence an exponential
demand) is mainly motivated by mathematical convenience. But when we study
prices in a vicinity of a given level, what matters more than the actual distri-
bution is the local sensitivity to price (or equivalently, the demand elasticity),
which for our model can be tuned with the parameter a. We denote by Dy the
average volume the CP subscribers download from the CP, giving a data volume

Dy = Dyoyge "1 (52)

which will be needed to compute the volume-based transit costs for the CP to
the ISPs.
The ISP revenue is then

Ug =paca+qaDy
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and the CP revenue equals

Ui = (proae” "' —qaDa) = (p1/Do — qa)Da,

where we include the subscription gains and volume-based side payments.
The user welfare associated with the existence of the CP is then (looking at
the “gain" x — p; for subscriber with willingness to pay x)

oo
UWep = O'A/ ae” *(x — p1)dz
P1
e ap1

= O‘A

Da
OéDO ’

User welfare can be decomposed into two components: the user welfare due
to the existence of the CP (computed above), and the user welfare due to the
presence of the ISPs. For that latter part, we take

Po ?
UWisp = po <> .
bA

(See [29] for a justification; remark that since user utility functions are not
quasi-linear—i.e., expressed in a monetary-equivalent form-it is difficult to define
UWigp, and other definition choices can be made.) The global user welfare
generated by the system (ISPs and CP) is therefore

UW = UWcp + UWigp. (5.3)

Whatever the value of ¢4 assumed fixed first, CP 1 and ISP A choose respec-
tively their price p; and p4 maximizing their revenue, but ISP A does it first
at a larger time scale, anticipating the decision of CP 1. The ISP is therefore
the leader in a Stackelberg game, hence an analysis of the interactions among
providers using backward induction. The first-order condition then gives for
CP 1 (with pa and g4 fixed)

oU; Dy
I _ DA (p1/Dy — qa)Da =0,
o Dy (p1/Do — qa)Da

ie.,
p1=1/a+qaDy.

We can remark here from the value of p; that inserting side payments induces
a larger subscription fee for the CP, such that his revenue is Uy = D4 /(aDy)
whatever the side payment, which is exactly the CP-related user welfare UW¢p.
In other words, the interest of users connected to the Internet and that of the
CP coincide.
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To compute the optimal price p4 for ISP A, we also compute the derivative

oUu do do
A —0A+pa A _|_qADOe—OZ(1/Oé+QAD0)7A'
dpa Opa Opa

In the neutral case (ga = 0), pa does not depend on p;, and we get %%’: =
oa+pads =p (03" + (1= B)p ")/ (02” +p5”)-

e If 8 < 1, this derivative is always positive, hence setting an infinite price
is the “best solution". Said differently, sensitivity to prices is not large
enough to deter the ISP from increasing his price.

e If 3 > 1, the first-order condition gives

pa=po(B—1)""5

The non-neutral case is not tractable and we need to resort to a numerical
evaluation. Figures[5.3|and[5.4]display the ISP revenue, CP revenue, user welfare
and social welfare (sum of user welfare and provider revenues) in terms of g4 for
the optimally chosen p; and p4 (this one being numerically determined), when
a=1,py=1, Dy =1, and f = 1.5. To compare the outcome with the neutral
case, we just need to compare with the point at the origin (g4 = 0). The
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Figure 5.3: ISP and CP revenues, when the side payment g4 varies.

introduction of a side payment clearly increases the ISP revenue, user welfare
and social welfare here, up to an optimal value above which demand decreases
too significantly. Remark that the side payment optimizing the ISP revenue
is slightly larger than the one optimizing user welfare. On the other hand, the
impact of the side payment is negative on the CP revenue, explaining the strong
reluctance of CPs to that “non-neutral” practice.
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Figure 5.4: User and social welfare, when the side payment g4 varies.
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Figure 5.5: Charging interactions with two ISPs. Prices p1, p4 and pp are
positive flat rates, whereas q4 and gp are positive per volume unit prices.

One content provider and two access providers

We now consider two ISPs in competition instead of just one, named A and B,
all parameters for B being defined as for A above. Why considering competition
between ISPs instead of between CPs? Actually ISPs complain that they endure
competition (which is particularly true in Europe) at the network access level,
while for most types of services there is often a dominant actor (Netflix, Google,
etc.) and less competition, a reason why side payments are argued to become
relevant. Because of that competition, ISPs say that they are forced to decrease
their access prices and thus forced to get money from CPs. Our model can
help to study the relevance of this argument. A new sketch of charges imposed
among players for that setting is described in Figure [5.5] We assume again that
users first choose their ISP, and then subscribe to the CP or not. We still focus
here on a discrete choice/stickiness model for the ISP selection but notice that
a model based on Wardrop principles has also been considered in [18], such that
users simply select the cheapest ISP (leading to a Bertrand competition). With
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the stickiness model, the proportion of users subscribing to ISP i € {A, B} is

"
—5 15 —5 if pa >0 and pp >0
P4  +Pp Do
o =9 1 if pp=0and p; >0 (5.4)
1/2 ifpa=0and pg=0
0 if p; >0 and p; =0.

Using exactly the same arguments as for a single ISP, user welfare associated
with the existence of the CP is

Dy + Dp

UWep = =5

and the providers revenues are for the ISPs (i € {4, B}),
Ui = pioi + q:D;
and, for the CP,

U = (pioae P —qaDy) + (prope *P* —qpDp)
= (p1/Do —qa)Da + (p1/Do — qB)D5.

The decisions on prices are still analyzed by backward induction, the decision
at a given time scale being made anticipating the output at the later time scales
(as before, ISPs play first—hence a game among them—and the CP adapts his
price to the ISP prices).

We again first look at the smallest time scale (decision on pp) for fixed
other values. For convenience, we define P; := pf . A solution of the first-order
condition gives (see [29] if details are required):

Py 1 Pg 1
4 D = B D =
) PA+PB(OQB+a>+PA+PB<OQA+a>
p1 = if pga >0o0r pg >0, (5.5)
1
DO%—F— if p4 =0 and pg = 0.
«

Here again, the CP’s revenue when using this optimal price corresponds to the
D D
CP-related user welfare M.
o

Knowing this reaction of the CP to ISPs’ price, these ISPs play a game on
their choice of p4 and pg. In the neutral case (i.e., g4 = ¢ = 0), it can be
shown, using the following formulation for the revenue of ISP A when plugging
the expression of the optimal price p; (a symmetric formulation being obtained
for B), that

PyPppa
Ua={ PyPa+ PoPs+ PaPg
0

if pga >0and pg >0
if pa =0 or pg =0,
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so that (pa,ps) = (0,0) is a Nash equilibrium since no player can strictly
increase his revenue by unilaterally changing his action. But such a player’s
strategy is strictly dominated by any other as soon as the adversary price is
not zero. So it is not likely to be chosen by ISPs if another equilibrium exists.
Actually, in this neutral case it can be shown (see [29] for a proof) that the
(other) Nash equilibria can be described as presented in Table In the case of

B8<1 1<p<2 8 >2

No equilibrium Nash equilibrium Nash equilibrium
ices tend _g\V/# —pa=0

(pr'lces'en pA=pp = (%) PA =Pa

to infinity) (price war)

= (2-p)F (B-1)' i

Table 5.1: Outcomes to expect from the ISP price competition game on p4 and
pp in the neutral case.

(positive) side payments, we are here too not able to get analytical results. But
equilibria can be determined numerically and the resulting utilities compared
with the neutral case. We present a part of the results in [29)], still with a = 1,
po=1, Do =1, and 8 = 1.5 (other values giving similar outcomes). Numerical
computations show that the revenue of the CP and the user welfare he creates
are always equal at equilibrium (which is easy to prove when g4 = ¢p, but not
in the general case). We display the revenues of providers in Figures and

Discontinuities can be observed, corresponding to situations when there is a
price war: equilibrium subscription prices of both ISPs fall down to 0 for some
side payments (this is for example the case when g4 = ¢ = 1, but never when
g = 0 or gg = 3). We can briefly remark that the revenue of ISPs is not
monotonic with the side payment, that the maximal revenue of an ISP, say A
may be obtained for a null or positive side payment, and that the CP revenue
has a tendency to decrease with side payments.

For this model with competing ISPs, we have not evoked yet the decision
level corresponding to setting the side payment values. Side payments can be
determined by the CP, or by ISPs, through a game. Conclusions from numerical
investigations in [29] for these three cases are:

1. If side payments are decided by the CP: it is interesting to note that strictly
positive side payments can be optimal for the CP, something counter-
intuitive at first sight, especially since it was not the case when we had
a single ISP. Actually, side payments exacerbate the competition between
ISPs on access prices, reduced at equilibrium with respect to the neutral
case; this is beneficial to end users, and finally to the CP who can reach
more customers.

2. If side payments are decided by the ISPs, through a game: for the param-
eter values given above, (0,2.80) and the symmetric point (2.80,0) are
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Figure 5.7: CP revenue at equilibrium as a function of the side payment g4,
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Nash equilibria. Comparing with the neutral case, the ISPs total revenue
increases by about 15% (hence in agreement with their call), while the CP
revenue decreases by 75% of its value.

5.2 Search neutrality

5.2.1 The debate

Search engines play a pivotal role in the Internet economy, as the entry points
to websites for most Internet users. As an illustration, in the US only about
20 billion requests from home and work desktops are treated by search engines
each mont}ﬂ Search engines return a ranked list of links (the so-called organic
results) to documents available on the World Wide Web given any keyword.
The list is obtained from a link analysis algorithm which assigns a weight to
documents |7}8], the goal being to provide the most relevant results. In this
section we will only focus on those organic results, ignoring the advertisement
links aimed at yielding revenue to search engines.

But the ranking of organic links by search engines is now questioned by
actors of the Internet and regulators, claiming that relevance is not its only fac-
tor, and that some revenue-making components are taken in consideration |34].
This question has become a vivid debate worldwide [34,[50]. The term search
neutrality has been coined in 2009 by Adam Raff, co-founder of Foundem (a
price-comparison company), after a vivid argument about Google penalizing his
company in its ranking. The term is voluntarily inspired by network neutral-
ity, because of the similarities in their stakes, namely the limitations on users’
access to all relevant services on the Internet. Google actually acknowledged
affecting a penalty to results such as Foundem’s website, under the argument
that it is a wvertical search engine—i.e., a search engine focusing only on a part
of the Internet, and that vertical search engines are perceived by users as spam.
But Google also offers price-comparison and other specialized search services,
and penalizing other companies in that same business can be seen as hindering
competition; Google finally decided to whitelist Foundem manually, but kept its
penalty policy towards other vertical search engines, leaving the debate open.

In addition (still focusing on Google because it represents more than 80% of
the search market), Google offers many other services—e-mail, maps, calendar,
video, shopping...—and would be naturally tempted to direct users towards them
rather than towards their competitors. For example Google favors (or is accused
to favor) YouTube content because money can be generated from those linksﬂ
In this section, we therefore focus on the analysis of the reality of such biases,
and discuss their impact on competition and on user welfare.

1WWW .comscore.com

2See for instance http://www.guardian.co.uk/technology/blog/2011/sep/21/
eric-schmidt-google-senate-hearing| or, for measurements, http://www.benedelman.
org/searchbias/
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The main arguments in favor of search neutrality (i.e., imposing that ranking
be based only on relevance) are in terms of user and social welfare. First,
neutrality should benefit to users by providing them with the most relevant
results, instead of driving them toward what yields the largest revenue to the
search engine. For the same reason, neutrality benefits to the global economy
by facilitating the access to the best-performing actors/services (and not those
paying to be ranked well), so that new businesses can emerge more easily. As a
side effect, it is also claimed that search neutrality elicits efforts from websites to
improve their content quality, rather than to pay in order to be ranked better.

On the other hand, the opponents of search neutrality consider that users
are interested in the differences among search engines, and select their preferred
one, while such a differentiation would disappear if neutrality is enforced. Also,
neutrality would prevent search engines from manipulating rankings, which they
claim to do mainly to improve the results by avoiding spam: neutrality would
then lead to worse results for users. Finally, imposing the transparency of the
ranking algorithms (as often advocated by search neutrality proponents) raises
issues in terms of intellectual property, and facilitates the job of spammers
exploiting the working of those algorithms.

5.2.2 Do we need a regulatory intervention?

Investigations carried out in 2010 [38] and 2011 [126], both highlight some mea-
surable biases in the results provided by search engines. The concern about
non-neutral search engine is strongly shared by the European Union regulators,
that are progressing toward an antitrust settlement deal with Google, after a
complaint issued in 2010 by several specialized service companies. The Eu-
ropean consumers’ organization (BEUC) has acknowledged the risks of search
bias, and suggested remedies. It has been agreed that Google search algorithm
should follow some general principles to guarantee more fairness of its search
results.

“Google must be even-handed. It must hold all services, including its
own, to exactly the same standards, using exactly the same crawling,
indexing, ranking, display, and penalty algorithms.”

BEUC, March 2013 [99]

In particular, measures consisting in labeling among organic results those
pointing to own-content or sponsored content are not sufficient. This is in
accordance with recent studies [49] showing that such labels have almost no
effect on users’ clicking behavior; the position of the link among the organic
results appearing as the main factor.

5.2.3 Neutral versus non-neutral search engine: a model

Let us now investigate through a mathematical model (introduced in [64]) the
incentives for a search engine to deviate from a ranking based only on relevance.
Such a deviation will be called biased, or non-neutral.
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To compare rankings based on relevance with other types of rankings, we first
have to assume that an objective measure of relevance exists for each webpage
potentially ranked by the search engine, and that the search engine is able
to compute it. This assumption seems reasonable since search engines deploy
complex algorithms to rank webpages, and should be able to fine-tune them for
the best interests of their users (e.g., using the feedback on rankings that users
make through their clicking decisions).

For each arriving request (i.e., a query sent to the SE by a user), different
content providers (CPs) host pages that are relevant. Out of a universe of mq
pages available online, we denote by M < mg the number of pages that match
the arriving request. Each page ¢ = 1,..., M has a relevance value R; € [0, 1],
and an expected revenue per click G; € [0, K] for the CP (here, K is a pos-
itive constant) of which the SE receives a fraction «; € [0,1]. Consequently,
the SE’s expected revenue per click from page 7 is o;G;. The SE might some-
times also be the CP for a subset of the pages matching the request; in those
cases a; = 1 because it receives all the revenue. Putting this all together, the
instance of the ranking problem corresponding to a given request is encoded
by a vector Y = (M, Ry,G1,0a1,..., Ry, Gar,apr) that we assume to belong
to a universe of admissible requests. After getting the request, the SE must
select a permutation 7 = (7 (1),...,7(M)) of the M pages and use it to display
links to those pages in order. A stationary ranking policy p is a function that
assigns a permutation m = pu(Y) to each possible realization of Y. We shall
only consider deterministic stationary policies, as opposed to randomized ones,
which map each Y to a probability distribution over the set of permutations of
M elements. The problem for the search engine will be to choose an optimal
ranking policy, taking both into account the short-term effect (the immediate
revenue) and the long-term effect (the number of visits, that depends on the
user perceived relevance of results). That tradeoff is illustrated in Figure

Search Engine

visit rate A(R) ki li _

rapxing policy - —————> revenue \(R)G
average gain G
average relevance R

per request

resulting in {

average relevance R

Figure 5.8: Search engine whose ranking policy produces and average relevance
of results and an average gain. The number of visits (i.e., popularity of the
engine) depends on the average relevance.

The click-through-rate (CTR) of a link that points to a page is defined as the
probability that the user clicks on that link |48, Chapter 8]. This probability
depends on the relevance of the content but also on the position number where
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the link is displayed. We assume that the CTR of the link to page i placed at
position 7(¢) can be expressed as the (separable) product of a position effect
and a relevance effect. That is, CTR is given by

CTR(i) = Oy Y(Ry),

where 1 > 6 > 0y > --- > 60,,, > 0 is a non-increasing sequence of fixed positive
constants that describe the importance of each position in the ranking. The
non-decreasing function ¢ : [0,1] — [0, 1] maps the relevance to the (position-
independent) probability of the page. The assumption that the CTR is separable
is pervasive in the e-Commerce literature [69,[121]. We will rely on it to derive
simple optimality conditions. According to this assumption, to increase the
CTR, we can either choose a more relevant page or we can choose a position
closer to the top of the list.

Fixing a request Y and a permutation 7, we now define the objective function
we shall consider. The local relevance captures the attractiveness of the ordering
from the consumer’s perspective. It is computed by

M M M
r(m,Y) =Y CTR()R; =Y Orpy(Ri)Ri = > Oy R, (5.6)
=1 =1 =1

where R; := ¥(R;)R;. The expected total revenue arising from the request
equals

M M
go(m,Y) =Y CTR())Gi =Y Or1)t(R:)Gi, (5.7)
=1 =1

out of which the SE receives
M M M .
g(7T, Y) = Z CTI%(Z)O[ZG'z = Z 9”(1)’@/1(‘31)&2(;z = Z eﬂ(i)Gi, (58)
i=1 i=1 i=1

where G; := a;0(R;)G;.

To obtain an optimal ranking policy, we must consider that since customers
are quality-sensitive, the choice of policy p(-) influences the future arrivals of
customers. This has deep implications because a myopic policy for the SE
(i.e., choosing u(Y) € argmax, g(m,Y) for each Y') does not suffice to achieve
optimality. To capture the dependence on future end-users that arrive to the
SE, we consider the multivariate distribution of the input requests Y. Each
request is then interpreted as a realization of Y according to that distribution.

We estimate the long-term value induced by a stationary ranking policy u
by taking expectations of the objectives presented earlier with respect to the
distribution of input requests. Therefore, the expected relevance per request is

ri=r(p) =Elr(u),Y), (5.9)

the expected total revenue per request is

g0 = go(p) = Elgo(u(Y), Y)], (5.10)
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and the expected SE revenue per request is

g9:=9(n) = Elg(u(Y),Y)]. (5.11)

In the three previous definitions, the expectation is taken with respect to the
random variable Y.

A non-myopic SE would be interested in the expected long-run revenue. This
must depend on both the expected relevance per request r» and on the expected
SE revenue per request g. We capture the two dependencies through the general
function

Use = ¢(r,9), (5.12)

where ¢ is an increasing function of r and g with bounded second derivatives
over [0,1] x [0,K]. A natural particular case is, as suggested by the above
discussion,

Use = A(r)(B +9), (5.13)

where A\(r) is the expected number of searches per time unit when the expected
relevance of the results is . An optimal policy from the perspective of the SE
is a stationary ranking policy p that maximizes Ugg.

For that model, we characterized in [64] the optimal ranking policies:
Proposition 1. If the tuple (r, g) corresponds to an optimal policy, 0 —6x+1 > 0
for all k, then then this policy for almost all Y (with respect to the measure v),
1 sorts the pages by decreasing order of R; + pG;, with

, 96(.9)/010)
0¢(r, 9)/0(r)

Note that then r and g depend on p, hence (5.14)) is a fixed-point equation in p.

(5.14)

For the special case when ¢(r, g) = A(r)(8+g), we have sufficient conditions
for such a policy to exist

Proposition 2. Assume that the distribution F' has a density.

o If z — ;‘,(Z) is upper-bounded for all z € [0,7rg] then the fixed-point
equation (5.14)) has at least one solution.

o Ifz— ;\,((Z)) is non-decreasing then the fixed-point equation (5.14]) has at

most one solution.

In [64], we show how to approximate this fixed-point using simulation tools.

5.2.4 Comparison of the Neutral and Non-Neutral Rank-
ing Policies

Let us now see on numerical examples how the theory developed earlier can be
used to study the impact of different ranking policies on various performance
indicators such as consumer welfare (captured by expected relevance), SE and
CP revenue. In particular, we compare neutral ranking policies, where p = 0,
with non-neutral ones, where the SE chooses the optimal p*.
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Table 5.2: CTR values used in the simulations of Section [5.2.4]

01 02 03 04 05 O 07 0g 09 010
0.364 0.125 0.095 0.079 0.061 0.041 0.038 0.035 0.03 0.022

A Vertically Integrated SE with a CP

Example 1. We first focus on a specific type of request which can be served
by either third-party CPs or by the SE itself. This is typical for many search
categories where the SE also provides content (e.g., video, weather, finance,
news, maps, flight information, and so on). In this case, a limited number of
CPs compete with the SE, and the parameters r, g, and A(r) for the instance
correspond to just this type of request. Let us assume that always ten pages
match a request (M = 10). Nine of those pages are served by third-party
CPs but one of them is served by the SE directly. Perhaps renumbering CPs,
we have that a; = 1, and as = ... = a9 = 0. In addition to the revenue
coming from Page 1, the SE also receives an expected revenue of § = 1 per
request from sponsored links. For ¢ = 1,...,10, R; and G; are all independent
random variables uniformly distributed over [0, 1], and CTR(%) = 6; as specified
in Table Those numbers were taken from the first table in [36], which
contains the observed relative numbers of clicks according to the position: the
actual CTRs should therefore be proportional to those numbers, and the value
of the multiplicative constant has no impact on our derivations (hence we take
it equal to 1). Finally, we set A(r) = r, and % to be the unit function.

The M pages are ranked by the SE by decreasing value of R; + pG;, for
the correct constant p > 0. Note that for i > 1, G; = 0 because a; = 0. To
illustrate the dependence on p, Figure shows the SE revenue Usg(p), as p
varies, as well as the relevance r(p), the revenue and the visit rate for CP 1
and for third-party CPs. All revenues are expressed as values per time unit. As
discussed earlier, the more p increases, the more the SE favors CP 1, decreasing
the overall relevance and increasing the visit rate to CP 1. The trade-off between
short-term revenue and number of visits tells the SE to choose p* ~ 0.55. Note
that the bias affects only CP 1 and that the relative positions of all other CPs
remain the same as in the neutral ranking. Consequently, the relevance r(p) is
only marginally affected by p in this case. If R; was stochastically much smaller
than the other R;’s (e.g., uniform over [0, €] for a small €), then the impact of
p would be larger. When p — oo, CP 1 is always ranked first, so the relevance
r(p) becomes

0 | < 0 o, (10—
r(00) = | 5+ D 0imElUno-] | = 5 +D_ 0115 ~ 0517,
i=1

i=1

where Uy, ...,Ugqy) are independent random variables uniformly distributed
over [0,1] sorted by increasing order (the order statistics), and the CP 1 visit
rate is 617 (c0) = 0.188.
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—_ - —— SE revenue Usg(p)

- - | ===-Relevance r(p)

---------- Revenue for CP 1

— - - Revenue for each third-party CP
0.4 -| | —— Visit rate for CP 1

—— Visit rate for each third-party CP

Figure 5.9: Performance measures as a function of the value p used in the
ranking (simulation results)

To assess the sensitivity of the SE strategy to advertising, we now examine
how results change for different values of (3, i.e., depending on the level of
advertisement revenues. This shows the tradeoff that the SE faces for different
types of requests. For search keywords related to, e.g., airline tickets, hotel
reservations, or retailer products, the SE may expect to make more profit by
showing its own content among organic links than through sponsored search
because requests of this kind may produce conversions, whereas for keywords
that are appealing in the sponsored search market the SE may try to make
the search as relevant as possible to boost that revenue stream. Figure
plots p* as [ varies while Figure plots the ensuing revenue for CP 1
and for each third-party CP. The curves shown in the figures were estimated by
simulation, using the iterative fixed-point method for p*, with a fixed sample size
of n = 107 at each step. When 3 grows, p* tends to zero, because the revenue
from sponsored links dominates, making it rewarding for the SE to improve
quality to attract more users. In conclusion, the impact of non-neutrality is small
because biasing the ranking only attracts limited additional revenue. Instead,
when £ is small, sponsored links do not pay off and it becomes worthwhile for
the SE to sacrifice relevance to some extent to boost revenue from gains of CP
1. In the extreme case when § = 0, we have p* = oo, so CP 1 is always placed at
the top regardless and the other CPs are sorted by decreasing order of relevance.
This gives an average revenue of 0.09619 for CP 1 and 0.01695 for any other CP
(even though all CPs have the same relevance and gain distributions). Although
not shown in the figure, we remark that Usg tends to grow linearly with 3, which
means that the increasing revenues of sponsored search dominate the possible
revenue coming from CP 1. To illustrate the impact of non-neutrality, Table [5.3]
reports the variations of the most relevant performance metrics when p = p* is
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3l . —CP1
----Each 3rd-party CP

2 | - .
*Q [ |

1 N | N
0 | - .

| \ | \ | |

0 5 10 0 5 10

B B
(a) Optimal p factor (b) CP revenues

Figure 5.10: Optimal p factor to use for the ranking, and corresponding CP
revenues per time unit as a function of the average advertisement revenue per
visit 8 (simulation results)

used instead of p = 0 (neutral ranking), for different values of 5. The table
illustrates that while the impact on the perceived quality (relevance) remains
small (around 10%), the impact on the visibility and the revenues of the SE-
owned CP is substantial: by being non-neutral, the SE can multiply the revenues
of its CP by a factor 2.8 and its visit rate by more than a factor of 3. On the
other hand, the other CPs see their revenues and visit rates reduced by 14% to
32%, a significant loss that is likely to affect their possibilities of being profitable
in the long term.

Finally, we explore the sensitivity of outcomes to the number of available
results. Figure plots p* as a function of M while Figure plots
revenues as a function of the number of matching pages M. We include curves
for both the neutral (p = 0) and non-neutral (p = p*) regimes to compare both
situations. As before, we estimate these values using the fixed-point algorithm
with n = 107 at each step. As M increases, p* increases too: The SE can give
more weight to CP 1 and increase its revenue while making less damage to the
relevance, because placing CP 1 higher has less impact on the overall relevance
when M is larger. As a result, the revenue of CP 1 when p = p* increases with
M, and so does the advantage of CP 1 over the other CPs. The loss of revenue
of the other CPs seems close to constant as a function of M.
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Table 5.3: Impacts of a non-neutral ranking for the scenario of Section

CpP1 other CP CP1 other CP
Relevance  revenue revenue  visit rate  visit rate
Neutral, p =0 0.635 0.028 0.0283 0.057 0.057
(reference case
optimal for 8 = 00)
Non-neutral, p = 0.618 0.066 0.0243 0.112 0.049
0.559
(optimal for 8 =1) (-3%) (+136%) (-14%) (+96%) (-14%)
Non-neutral, p = 0.592 0.084 0.0215 0.140 0.043
0.924
(optimal for 8 = .5) (-7%) (+200%)  (-24%)  (+146%)  (-25%)
Non-neutral, p = 0.568 0.093 0.0193 0.158 0.039
1.374
(optimal for g = (-11%) (+232%) (-32%) (+177%) (-32%)
.25)
0.5 - B
kY 04 S ——
03 B || —— CP 1 (non-neutral)
---- Other CPs (non-neutral)
---------- Any CP (neutral)
21 6 0 > 1 6 8 10
M M

(a) Optimal p factor

(b) CP revenues

Figure 5.11: Optimal p factor to use for the ranking, and corresponding CP
revenues per time unit as a function of M (simulation results)
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5.2.5 Vertical Integration and Investment

Ezxample 2. Continuing with the example of vertical integration, we now assume
that one of the nine third-party CPs, say CP 2, invests in quality and manages
to improve the relevance distribution. More specifically, we assume that when it
invests z > 0, the relevance of CP becomes uniformly distributed over [0, 1420z]
(instead of over [0,1]). The other parameters and distributions, including the
distribution of its gain Gg, are unchanged. Figures |5.12(a)| and [5.12(b)| show
simulation results when the SE ranks CPs according to R; + pé’i, for varying
values of p, and when z = 2. For a neutral ranking (p = 0), CP 2 logically
makes more revenue than the other CPs, since it regularly gets higher ranking.
However, when p increases and exceeds about 0.8, CP 1 becomes the one with
highest revenue, despite its (stochastically) lower relevance.

T T T T T
0.8} . 021 a
Tl \\ ‘
06 T | 0151\ :
A
0.4 - i\
0.1 ¢ \ -
N
02| . ~—
— 5-1072 | L :
ol — Tt e— e —
| | | | | | | | | |
0 2 4 6 8 0 2 4 6 8
P P
(a) Relevance and revenues (b) Visit rates
Revenue Usg(p) = CP 1 —— Other CPs
----Relevance r(p) —--CP 2

Figure 5.12: Average relevance, revenues and number of visits per time unit for
the case of vertical integration with investment

We now take the perspective of CP 2, and compute its optimal decision.
CP 2 invests z in quality to modify its relevance distribution to [0,1 4 20z],
anticipating that the SE is going to rank requests according to p*. (We assume
that the SE can learn the distribution of relevance of all CPs quickly.) Therefore,
CP 2’s profit equals the revenue from the search market minus z. To find the
optimal value of z we simulated the outcomes for z € [0,0.45]. Figures|5.13(a)|
and plot the resulting curves. In both figures, we see that differences
between neutral and non-neutral revenues are small, except for CP 1. This is
particularly true for CP 2. This means that, at least in this case, non-neutrality
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does not deter innovation. Actually, the optimal investment level under both
regimes coincide and is equal to z* = 0.025. Optimal profits, though, vary.
They are 0.037 for the neutral case and 0.0296 for the non-neutral one; see
Figure where we show CP 2 profits as a function of the investment z.

0.3 |- -
02 .
0.1 B
0 l— !
z z
(a) CP revenues (b) Visit rates
—— CP 1 (neutral case) - CP 2 (neutral case) —— Other CPs (neutral case)
----CP 1 (non-neutral case) —-- CP 2 (non-neutral case) Other CPs (non-neutral case)

Figure 5.13: Revenues and visit rates to various CPs as a function of CP 2
investment

The results for this model might prove useful to platform owners (search
engines, classified ads websites, online retailers) to navigate the tradeoff be-
tween short-term and long-term effects when defining their ranking strategies.
They can also be of interest to regulators, seeking to understand the behavior
of revenue-oriented platforms and to anticipate the impact of regulatory inter-
ventions, which is of particular importance with regard to the current search
neutrality debate.
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Figure 5.14: Profit per time unit as a function of CP 2 investment



Chapter 6

Conclusions and perspectives

6.1 A boundless research area

The Internet is an extremely complex ecosystem with enormous economic stakes,
involving a lot of actors with non-aligned objectives. The balance among those
actors, and in particular the consequences of their decisions on users and on
newcomer companies are very carefully considered by regulators, in order to
keep the Internet an innovation-fostering system, providing universal access to
users with a sufficient quality.

The current debate on Net Neutrality epitomizes that attention from regula-
tory bodies (and the highest political levels) on the management of the Internet.
The power equilibria among actors seem very sensitive to the (regulatory) con-
text, and are also very likely to be dramatically affected by some recent technical
changes in networks, when new functionalities enable new actors to enter the
market and/or endanger the survival of existing actors.

In that context, economic studies can be of great help to understand and pos-
sibly anticipate the impact of new rules or new technologies on the ecosystem.
Given the current speed of appearance of new services and technologies, there
is definitely room (and need!) for research on the economics of telecommunica-
tions. I hope that the few contributions presented in this document illustrate
this need, and the usefulness of such analyses.

From a scientific point of view, the telecommunication ecosystem is so com-
plex and rich that potentially all kinds of interactions can be found, and with the
flexibility offered by the transition to “virtualized systems”, new types of rela-
tionships among actors can even be imagined. Hence this field is an unbounded
playground for scientific studies, to build and analyze the most complex game-
theoretic models, design auction or regulation mechanisms (like the so-called
incentive auction for spectrum in the US, whose rules are being defined by
some of the most prominent economists in the world), or try to anticipate the
user behavior when faced with new choices.

There are many new topics worth developing, I am presenting here only two,

7
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but it is very likely that the coming months will witness more novelties in the
telecommunication world deserving careful economic studies.

6.2 Some perspectives

6.2.1 The role and impact of Content Delivery Networks

The term Content Delivery Network (CDN) refers to both an infrastructure
designed to deliver content at large scale over an underlying network, and the
economic actor providing that service. We focus on the economic actor.

CDN have a huge economic weight (the annual revenues of Akamai, the
CDN leading company, are over two billion dollars), and a growing impact on
the Internet ecosystem: i) CDN activities affect the traffic exchanged between
network providers, and consequently their economic relationships [61},/113]; i)
on many aspects (per-volume charging, connectivity service) CDN actors com-
pete with transit providers, which explains why some major transit network
operators such as Level 3 have shifted a fraction of their activities to CDN; and
i11) other actors in the value chain of content delivery have started developing
a CDN activity, including Internet Service Providers (ISPs), content providers,
and equipment vendors [17,[116]. This fast-moving and business-driven envir-
onment exacerbates the concerns among user and regulation communities re-
garding service quality and economic fairness, epitomized by the net neutrality
debate [33}66}74,/127].

The scientific literature provides models and analyses of the interactions
between content providers and ISPs in order to address network neutrality,
and sometimes to propose regulation remedies [5}/29,30,/40,(96], but the role
of CDNs is barely mentioned. To the best of our knowledge, the only official
report mentioning CDNs is from the Norwegian regulator [117]|, where it is
stated that “the ordinary use of CDN servers is not a breach of net neutrality”.
More generally, the performance analysis community has barely considered the
economics of CDN actors so far.

Currently, a few dominant players concentrate more than half of the Internet
traffic on the behalf of millions of service providers. We would like to study
the importance of CDNs in the ecosystem, with a particular focus on the net
neutrality debate.

Our goal is to explore CDN management policies in economic terms, in par-
ticular investigating the consequences on the net neutrality debate. We therefore
need to model the interplay between the aforementioned multiple parameters,
determine general policies for actors, analyze today’s CDN policies and fore-
see possible evolutions. The finding would then help interpret the activities of
CDN vis-a-vis the net neutrality debate and suggest possible regulation policies
to mitigate disorders (if any) that CDNs introduce in the global management
of the Internet.

We have started some preliminary work on those topics, by studying the
behavior of revenue-driven CDN operators, for which the strategic decisions
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are:

e Whose content to keep in the caches? Depending on the popularity of
content, the transit costs in the network, the prices that content providers
pays for the CDN service, and the cache capacity limits, the CDN has to
decide if at all to keep some piece of content or not in its caches.

e Where to cache the content? CDNs own a whole network of servers,
located at different distances from end-users. With tree-like topologies in
the last miles, the trade-off is between caching content close to users (for
better quality) and having it accessible to the largest number.

e How much to invest in cache capacities?

We are still investigating those questions in more and more complex (and re-
alistic) scenarios, and hope to obtain results yielding insights regarding how to
regulate (if any) the behavior of CDNs.

6.2.2 Software-Defined Networking: principles, opportu-
nities and threats for the Internet ecosystem

Software-Defined Networking (SDN) solutions consist in separating the network
control plan (e.g., making the routing decisions for some specific flows in the net-
work) from the data plan (the actual material performing the data transfers).
The behavior of the hardware components can then be modified and orches-
trated in a simplified way, through standardized protocols such as OpenFlow.
This allows a great flexibility: one can “build” a new network (based on existing
hardware and infrastructure) or upgrade it very rapidly (in the order of minutes
or seconds), compared to the extremely long delays to build new infrastructures
or topologies (weeks when only commercial agreements need to be settled, or
months when new physical communication lines have to be built).

From an economic point of view, the link between the network capacities
offered and the physical resources used becomes less clear (the physical frame-
work becoming transparent to the entity asking for some network service). As
a result, many pricing schemes based on resource usage (as the ones surveyed
in [31}[83L|123]) are harder to justify and should be redefined.

Moreover, the flexibility that SDN allows is very likely to strongly impact
the actors involved, for example by rendering competition much fiercer. The
resulting equilibria of forces may be totally different from what we currently
know: for example we intend to investigate whether the current trend —where
the market power of service/content providers increases at the expense of in-
frastructure providers— is likely to accelerate, or whether new types of actors
(e.g., the SDN service providers) can take a preponderant place in the market.
The impacts on the net neutrality debate are also worth considering.



80

CHAPTER 6. CONCLUSIONS AND PERSPECTIVES



Chapter 7

Bibliography

1

2]
13l

4]

5]

[6]

7]

18]

19]

H.Z. Aashtiani and T.L. Magnanti. Equilibria on a congested transporta-
tion network. SIAM Journal of Algebraic and Discrete Methods, 2:213—
226, 1981.

D. Acemoglu, K. Bimpikis, and A. Ozdaglar. Price and capacity compe-
tition. Games and Economic Behavior, 66:1-26, 2009.

T. Alpcan and T. Bagar. Network Security: A Decision and Game Theo-
retic Approach. Cambridge University Press, 2010.

E. Altman, V. Kamble, and H. Kameda. A Braess type paradox in power
control over interference channels. In Proceedings of Physicomnet, WiOpt,
Berlin, Germany, April 2008.

E. Altman, A. Legout, and Y. Xu. Network non-neutrality debate: An
economic analysis. In Proc. of Networking, pages 68-81, Barcelona, Spain,
May 2011. LNCS 6641, Springer Verlag.

A. Arlandis and E. Baranes. Interactions between network operators,
content producers and internet intermediaries: Empirical implications of
network neutrality. Intereconomics, 46(2), 2011.

D. Austin. How google finds your needle in the web’s haystack. American
Mathematical Society Feature Column, 10(12), 2006. http://www.ams.
org/samplings/feature-column/fcarc-pagerankl

K. Avrachenkov and N. Litvak. Decomposition of the Google PageRank
and Optimal Linking Strategy. Rapport de recherche RR-5101, INRIA,
2004.

D. Barth, J. Cohen, P. Maillé, and H. Pouyllau. Competition among
online-gaming service providers. In Proc. of International Conference on
NETwork Games, COntrol and OPtimization (NetGCoop), Paris, France,
2011.

81


http://www.ams.org/samplings/feature-column/fcarc-pagerank
http://www.ams.org/samplings/feature-column/fcarc-pagerank

82

[10]

[11]

[12]

[13]
[14]

[15]

[16]

[17]

(18]

[19]

[20]

21]

22]

CHAPTER 7. BIBLIOGRAPHY

M. Beckmann, C. B. McGuire, and C. B. Winsten. Studies in the eco-
nomics of transportation. Yale University Press, New Heaven, Connecti-
cut, 1956.

M. Ben-Akiva and S. Lerman. Discrete choice analysis. MIT Press,
Cambridge, MA, 1985.

P. Bergendorff, D. W. Hearn, and M. V. Ramana. Congestion toll pricing
of traffic networks. In P. M. Pardalos, D. W. Hearn, and W. W. Hager,
editors, Network Optimization, volume 450 of Lecture Notes in Economics
and Mathematical Systems, pages 51-71. Springer, Berlin, 1997.

D. P. Bertsekas. Convex Optimization Theory. Athena Scientific, 2009.

K. Bhawalkar, M. Gairing, and T. Roughgarden. Weighted congestion
games: Price of anarchy, universal worst-case examples, and tightness. In
Proc. of 18th European Symposium on Algorithms (ESA), Liverpool, UK,
2010.

S. Bistarelli, M. Dall’Aglio, and P. Peretti. Strategic games on defense
trees. In Proceedings of Jth Intl Workshop on Formal Aspects in Secu-
rity and Trust (FAST’06), LNCS 4691, pages 1-15, Hamilton, Ontario,
Canada, Aug 2006.

N. Bohacek, J. P. Hespanha, J. Lee, C. Lim, and K. Obraczka. Game
theoretic stochastic routing for fault tolerance and security in com-
puter networks. IEEE Transactions on Parallel and Distributed Systems,
18(9):1227-1240, Sept 2007.

V. Bonneau. Evolution of the CDN market. In CDN World Summit, 2010.

F. Boussion, P. Maillé, and B. Tuffin. Net neutrality debate: Impact
of competition among ISPs. In Proceedings of the Fourth International
Conference on COMmunication Systems and NETworkS (COMSNETS),
Bangalore, India, 2012.

S. Buehler, R. Dewenter, and J. Haucap. Mobile number portability in
Europe. Telecommunications Policy, 30(7):385-399, August 2006.

S. Caron, G. Kesidis, and E. Altman. Application neutrality and a paradox
of side payments. In Proceedings of the third International Workshop on
Re-Architecting the Internet (ReArch 2010), Philadelphia, USA, Nov 2010.

C. K. Chau and K. M. Sim. The price of anarchy for non-atomic conges-
tion games with symmetric cost maps and elastic demands. Operations
Research Letters, 31:327-334, 2003.

R. Cole, Y. Dodis, and T. Roughgarden. Pricing network edges for het-
erogeneous selfish users. 2003.



23]

24]

[25]

[26]

27]

(28]

[29]

[30]

31]

32]

[33]

[34]

[35]

83

R. Cole, Y. Dodis, and T. Roughgarden. How much can taxes help selfish
routing? Journal of Computer and System Sciences, 72(3):444-467, May
2006.

R. Cominetti, J. R. Correa, and N. E. Stier-Moses. The impact of
oligopolistic competition in networks. Operations Research, 57(6):1421—
1437, 2009.

J. R. Correa, A. S. Schulz, and N. Stier-Moses. A geometric approach to
the price of anarchy in nonatomic congestion games. Games and Economic
Behavior, 64(2):457-469, Nov 2008.

J. R. Correa, A. S. Schulz, and N. E. Stier-Moses. Selfish routing in
capacitated networks. Mathematics of Operations Research, 29(4):961—
976, 2004.

J. R. Correa, A. S. Schulz, and N. E. Stier-Moses. Fast, fair, and efficient
flows in networks. Operations Research, 55(2):215-225, 2007.

P. Coucheney, G. D’Acquisto, P. Maillé, M. Naldi, and B. Tuffin. Influence
of search neutrality on the economics of advertisement-financed content.
ACM Transactions on Internet Technology, 14(2-3), 2014.

P. Coucheney, P. Maill¢, and B. Tuffin. Impact of competition between
ISPs on the net neutrality debate. IFEE Transactions on Network and
Service Management, 10(4):425-433, 2013.

P. Coucheney, P. Maillé¢, and B. Tuffin. Network neutrality debate and
ISP inter-relations: Traffic exchange, revenue sharing, and disconnection
threat. Netnomics, 2015. in Press.

C. Courcoubetis and R. Weber. Pricing Communication Networks: Eco-
nomics, Technology and Modelling. Wiley & Sons, Inc., 2003.

M. Cremonini and D. Nizovtsev. Understanding and influencing attackers’
decisions: Implications for security investment strategies. In Proc. of 5th
Workshop on the Economics of Information Security (WEIS), Cambridge,
UK, 2006.

P. Crocioni. Net neutrality in Europe: Desperately seeking a market
failure. Telecommunications Policy, 35(1):1 — 11, 2011.

J. Crowcroft. Net neutrality: The technical side of the debate: A white
paper. ACM SIGCOMM Computer Communication Review, 7(1), January
2007.

G. D’Acquisto, P. Maillé, M. Naldi, and B. Tuffin. Impact on retail prices
of non-neutral wholesale prices for content providers. In Proc. of 8th Euro-
NF' Conference on Next Generation Internet (NGI), Karlskrona, Sweden,
2012.



84

[36]
37]

[38]

39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

CHAPTER 7. BIBLIOGRAPHY

R. Dejarnette. Click-through rate of top 10 search results in Google, 2012.

R. Edell and P. Varaiya. Providing internet access: What we learn from
index. IEEE Network, 13(5), 1999.

B. Edelman and B. Lockwood. Measuring bias in “organic” web search.
http://www.benedelman.org/searchbias/, Jan 2011.

Federal Communications Commission. Appropriate framework for broad-
band access to the internet over wireline facilities. Technical Report FCC
05-151, CC Docket No. 02-33, Sept 2005.

R. Frieden. Internet Packet Sniffing and its Impact on the Network
Neutrality Debate and the Balance of Power between Intellectual Prop-
erty Creators and Consumers. Technical report, SSRN, 2007. http:
//papers.ssrn.com/sol3/papers.cfm?abstract_id=995273|

D. Fudenberg and J. Tirole. Game Theory. MIT Press, Cambridge, Mas-
sachusetts, 1991.

V. Fux and P. Maillé. A rating-based network selection game in heteroge-
neous systems. In Proc. of 8th Euro-NF Conference on Next Generation
Internet (NGI), Karlskrona, Sweden, 2012.

V. Fux and P. Maillé. Incentivizing efficient load repartition in hetero-
geneous wireless networks with selfish delay-sensitive users. In Proc. of
8th International Workshop on Internet Charging and QoS Technologies,
Zurich, Switzerland, 2013.

V. Fux, P. Maillé, J.-M. Bonnin, and N. Kaci. Efficiency or fairness: man-
aging applications with different delay sensitivities in heterogeneous wire-
less networks. In Proc. of IEEE International Symposium on a World of
Wireless, Mobile and Multimedia Networks (WoWMoM), Madrid, Spain,
2013.

V. Fux, P. Maillé, and M. Cesana. Price competition between road side
units operators in vehicular networks. In Proc. of IFIP Networking, Trond-
heim, Norway, 2014.

A. Ganesh, D. Gunawardena, P. Jey, L. Massoulié¢, and J. Scott. Efficient
quarantining of scanning worms: Optimal detection and co-ordination. In
Proceedings of IEEE INFOCOM 2006, Barcelona, Spain, April 2006.

P. Hand, M. Chiang, R. Calderbank, and S. Rangan. Network rate allo-
cation with content provider participation. In Proceedings of INFOCOM,
pages 990-998, 2009.

W.A. Hanson and K. Kalyanam. Internet Marketing and E-Commerce. In-
ternational student edition. Thomson /South-Western, Mason, Ohio, 2007.


http://www.benedelman.org/searchbias/
http://papers.ssrn.com/sol3/papers.cfm?abstract_id=995273
http://papers.ssrn.com/sol3/papers.cfm?abstract_id=995273

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

85

D. A. Hyman and D. J. Franklyn. Search neutrality and search bias: An
empirical perspective on the impact of architecture and labeling. Illinois
Program in Law, Behavior and Social Science Paper No. LE13-24; Univ.
of San Francisco Law Research Paper No. 2013-15. Available at http:
//ssrn.com/abstract=2260942, May 2013.

Inria. Inria’s response to ARCEP consultation about network neutrality,
2012.

ITU. The world in 2014 - ict facts and figures. Available from http:
//www.itu.int/, 2014.

L. Jiang, V. Anantharam, and J. Walrand. Efficiency of selfish investments
in network security. In Proceedings of 3rd Workshop on the Economics of
Networks, Systems, and Computation, Seattle, WA, USA, Aug 2008.

R. Johari, G. Y. Weintraub, and B. Van Roy. Investment and market
structure in industries with congestion. Operations Research, 58(5):1303—
1317, 2010.

N. Kaci, P. Maill¢, and J.-M. Bonnin. Performance of wireless hetero-
geneous networks with always-best connected users. In Proc. of the 5th
Conference on Next Generation Internet Networks (NGI), Aveiro, Portu-
gal, 2009.

G. Karakostas, S. G. Kolliopoulos, and G. Stavros. Edge pricing of multi-
commodity networks for heterogeneous selfish users with elastic demands.
In Proceedings of 12th annual international conference on Computing and
Combinatorics, 2006.

George Karakostas and Stavros G. Kolliopoulos. Edge pricing of multicom-
modity networks for heterogeneous selfish users. In Proceedings of 45th An-
nual IEEE Symposium on Foundations of Computer Science (FOCS’04),
pages 268-276, 2004.

H.-S. Kim and C.-H. Yoon. Determinants of subscriber churn and cus-
tomer loyalty in the Korean mobile telephony market. Telecommunications
Policy, 28(9-10):751-765, 2004.

M. Kodialam and T. V. Lakshman. Detecting network intrusions via
sampling: A game theoretic approach. In Proceedings of IEEE INFOCOM,
2003.

Y. A. Korilis, A. A. Lazar, and A. Orda. Capacity allocation under non-
cooperative routing. IEEE Transactions on Automatic Control, 42(3),
1997.

E. Koutsoupias and C. Papadimitriou. Worst-case equilibria. In Proc
of 16th Annual Symposium on Theoretical Aspects of Computer Science
(STACS 1999), volume 1563 of Lecture Notes in Computer Science, pages
404-413, 1999.


http://ssrn.com/abstract=2260942
http://ssrn.com/abstract=2260942
http://www.itu.int/
http://www.itu.int/

86

[61]

[62]

(63]

[64]

[65]

(66]

(67]

(68]

(69]

[70]

[71]

[72]

CHAPTER 7. BIBLIOGRAPHY

A .M. Kovaks. Internet peering and transit. Technical report, Technology
Policy Institute, 2012.

B.  Krebs. I'll' take 2  Mastercards and a  Visa,
please. http://krebsonsecurity.com/2010/09/
ill-take-2-mastercards-and-a-visa-please/, Sept 2010.

M. Labbé, P. Marcotte, and G. Savard. A bilevel model of taxation
and its application to optimal highway pricing. Management Science,
44(12):1608-1622, 1998.

P. L’Ecuyer, P. Maillé, N. Stier-Moses, and B. Tuffin. Revenue-maximizing
rankings for online platforms with quality-sensitive consumers. https:
//hal.inria.fr/hal-00953790, 2014.

M. Lelarge and J. Bolot. Economic incentives to increase security in the
internet: The case for insurance. In Proc. of IEEE INFOCOM, Rio de
Janeiro, Brazil, 2009.

T.M. Lenard and R.J. May (Eds.). Net Neutrality or Net Neutering:
Should Broadband Internet Services be Regulated. Springer, 2006.

R. T. B. Ma, D.-M. Chiu, J. C. S. Lui, V. Misra, and D. Rubenstein.
Interconnecting eyeballs to content: A Shapley value perspective on isp
peering and settlement. In Proceedings of the International Workshop on
Economics of Networked Systems (NetEcon), pages 61-66, 2008.

R.T.B. Ma, D.-M. Chiu, J.C.S. Lui, V. Misra, and D. Rubenstein. On
cooperative settlement between content, transit and eyeball internet ser-
vice providers. In Proceedings of the ACM International Conference on
Emerging Networking EXperiments and Technologies (CoNEXT), 2008.

P. Maillé, E. Markakis, M. Naldi, G. Stamoulis, and B. Tuffin. Sponsored
search auctions: an overview of research with emphasis on game theoretic
aspects. FElectronic Commerce Research, 12:265-300, 2012.

P. Maillé, M. Naldi, and B. Tuffin. Competition for migrating customers: a
game-theoretic analysis in a regulated regime. In Proc. of IEEFE GLOBE-
COM, New Orleans, LA, USA, 2008.

P. Maillé, M. Naldi, and B. Tuffin. Price war with migrating customers. In
Proc. of 17th IEEE International Symposium on Modelling, Analysis and
Simulation of Computer and Telecommunication Systems (MASCOTS),
London, UK, 2009.

P. Maillé, M. Naldi, and B. Tuffin. Understanding and preventing tacit
collusion among telecommunication operators. In Proc. of NET-COOP,
Eindhoven, The Netherlands, 2009.


http://krebsonsecurity.com/2010/09/ill-take-2-mastercards-and-a-visa-please/
http://krebsonsecurity.com/2010/09/ill-take-2-mastercards-and-a-visa-please/
https://hal.inria.fr/hal-00953790
https://hal.inria.fr/hal-00953790

(73]

[74]

[75]

[76]

[77]

(78]

[79]

[80]

[81]

[82]

[83]

[84]

87

P. Maillé, P. Reichl, and B. Tuffin. Interplay between security providers,
consumers, and attackers: a weighted congestion game approach. In
Proc. of the 2nd Conference on Decision and Game Theory for Security
(GameSec 2011), College Park, MD, USA, 2011.

P. Maillé, P. Reichl, and B. Tuffin. Internet governance and economics
of network neutrality. In Antonis Antoniadis and Burkhard Stiller, edi-
tors, Telecommunications Economics - Selected Results of the COST Ac-
tion IS605 Econt@Tel, pages 108-116. Lecture Notes in Computer Science
7216, Springer Verlag, 2012.

P. Maillé and N. Stier-Moses. Eliciting coordination with rebates. Trans-
portation Science, 43(4):473-492, 20009.

P. Maillé and L. Toka. Managing a peer-to-peer data storage system in a
selfish society. IEEE JSAC, Special Issue on "Game Theory in Commu-
nication Systems”, 26(7):1295-1301, 2008.

P. Maillé and B. Tuffin. Analysis of price competition in a slotted resource
allocation game. In Proc. of IEEE INFOCOM, Phoenix, AZ, USA, 2008.

P. Maillé and B. Tuffin. Price war with partial spectrum sharing for
competitive wireless service providers. In Proc. of IEEFE GLOBECOM,
Honolulu, Hawaii, USA, 2009.

P. Maillé and B. Tuffin. Price war in heterogeneous wireless networks.
Computer Networks, 54(13):2281-2292, 2010.

P. Maillé and B. Tuffin. Adword auction bidding strategies of budget-
limited advertisers on competing search engines. In Proc. of the 7th Inter-
national Conference on Network and Service Management (CNSM 2011),
Paris, France, 2011.

P. Maillé and B. Tuffin. Sponsored search engines in competition: Adver-
tisers behavior and engines optimal ranking strategies. In Proc. of 19th
IEEE International Symposium on Modelling, Analysis and Simulation
of Computer and Telecommunication Systems (MASCOTS), Singapore,
2011.

P. Maillé and B. Tuffin. Competition among providers in loss networks.
Annals of Operations Research, Special Volume on Operations Research
and Systems (ALIO-INFORMS), 199:3-22, 2012.

P. Maillé¢ and B. Tuffin. Telecommunication Network Economics: From
Theory to Applications. Cambridge University Press, 2014.

P. Maillé, B. Tuffin, and P. Reichl. Of threats and costs: A game-theoretic
approach to security risk management. In N. Gulpinar, P. Harrison, and
B. Rustem, editors, Performance Models and Risk Management in Com-
munication Systems, volume 46, pages 33-54. Springer “Optimization and
Its Applications” series, 2010.



88

[85]

[86]

[87]

[88]

(89]

[90]

[91]

92]

93]

94]

[95]

96]

[97]
98]

CHAPTER 7. BIBLIOGRAPHY

P. Maillé, B. Tuffin, and J.-M. Vigne. Economics of technological games
among telecommunication service providers. In Proc. of IEEE GLOBE-
COM, Miami, FL, USA, 2010.

P. Maillé, B. Tuffin, and J.-M. Vigne. Technological investment games
among wireless telecommunications service providers. International Jour-
nal on Network Management - Special Issue: Economic Traffic Manage-
ment, 21(1):65-82, 2011.

P. Maillé, B. Tuffin, and J.-M. Vigne. Competition between wireless ser-
vice providers sharing a radio resource. In Proc. of 11th IFIP Networking
Conference, Prague, Czech Republic, 2012.

P. Marbach. Priority service and max-min fairness. In Proceedings of
IEEE INFOCOM, 2002.

M. Mavronicolas, I. Milchtaich, B. Monien, and K. Tiemann. Conges-
tion games with player-specific constants. In Proc. of 32nd International
Symposium on Mathematical Foundations of Computer Science (MFCS),
pages 633644, Cesky Krumlov, Czech Republic, 2007.

I. Milchtaich. Congestion games with player-specific payoftf functions.
Games and Economic Behavior, 13(1):111-124, Mar 1996.

I. Milchtaich. Weighted congestion games with separable preferences.
Games and Economic Behavior, 67(2):750-757, Nov 2009.

J. Musacchio, J. Walrand, and G. Schwartz. Network neutrality and
provider investment incentives. In Signals, Systems and Computers, 2007.
ACSSC 2007. Conference Record of the Forty-First Asilomar Conference
on, pages 1437 —1444, nov. 2007.

A. Nagurney. Supply Chain Network Economics: Dynamics of Prices,
Flows And Profits. Edward Elgar Publishing, 2006.

M. Naldi. A simple model for the effectiveness of delaying strategies
for telecommunications churn reduction. In Proceedings of 10th Interna-
tional Conference on Computer Modelling and Simulation (EUROSIM),
Cambridge, UK, 2008.

J. Nash. Two-person cooperative games. FEconometrica: Journal of the
Econometric Society, pages 128-140, 1953.

P. Njoroge, A. Ozdaglar, N. Stier-Moses, and G. Weintraub. Investment
in two sided markets and the net neutrality debate. Review of Network
FEconomics, 2014. Forthcoming.

J. R. Norris. Markov Chains. Cambridge University Press, 1998.

A. Odlyzko. The history of communications and its implications for the
Internet. Technical report, AT&T Labs, 2000.



199]

[100]
[101]
[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

89

BEUC The European Consumer’s Organization. Fair internet search -
remedies in google case. Position paper, available from www.beuc.org,
March 2013.

M. J. Osborne and A. Rubinstein. A Course in Game Theory. MIT Press,
1994.

G. Perakis. The “Price of Anarchy” under nonlinear and asymmetric costs.
Mathematics of Operations Research, 32(3):614—628, Aug 2007.

A. C. Pigou. The Economics of Welfare. Macmillan, 1920.

J. Qi, Y. Zhang, Y. Zhang, and S. Shi. Treelogit model for customer churn
prediction. In Proceedings of IEEE Asia-Pacific Conference on Services
Computing, pages 70-75, Washington, DC, USA, 2006.

P. Reichl, R. Schatz, and B. Tuffin. Logarithmic laws in service qual-
ity perception: Where microeconomics meets psychophysics and qual-
ity of experience. Telecommunication Systems, 2013. To appear, DOI:
10.1007/s11235-011-9503-7.

T. Roughgarden. The price of anarchy is independent of the network
topology. Journal of Computer and System Sciences, 67:341-364, 2003.

T. Roughgarden. Stackelberg scheduling strategies. SIAM Journal on
Computing, 33(2):332-350, 2004.

T. Roughgarden. Selfish Routing and the Price of Anarchy. MIT Press,
2005.

T. Roughgarden. On the severity of Braess’s paradox: Designing net-
works for selfish users is hard. Journal of Computer and System Sciences,
72(5):922-953, 2006. Special Issue on FOCS 2001.

T. Roughgarden and E. Tardos. How bad is selfish routing? Journal of
the ACM, 49(2):236-259, Mar 2002.

T. Roughgarden and E. Tardos. Bounding the inefficiency of equilibria in
nonatomic congestion games. Games and Economic Behavior, 47(2):389—
403, 2004.

W. H. Sandholm. Potential games with continuous player sets. Journal
of Economic Theory, 97(1):81-108, Mar 2001.

W. H. Sandholm. Large population potential games. Journal of Economic
Theory, 144(4):1710-1725, Jul 2009.

H. Saunders. IP interconnection: trends and emerging issues. http:
//berec.europa.eu/files/news/ofcom_ipic.pdf, 2012.


www.beuc.org
http://berec.europa.eu/files/news/ofcom_ipic.pdf
http://berec.europa.eu/files/news/ofcom_ipic.pdf

90

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

CHAPTER 7. BIBLIOGRAPHY

D. Schmeidler. Equilibrium points of nonatomic games. Journal of Sta-
tistical Physics, 7(4):295-300, 1973.

A. S. Schulz and N. E. Stier-Moses. Efficiency and fairness of system-
optimal routing with user constraints. Networks, 48(4):223-234, 2006.

B. Schwarz. Content delivery networks 3.0. Technical report, CTOiC
White paper, 2013.

F. Sorensen. The Norwegian model for net neutrality. http://is.gd/
HtQuuJ, 2013.

Symantec. State of Enterprise Security. http://www.symantec.com/
content/en/us/about/presskits/SES_report_Feb2010.pdf, Feb 2010.

K. T. Talluri and G. J. van Ryzin. The theory and practice of revenue
management. International series in operations research & management
science. Kluwer Academic Publ, Boston, MA, 2004.

L. Toka and P. Maillé. Managing a peer-to-peer backup system: Does im-
posed fairness socially outperform a revenue-driven monopoly? In Proc. of
the 4th International Workshop on Grid Economics and Business Models
(GECON), Rennes, France, 2007.

H.R. Varian. Position auctions. International Journal of Industrial Orga-

nization, 25(6):1163-1178, 2007.

H. von Stackelberg. Marktform und Gleichgewicht. Springer, Wein, 1934.
English translation: The Theory of the Market Economy, published in
1952 by Oxford University Press.

J. Walrand. Economic models of communication networks. In Z. Liu
and C. Xia, editors, Performance Modeling and Engineering, chapter 3.
Springer, 2008.

J. G. Wardrop. Some theoretical aspects of road traffic research. Proceed-
ings of the Institute of Civil Engineers, 1:325-378, 1952.

K. Wieland. The customer retention challenge. Telecommunications,

40(10):14-17, 2006.

J. D. Wright. Defining and measuring search bias: Some preliminary
evidence. George Mason Law & Economics Research Paper 12-14, George
Mason University School of Law, 2012.

T. Wu. Network neutrality, broadband discrimination. Journal of
Telecommunications and High Technology, 2003.

T. Zeller. Black market in stolen credit card data thrives on Internet. The
New York Times, Jun 2005.


http://is.gd/HtQuuJ
http://is.gd/HtQuuJ
http://www.symantec.com/content/en/us/about/presskits/SES_report_Feb2010.pdf
http://www.symantec.com/content/en/us/about/presskits/SES_report_Feb2010.pdf

Appendix A

Main publications evoked in
Chapter 2

91



92 APPENDIX A. MAIN PUBLICATIONS EVOKED IN CHAPTER 2



TRANSPORTATION SCIENCE

Vol. 43, No. 4, November 2009, pp. 473492
15SN 0041-1655 | E15SN 1526-5447 | 09 | 4304 | 0473

[llorms}

po110.1287/trsc.1090.0287
©2009 INFORMS

Eliciting Coordination with Rebates

Patrick Maillé

Institut Telecom, Telecom Bretagne, Université Européenne de Bretagne,
Cesson Sévigné, France, patrick.maille@telecom-bretagne.eu

Nicoléas E. Stier-Moses

Graduate School of Business, Columbia University, Uris Hall 418,
New York, New York 10027, stier@gsb.columbia.edu

his article considers a mechanism based on rebates that aims at reducing congestion in urban networks.

The framework helps select rebate levels so that enough commuters switch to modes that are under used.
Indeed, getting a relative small number of drivers to switch to public transportation can significantly improve
congestion. This mechanism is modeled by a Stackelberg game in which the transportation authority offers
rebates, and participants factor them into the costs of each mode. A new Wardrop equilibrium arises when
participants selfishly select one of the modes of transportation with the lowest updated costs. Rebate levels are
chosen taking into account not only the potential reduction of the participants’ cost, but also the cost of providing
those rebates. Part of the budget for rebates may come from the savings that arise from the more efficient use
of capacity. We characterize the Stackelberg equilibria of the game, and describe a polynomial-time algorithm to
compute the optimal rebates for each mode. In addition, we provide tight results on the worst-case inefficiency
of the resulting Wardrop equilibrium, measured by the so-called price of anarchy. Specifically, we describe the
tradeoff between the sensitivity of the owner towards rebate costs and the worst-case inefficiency of the system.

Key words: network pricing; subsidies as incentives; Wardrop equilibrium; Stackelberg games; price of anarchy

History: Received: September 2008; revision received: March 2009; accepted: April 2009. Published online in

Articles in Advance October 16, 2009.

1. Introduction

Congestion in most large cities in the world is preva-
lent. The Urban Mobility Study, a survey conducted
by the Texas Transportation Institute (Schrank and
Lomax 2007), estimated that the congestion bill related
to automobile traffic, in the U.S. alone, amounts to
$78.2 billion in 2005. This cost estimate is based on the
following two components: 4.2 billion hours of delay
that people lose to highway congestion plus 2.9 bil-
lion gallons worth of fuel. Given those figures, even a
small improvement in the efficiency of the road traffic
system implies that a large sum of money and time
could be saved. Furthermore, a recent study by the
(Partnership for New York City 2006, p. 3) concluded
that “traffic delays add to logistical, inventory, and
personnel costs that annually amount to an estimated
$1.9 billion in additional costs of doing business and
$4.6 billion in unrealized business revenue.”

In most urban transportation networks, commuters
do not have to pay the cost they impose to others by a
particular choice of mode and route. Because of these
under-payments, decisions—which are mostly influ-
enced by a desire to get to the destination as fast as
possible and as cheap as possible—lead to choices that
do not use the available capacity of the network well.
Because congestion increases sharply with road use,
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having relatively few drivers switch to other modes
significantly improves commute times. Starting with
the seminal idea of Vickrey (1955, 1969), many trans-
portation economists have advocated the use of con-
gestion pricing to achieve this goal. The scheme forces
drivers to pay a toll when entering congested areas
as an incentive to switch to other modes of trans-
portation (operational details differ according to the
concrete implementation). The underlying idea is to
charge drivers the externality they impose to others
because when commuters internalize these externali-
ties, the corresponding choices maximize the system
welfare.

Singapore introduced congestion pricing in 1975,
London in 2003 (Santos 2005; Santos and Fraser 2006),
and Stockholm in 2007. Increasingly, many large cities
have been debating whether a congestion pricing
scheme should be adopted, New York City being the
most prominent example in the United States. Never-
theless, it has been very hard to implement congestion
pricing because of technical, economical, and politi-
cal problems (e.g., the proposal in New York was not
implemented after the State Assembly blocked it in
2008). Even though proponents claim it will decrease
the delay costs generated by congestion, will curb
harmful emissions and will reduce the dependence
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on oil, the main concern that opponents raise comes
from the perspective of social equity. Opponents favor
other alternatives such as restricting some cars from
driving to congested areas on some days of the week,
increasing the taxes for parking, and offering incen-
tives for tele-commuting, among many others.

Introducing congestion pricing is not likely to have
a large impact among the better-positioned segment
of society. They will continue to drive because they
can afford to pay the corresponding charge. In con-
trast, the not-as-well positioned segment will be rel-
egated to the less desirable options because they
cannot afford to pay the tolls. Some articles suggest
different measures to alleviate problems of inequity
raised by this type of mechanisms (e.g., Starkie 1986;
Button and Verhoef 1998).

The most important practical questions are which
incentives to offer, at what level, how much they
will improve social welfare, and who will be affected.
Most cities that do use congestion pricing, use a
second-best approach because charging tolls on each
arc is not feasible or practical, even with electronic
toll collection systems.! Besides the implementation
cost, charging (potentially variable) tolls everywhere
makes it more complicated for the driver to select
a route. In the future, this may be less of a prob-
lem because the market penetration of route guidance
devices is likely to be larger, and it is technolog-
ically feasible that these devices receive broadcasts
with the current values of tolls. Most cities that have
adopted congestion pricing decided to charge a flat
daily fee that has to be paid on each day a driver
wants to access the central business district of the city.
Although a flat fee does not elicit the most efficient
choices, it is conducive to increase the social welfare.
Indeed, the high cost of the charge is enough to pro-
vide a detriment to some drivers who will switch
to other modes of transportation. Unfortunately, an
implementation of a congestion pricing scheme is not
likely to allow for much room for experimentation.
If not done right initially, expected benefits may not
be realized, thereby invalidating the whole effort and
potentially jeopardizing the political viability of a sec-
ond try. Quantitative models can be used upfront
to help policymakers make decisions and compare
proposals.

This article initiates the study of an approach that
complements congestion pricing. Although conges-
tion pricing considers only (positive) tolls, there is no
reason not to use negative tolls, which we refer to as

! Electronic toll collection systems—currently in use in cities that
implement congestion pricing and in many tolled highways—
eliminate the need to stop at a toll plaza. In general, these systems
have three components: a toll tag, which is placed inside the vehi-
cle; an overhead antenna, which reads the toll tag and collects the
toll; and video cameras to identify toll evaders.

rebates or subsidies. Often, the proceeds of conges-
tion pricing are used to fund improvements in pub-
lic transportation, but very rarely are they used to
reduce operating costs by subsidizing fares. On the
contrary, it has been documented that in some cases
public transportation fares increased after the intro-
duction of congestion pricing (Wichiensin, Bell, and
Yang 2007).

In the context of the debate around the introduction
of congestion pricing in New York City, Kheel (2008)
recently proposed to completely eliminate the fare for
public transportation by paying operating costs with
the congestion charges. His own words, “[t]his more
balanced plan will result in the equivalent of a $20
after-tax pay raise for every transit-using worker in
the city. Automobile drivers will benefit too, as traffic
is vastly reduced” (p. 4), capture why rebates provide
a more equitable solution than congestion pricing
alone. Because having no fare may or may not be opti-
mal from a system welfare perspective, we focus on
finding the optimal level of subsidies. We assume that
if congestion pricing is used, toll charges are already
fixed. Specifically, we concentrate on mode decisions
in the case of linear congestion costs and homoge-
neous demand. The main assumption of this article
is that a city can set apart some funds that it will
use to subsidize users of certain modes by offering a
rebate on part of the fare. As Kheel said, rebates go to
the population segment that selects the least-desirable
modes, thus compensating users that switched out
from their preferred choices. The fact that most pub-
lic transportation systems in the world are subsidized
provides anecdotal evidence that a mechanism based
on subsidies is easier to accept by the constituents
than congestion pricing. Well-chosen rebates lead to
more efficient choices. Less people will drive, con-
gestion will be reduced, and the total commute time
will decrease. Eventually, some of the benefits will
be transferred back to the provider of subsidies in
the form of additional taxes, reduced CO, emissions,
reduced health-care costs, etc. For example, operat-
ing expenses of companies that do deliveries will be
reduced, thereby improving their bottom line. The
additional taxes can be used to recover a fraction of
the money that was set aside initially.

Cities do not have unlimited resources and, thus,
cannot offer large rebates if they do not also imple-
ment congestion pricing. For that reason, we look at
the problem of finding rebates that maximize user
welfare, taking into account a limited budget. This
budget relates to the value placed on the reduction
of commute times. In the extreme case when com-
mute times are all that matters and the budget is
large, rebates will be set to make experienced costs
equal to zero. (Compare this to the costs experienced
by commuters under Kheel’s proposal, which are not
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zero because commuters still face the disutility aris-
ing from the time invested to complete the trip.) On
the other extreme, when the reduction in commute
time is not deemed important or when the budget for
rebates is small, rebates will not be offered and users
will experience the full cost arising from the time and
the fare or toll.

Even with optimal rebates, the coordination gener-
ated by this approach may not be enough to achieve
a significant increase in welfare. Henceforth, we
want to quantify the coordinating power of rebates.
Koutsoupias and Papadimitriou (1999) defined the
price of anarchy as the worst-case ratio of the social
welfare under a user equilibrium attained without
coordination to that with socially-optimal choices.
This indicator has been used to estimate the poten-
tial increase in welfare provided by a given mecha-
nism, and to gauge whether the opportunity cost is
large enough to outweigh the implementation cost
and justify its use. To answer this question, we com-
pare the total welfare generated by optimal rebates to
that when rebates are set to zero. We show that when
the budget is large enough, one can have a transporta-
tion pattern that is significantly more efficient than
the status quo.

Main Contributions and Structure of the Paper
Although others considered rebates implicitly (as neg-
ative taxes), to our knowledge, this is the first arti-
cle that formally studies the computation of optimal
rebates with the goal of coordinating a congestion
game. Our main contribution is a mechanism that
provides incentives for coordination that does not
penalize participants, but instead rewards those that
were worse-off without such a mechanism by offer-
ing them a rebate. Our social cost function explic-
itly considers the transfer payments to capture the
cost of providing rebates, and the mechanism aims
to minimize this more general expression of cost.
Instead, most of the earlier articles that studied the
coordinating power of tolls and taxes consider a
social cost equal to the sum of costs for all par-
ticipants, thus ignoring the costs and benefits of
payments because they are transfers that stay in
the system (see Beckmann, McGuire, and Winsten
1956; Bergendorff, Hearn, and Ramana 1997; Labbé,
Marcotte, and Savard 1998 for classical references;
Cole, Dodis, and Roughgarden 2006 is a notable ex-
ception that considers transfer payments as part of
the social cost).

We consider a Stackelberg game in which the sys-
tem owner (e.g., the city or the transportation author-
ity) is the leader and the participants are followers
(von Stackelberg 1934). In a first stage, the leader
offers rebates in each arc; in a second stage, partici-
pants selfishly select arcs that have minimal cost, tak-
ing rebates into consideration. Focusing on the modal

choice problem, we characterize the optimal rebates
in the case of affine cost functions and networks with
multiple arcs that connect two nodes (the alternative
modes of transportation are substitutes). Many exam-
ples of recent work in this area such as Engel, Fischer,
and Galetovic (2004), Xiao, Yang, and Han (2007),
Acemoglu and Ozdaglar (2007), and Wichiensin, Bell,
and Yang (2007), also consider this type of simple net-
works. Although Labbé, Marcotte, and Savard (1998)
present results for general networks, they do it for
a simplified model that ignores congestion effects,
which is an important feature of our model.

We first prove that if the system owner values the
perceived cost more than rebates, then an optimal
strategy for the leader is to refund each participant
the perceived cost at each arc under a system opti-
mal solution. When the system owner is more sensi-
tive to the investment in rebates than to the perceived
cost, it will offer rebates in the modes that are under-
used. We also establish an upper bound on the pro-
portion of participants that receive a positive rebate.
Using our characterization of Stackelberg equilibria,
we provide a polynomial-time algorithm that selects
the arcs where rebates should be offered, and com-
putes the optimal rebates for those arcs. This enables
us to derive an explicit formula for the resulting social
cost, from where we compute the price of anarchy,
expressed as a function of the predisposition of the
system owner to offer rebates. The main conclusion is
that when the system owner is willing to offer rebates,
the resulting solution has low social cost. Conversely,
when the system owner cannot afford to provide sig-
nificant rebates, the resulting outcome is close to a
Wardrop equilibrium.

This paper is organized as follows. First, we review
the literature in §2. In §3, we introduce the model and
the performance measures of interest. Section 4 offers
some results for general network topologies, while §5
focuses on instances with parallel arcs (substitutes)
and characterizes the optimal rebates. In §6, we com-
pute the price of anarchy for instances with affine cost
functions. Finally, we offer some concluding remarks
and open questions in §7.

2. Connections to the Literature

We work under the setting first described by Wardrop
(1952). The corresponding equilibrium concept has
been called a Wardrop equilibrium, which under mild
conditions coincides with a Nash equilibrium (Haurie
and Marcotte 1985). Although in some cases a system
may be better off without a coordination mechanism
because the overall implementation and operating
costs may outweigh the potential benefits, equilib-
ria have been found to be too inefficient in many
applications of interest. This makes it necessary to



476

Maillé and Stier-Moses: Eliciting Coordination with Rebates
Transportation Science 43(4), pp. 473-492, ©2009 INFORMS

coordinate participants to mitigate the adverse effects
of the misalignment of incentives. As imposing deci-
sions to users is not an option in most real-world
situations, equilibria can be improved by system
(re)design (Roughgarden 2006), by considering rout-
ing part of the flow preemptively (Korilis, Lazar, and
Orda 1995), or by using pricing mechanisms to cre-
ate incentives (Bergendorff, Hearn, and Ramana 1997;
Labbé, Marcotte, and Savard 1998). This article con-
siders the third approach.

Even before the work of Vickrey (1955), economists
such as Dupuit (1849), Pigou (1920), and Knight (1924)
proposed to use pricing so participants internalize
the externalities, defined as the additional cost they
impose to others. If implemented properly, this results
in equilibria that are efficient from a social welfare
perspective. For a complete treatment of network
pricing and many additional references, see, e.g., the
book by Yang and Huang (2005).

We study a mechanism based on rebates. Rebates
are used in logistics, supply chain management, and
marketing, with the objective of revenue maximiza-
tion as well as to create incentives for coordination
(Gerstner and Hess 1991; Ali, Jolson, and Darmon
1994; Taylor 2002; Chen, Li, and Simchi-Levi 2007).
We find the optimal rebates by solving a Stackelberg
equilibrium problem, which structurally is a math-
ematical program with equilibrium constraints (MPEC).
There are relatively standard optimization techniques
to compute solutions to this type of problems. For
a background on MPECs and solution methods, we
refer the interested reader to the book by Luo,
Pang, and Ralph (1996). One could get the opti-
mal rebates and the corresponding modal choices
from a Stackelberg equilibrium computed numeri-
cally; actually, computational studies are routinely
used to analyze congestion-charging systems. In our
case, though, finding the optimal rebates numerically
is not enough for our purposes because such an anal-
ysis does not provide the structure needed to under-
stand how much benefit the mechanism provides.

Recently, many authors have studied the maximum
efficiency-loss under an equilibrium, using social wel-
fare to measure the quality of solutions. Koutsoupias
and Papadimitriou (1999) defined the price of anar-
chy as the largest possible ratio of the social cost at
an equilibrium to the minimum attainable social cost
(the term itself was coined by Papadimitriou 2001).
Starting from the work of Roughgarden and Tardos
(2002), the price of anarchy in transportation networks
(the setting suggested by Wardrop 1952) has been
characterized by Roughgarden (2003), Correa, Schulz,
and Stier-Moses (2004), Chau and Sim (2003), and
Perakis (2007), who successively considered more gen-
eral assumptions. It turns out that equilibria of these

games are reasonably efficient; for example, when con-
gestion costs increase linearly with flow, the extra total
cost of an equilibrium does not exceed 33% more than
that of a system optimum. For other typical classes
of functions, the inefficiency is somewhat larger but
bounded. Nevertheless, for practical purposes these
inefficiencies are too high; even smaller improvements
translate to big savings for societies and governments
(recall the figures provided by the Urban Mobility
Study). Hence, some researchers looked for improved
measures of inefficiency (Friedman 2004; Qiu et al.
2006; Schulz and Stier-Moses 2006; Correa, Schulz,
and Stier-Moses 2008), while others focused on mech-
anisms to improve the inefficiency itself. Some ref-
erences that look at pricing mechanisms from the
perspective of the price of anarchy are Koutsou-
pias (2004), Karakostas and Kolliopoulos (2005), Cole,
Dodis, and Roughgarden (2006), Wichiensin, Bell, and
Yang (2007), Xiao, Yang, and Han (2007), and Yang,
Xu, and Heydecker (2009).

The study of the inefficiency of equilibria has
recently received increased attention from researchers
in various communities such as Transportation, Oper-
ations Research, Operations Management, Economics,
and Computer Science. Consequently, there is a grow-
ing amount of interdisciplinary literature on the price
of anarchy. For example, some additional references
in the application domains of telecommunication and
distribution networks are the articles by Johari and
Tsitsiklis (2004), Golany and Rothblum (2006), Perakis
and Roels (2007), Acemoglu and Ozdaglar (2007), and
Johari, Weintraub, and Van Roy (2009).

3. Description of the Model

In this section, we introduce the model and its neces-
sary notation. We consider the framework of network
games, originally introduced by Wardrop (1952) and
first analyzed formally by Beckmann, McGuire, and
Winsten (1956). An instance of our problem is given
by a network, cost functions, a system owner, and par-
ticipants. The network encodes the modal and route
choices, and the cost functions associated to each arc
model congestion and charges. The system owner
defines the level of rebates, and participants—who are
infinitesimally small—select a route from their origins
to their destinations with minimum cost.

The network is represented by a directed graph
(V, A), where V is a set of vertices and A is a set of
arcs. In general the graph may be arbitrary, but we
will concentrate on the case where A is a set of parallel
links that represent each of the modes. When possible,
we will present results for general graphs to allow for
route choice. For a total flow of x; in an arc i € A, the
cost of traversing it is ¢;(x;). Functions c;, referred to
as cost functions, are assumed to be affine on x; for the
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main results of this study. When possible, we will also
consider more general cost functions that are nonneg-
ative, nondecreasing, differentiable, and convex. Fur-
thermore, we assume that cost functions are separable,
meaning that the only argument of a cost function is
the flow along that arc.

As we described in the introduction, the most typi-
cal example of this model is given by a urban network
in which commuters have to decide between driv-
ing their cars, walking or taking one form of public
transportation. Cost functions encode commute time,
delays, and fares, all of which are assumed to be
expressed in monetary units, and indicate the over-
all equivalent cost perceived by users for traversing
a link. Although we do not explicitly model conges-
tion pricing, it can be partially incorporated in our
model by adding the corresponding charges to the
cost functions.

The system owner offers rebates to elicit coordina-
tion. We denote the rebate for arc i by s; > 0. As par-
ticipants will not be reimbursed more than their cost,
we restrict the actual reimbursement to not exceed
c;(x;). Hence, as the rebates are announced before par-
ticipants make their selections, participants receive a
rebate up to the cost of the arc. Indeed, the experi-
enced cost is

c; (x;) :=[ci(x)) — 5],

where [y]* denotes the positive part of y. Equiva-
lently, the actual rebate equals min(s;, ¢;(x;)). Collec-
tively, we denote the vector of all rebates with s € R%.

Each participant selects the arc in A that corre-
sponds to the mode of choice. For the results in
which we also consider route selection, participants
are associated with a pair of nodes, called an origin-
destination pair (OD-pair), and have to select a path
from their origins to their destinations. Let us denote
the set of OD-pairs by K, the demand corresponding
to OD-pair k € K by r;, and the total demand } ; x 7;
by r. In addition, we refer to all the possible paths
connecting an OD-pair k € K by %, and we let & :=
Ukex % For the mode-choice model, there is a single
OD pair that consists of the only two nodes.

We use flows to encode all participants” decisions,
as specific identities are irrelevant. A flow x is feasible
if it is nonnegative and it satisfies all demand con-
straints. Mathematically, this is represented by the set
{x e RY: Ypey, xp =1 for all k € K}. The flow on an
arc x; is given by the sum over the paths } p . po; Xp.

Competition leads participants from the same
OD-pair to select paths of cheapest equal cost
because otherwise they would have an incentive to
change their selection. This is the basis of the tra-
ditional solution concept called Wardrop equilibrium
(Wardrop 1952).

DerintTION 3.1. A flow x"E is a Wardrop equilib-
rium of a network game (without rebates) if it is fea-
sible, and for all k and all P, Q € %, such that x}'F > 0,
cp(x"F) < co(x"'F), where cp(x) 1= Y icp (%))

The previous definition provides us with a solution
concept that models the behavior of the second stage
players:

DEerINITION 3.2. If the system owner selects the
rebate vector s, participants select a solution x°, which
is a Wardrop equilibrium with respect to cost func-
tions [¢;(-) —s;]*.

For a given rebate vector s, the corresponding
Wardrop equilibrium x° always exists because the
modified cost functions [¢;(-) — s;]* are continuous
(Beckmann, McGuire, and Winsten 1956). In general,
the equilibrium x° need not be unique but if there
are more than one, the prevailing costs under differ-
ent equilibria are equal. Because any equilibrium can
arise in practice, we consider an arbitrary one.

We now focus on the best strategy for the system
owner. Because it is the leader of the Stackelberg game
and it fixes the rebates knowing that participants are
going to select a Wardrop equilibrium, its optimal
strategy is to select the vector s that minimizes the
social cost, defined as the sum of the costs of all par-
ties in the game (Mas-Colell, Whinston, and Green
1995). This objective function includes the perceived
cost experienced by each participant and the amount
the system owner invests in rebates. As the system
owner may be more sensitive to one of the terms than
to the other, we consider a parameter p > 0 that trans-
forms the rebate investment into social cost units. Sec-
tion 6.1 provides further justification for this choice of
social cost functions. (Note that we can alternatively
define the social cost as the sum of the real costs that
participants face by using a modified coefficient as
shown in (1b).)

DeriniTION 3.3. The strategy (s, x°) is a Stackelberg
equilibrium if the vector of rebates s minimizes the
social cost, defined as

C,(s):= Y xle(x)—s]" +pY ximin(c(x),s), (la)

ieA ieA

participants’ perceived cost cost of rebates

which can also be expressed as

2oxe(x)  +(p—1) ) xmin(c;(x7), s).  (1b)
icA icA

participants’ real cost cost of rebates

In this case, we refer to s as an optimal rebate vector.
The parameter p allows the system owner to con-
trol the tradeoff between the social cost of the solution
and its investment. Alternatively, it can be viewed as
the Lagrangian multiplier of the system owner’s bud-
get constraint. In fact, 1/p represents the investment
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the system owner is willing to commit to make the
participants” perceived cost decrease by one unit:

¢ p=1 corresponds to the situation in which the
system owner is only interested in minimizing
the participants’ real cost Y., x;c;(x;), regardless of
the rebate cost (see (1b)).

® p=+o0 corresponds to the situation in which the
system owner does not want to spend any money on
rebates. Here, the outcome will be a Wardrop equilib-
rium, as without rebates.

e Values of p <1 correspond to the case where the
network planner values the participants’ perceived
cost more than its own investments.

As we said in §2, the Stackelberg equilibrium can
be found by solving an MPEC. If the leader wants
to compute optimal rebates for a particular instance,
there are relatively standard optimization techniques
to solve this problem, even if more constraints are
added to the problem (e.g., restrict rebates to a subset
of arcs, or impose that rebates may not exceed mon-
etary charges such as tolls or fares). Instead, we will
work with the optimality conditions of this problem
to explicitly characterize the Stackelberg equilibrium.
This will allow us to design an efficient algorithm and
to find the worst-case inefficiency of the correspond-
ing equilibrium.

Not only do we want to compare the social cost
of different solutions with rebates, but we also want
to compare using rebates to not using them. There-
fore, another measure of interest is the participants’
real cost, represented by the objective function C(x) :=
Y ica Xici(x;). The following definition captures the sit-
uation when the system owner controls the whole
system.

DEFINITION 3.4. A flow x°© is a system optimum if
it is feasible and minimizes C(:).

The following proposition draws on the first-order
optimality conditions to the mathematical program
that defines a system optimum.

ProrosiTiON 3.5 (BECKMANN, MCGUIRE, AND
WINSTEN 1956). For instances with differentiable and
convex cost functions, a flow x°° is a system optimum if
and only if it is a Wardrop equilibrium with respect to the
modified cost functions cf(x;) := c;(x;) + x;ci(x;), where
ci(x) is the derivative of c;(x) with respect to x.

Note that if p > 1, the social cost of a Stackelberg
equilibrium (s, x°) satisfies

C(x%) = C,(s5) = C(x™). )]

The lower bound follows from (1b) because its sec-

ond term is nonnegative, and the upper bound comes
from the feasibility of s =0 because C(x"*) = C,(0).

3.1. Examples

In this section we introduce two concrete instances
that will be the running examples for the rest of the
article. These instances will be used to illustrate the
different concepts and calculations along the way.

INnsTANCE 1 (ROUGHGARDEN AND TARDOs 2002).
The first instance represents a competitive situation
first described by Pigou (1920). As illustrated in Fig-
ure 1, participants must select one of two avail-
able modes: the first is expensive but its cost is
not influenced by demand, while the second one is
cheap under low demand but becomes expensive if
it attracts many participants. This instance models a
decision that commuters make daily in many cities. A
person can use mass transit and experience an almost
constant but large commute time, or can drive to
(hopefully) experience a short commute while being
exposed to the possibility of congestion.

The total demand in this instance is equal to 1, com-
posed of an infinite number of price-taking users. The
Wardrop equilibrium routes all flow in the lower arc
because all participants take lowest-cost routes. Under
this solution, C(x"E) = 1. To exploit the effects of con-
gestion, the system optimum assigns half of the par-
ticipants to each mode, implying that C(x°) =3/4.

If p <1, the system owner will propose rebates
equal to (1,1/2), which is the vector of prevailing
costs under the system optimum. This results in an
equilibrium that matches the system optimum. Actu-
ally, §4.1 shows that, for arbitrary instances, rebates
lead to the system optimum when p <1 because expe-
rienced costs are zero. Let us now consider the case
p > 1. It does not make sense to offer a rebate in
both arcs because subtracting a constant everywhere
will not change the equilibrium. Therefore, the sys-
tem owner should only consider giving a rebate in
the upper arc (the lower one is always cheaper so
it should not be subsidized). Denoting this rebate by
s € [0, 1], the perceived cost on this arc equals 1 —s.
Therefore, the corresponding Wardrop equilibrium x°
is the flow that routes s units in the upper arc. After
some algebra, C,(s) =1—s+ps*. The minimum, which
provides the Stackelberg equilibrium, is s = 1/(2p)
and achieves a social cost of 1 —1/(4p).

Figure 1 Pigou’s Example
Note. Arcs are labeled with their cost functions.
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Figure 2 Running Example
Note. Arcs are labeled with their cost functions.

INsTANCE 2. The second network is similar to
Pigou’s but contains an extra mode. As depicted in
Figure 2, the three modes, numbered from 1 to 3
for simplicity, have cost functions equal to ¢;(x;) :=
(i — 1) + x;. At the Wardrop equilibrium, all partici-
pants select the first mode, and therefore C(x"F) =1.
The system optimum is given by the flow (3/4, 1/4, 0),
with total cost C(x5°) = 7/8. Finally, an optimal rebate
vector for p > 1 is s =(0,1/(2p),y), with 0 <y <
14 1/(4p). The corresponding Wardrop equilibrium
x*is (1 —1/(4p), 1/(4p),0), and its social cost equals
C,(s)=1—1/(8p).

3.2. An Application to Logistics

The framework that we consider can readily be used to
model competition in other settings such as telecom-
munication and distribution networks. This section
briefly comments on an application in the area of
logistics.

We consider a freight company that sends goods
across a network. The system owner models the corpo-
rate headquarters while participants model business
units that manage different markets. The system is
not controlled centrally; units make their own deci-
sions about how goods are transshipped across the
network, considering their individual costs. This net-
work is composed of resources, which may represent
different carriers that transport freight or facilities that
process it. Resources include sorting facilities, ware-
houses, flight legs, airports, ship routes, ports, canals,
etc. Some of those resources belong to the unit, others
belong to the company and are shared between units,
and some are controlled by third parties. Resources
that are not controlled directly by the unit will be
priced according to the laws of offer and demand.
Hence, competition for a resource will drive its price
up, which can be represented by cost functions (in this
case cost-demand curves). We assume that units are
not big enough to influence prices independently (i.e.,
they are price-taking).

Units select a set of resources to transship their
goods at minimum cost, and are rewarded by the

profits they generate? Cost-demand curves create
externalities between units, which is what causes
competition among them. If nothing is done, the sta-
ble situation would be an equilibrium among the
business units that is generally inefficient in terms of
the company’s total profit. Realizing the problem, the
company can compute the system optimum ignoring
the goals of the individual business units, and find the
rebates that it should offer for each resource. In this
way, the headquarters will be offering incentives that
help align business units into maximizing the com-
pany’s profits.

4. General Network Topologies

We start our study of the structural characteristics
of Stackelberg equilibria. In this section, we con-
sider general network topologies, with possibly sev-
eral OD-pairs. We start by considering the case of
the system owner assigning more value to the partic-
ipants’ perceived cost than to its own rebate invest-
ment, and characterize the optimal strategy when
setting the rebates. Later, we turn into the opposite
case and provide some properties that will be used to
characterize optimal rebates.

4.1. Small p

This section focuses on achieving a fully efficient coor-
dinated solution for the case of p <1 and networks
with arbitrary topology. As suggested in §3.1, let us
consider the rebate vector given by s; = ¢;(x?°) for all
i € A. With those rebates, the system optimum x5
is an equilibrium for the participants” game because
participants experience a cost equal to zero (which is
the absolute minimum because of the nonnegativity
of modified cost functions).

Beckmann, McGuire, and Winsten (1956) proved
that payments equal to marginal costs at the sys-
tem optimum also lead to a system optimum
(see Proposition 3.5); recalling that c/(x;) = c;(x;) +
x,ci(x;), this corresponds to negative rebates s; =
—x%9¢l(x3°). Moreover, any convex combination of
optimal transfers payments (tolls or rebates) is also
optimal (Bergendorff, Hearn, and Ramana 1997),
which implies that the set of transfers payments that
lead to system optimality is a polyhedron. We summa-
rize these claims in the following remark.

2All of the results valid for arbitrary networks are also valid in
the more general setting of nonatomic congestion games (Rosenthal
1973). In this case, business units will select one set of resources
from a list of feasible sets, without insisting that these sets have
to be paths. This more general competitive situation is called
nonatomic because participants are price taking, and a congestion
game because participants are anonymous and costs of resources
depend only on the number of participants selecting them.
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REMARK 4.1. When rebates equal
s =[(1 = K)c;(x°) = k(7O (x7)]iea

with 0 < k <1, a system optimal solution x*° is
at equilibrium. Here, positive values of s; repre-
sent rebates and negative values represent payments.
Moreover, if cost functions are strictly increasing, the
corresponding equilibrium x° is unique.

The next proposition shows that the previously-
mentioned rebates are optimal when cost functions
are strictly increasing. It turns out that this is the only
optimal vector and leads to a unique second-stage
equilibrium, which matches the system optimum.
If we only consider weakly increasing functions, then
a system optimum is always at equilibrium for that
rebate vector but there may be other equilibria. In that
case, though, an optimal rebate vector may not exist.

PROPOSITION 4.2. Assume that p <1 and that cost
functions are strictly increasing. For arbitrary net-
works, a Stackelberg equilibrium (s, x°) satisfies that s =
(c;(x%°));ea and x° = x5°. This equilibrium achieves a
social cost of C,(s) = pC(x*°).

Proor. Considering s as described in the proposi-
tion, let us prove that x° has to be equal to x°°. The
Stackelberg flow x° is a Wardrop equilibrium under
the modified cost functions. The variational inequal-
ity characterization of Wardrop equilibria (Smith 1979)
and the choice of s implies that for a feasible flow x,
Yiea(x; — x9)[c;(x8) — ¢;(x¥°)]T > 0. Because the opti-
mal flow x%© is feasible, we have Y, ,(x3° — x%) -
[c;(x5) — ¢;(x$9)]* > 0. The summands vanish on arcs
i such that x; < x$°, and are strictly negative on arcs
i for which x5 > x7°. Consequently, x§ < x{° for all i €
A, resulting in x° = x5° because x°° is a feasible flow
without cycles (because it minimizes the participants’
real cost and link cost functions are strictly increasing).
Evaluating the social cost, we compute that C,(s) =
pC(x%°).

Let us now show that this choice of s provides the
same social cost as an optimal rebate vector s*. Using
the nonnegativity of the first term of (la) and the
feasibility of s, respectively, p Y";c4 x5 min(c;(x5"), s7) <
C,(s*) < C,(s), from where ¥, , x{ min(c;(x{"), s7) <
C(x5°). Bounding each of the terms in (1b) separately,
C,(s") = C(x*°) + (p — 1)C(x*°) = pC(x*°), where we
used that x°° minimizes C(-) and that p < 1. Hence,
pC(x*°) is a lower bound for the optimal social
objective that is attained at s, which establishes the
proposition. O

4.2. Large p

In this section we consider that p > 1. For constant
cost functions, it is optimal to offer no rebates. Indeed,
when s =0, the participants’ real cost under a Nash
equilibrium equals that of a system optimum and the

cost of rebates is zero. Because both terms of (1b)
equal a lower bound, this choice of s is optimal for
the leader. Rebates are useful only in the presence of
congestion. (Note that we get to a similar conclusion
in the model of Labbé, Marcotte, and Savard 1998,
who assumed that there is no congestion and that the
leader is a revenue-maximizer.)

We will characterize the benefits of offering rebates
by studying the structure of Stackelberg equilibria. We
start by proving that under an optimal rebate vector
there is always at least one used arc with positive
experienced cost, and one used arc in which no rebate
is offered. We let .¥ C A be the set of arcs with positive
flow under the equilibrium, which we partition into
sets .7,, containing arcs with positive rebates, and .%,
containing arcs with no rebates.

DeriniTION 4.3. For a given rebate vector s, define
J:={ieAl|x;>0}=7,UY, where J,:={iceJ|s;>0}
and .¥,:={ie .7 |s;=0}.

Without loss of generality, we will sometimes
assume that rebates for arcs in A\.¥ are zero. Indeed,
if an unused arc has a positive rebate, it will still
be unused without the rebate. Consequently, the cor-
responding Wardrop equilibrium and all the aggre-
gate measures we considered do not change when the
rebate is removed. For example, for the Stackelberg
equilibrium of Instance 2, we have that .7, = {1} and
J,=1{2}. The third arc does not belong to .7 because
its flow is zero.

LEmMA 4.4. Assume that p > 1 and that all cost func-
tions are strictly increasing. For an arbitrary network,
if (s, x°) is a Stackelberg equilibrium, then there exists an
arc i € .F such that s; < ¢;(x?).

Proor. Assume that all perceived costs are zero,
ie, s; > c;(xj) for all i € .7. Without loss of general-
ity, it is enough that s; = ¢;(x}) for all those arcs. Then
the social cost equals C,(s) = pC(x*) > pC(x*°). As
stated in §4.1, the social cost pC(x°°) can be attained
with rebates (c;(x7°));.,. Since s was assumed to be
an optimal rebate vector, we must have that C(x°) =
C(x%°), from where we see that x° is a system opti-
mum. Because of Proposition 3.5, x° is at equilibrium
with respect to modified costs c;(x}) + x;cj(x}).

As perceived costs are zero and cost functions are
strictly increasing, s; > 0 for all i € .¥, or equivalently
Jo = @. Hence, there exists a small enough € > 0 such
that 5§ > 0, where

s — (e () + X)) ies,

0 i€ A\.J.

Under rebates 5 and flow x°, the perceived cost
on each arc is [c;(x]) — 5]t = e(c;(x}) + xici(x}))
for ie.¥. Similarly, [c;(x]) — 5] = ¢;(x]) > ec;(x}) =
€(c;(x) +xici(x7)) for i € A\.J. The last two equations
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imply that x° is at equilibrium under rebates 5, and
the perceived cost on each used arc is strictly posi-
tive. Finally, x° is the unique equilibrium under s since
the potential function F(x) := 3", 4 fox" [ci(z;)—5;]1 dz; is
convex in general, strictly convex in a vicinity of x° as
the cost functions are strictly increasing, and achieves
a minimum at x°. (We refer the reader to Beckmann,
McGuire, and Winsten 1956 for details on the char-
acterization of Wardrop equilibria with this type of
potential function.) Consequently,

C,5) = Y (xic () + (p — i)
icA
=G, (s) —€lp—1) }_x; (ci(x]) +xjc/(x})) < G, (s),
e T

which is a contradiction to the optimality of s. [

When we presented the examples in §3.1, we men-
tioned that it cannot be optimal to offer rebates in all
arcs. The next lemma generalizes this observation to
any network topology. It shows that, if all arcs are
used, then .7, is necessarily nonempty. In §5, we will
further generalize this lemma to instances in which
not all arcs are used, but under the restriction that
the network has parallel links. Notice that in the case
of a general network without the restriction that all
arcs are used, we do not know if .%, could be empty.
If such generalization were valid, Lemma 4.4 would
not be necessary because it would be implied by this
result. Indeed, because cost functions are nonnegative
and strictly increasing, any arc in .%;, would experi-
ence a positive cost because it is used and has no
rebate.

LeEMMA 4.5. Assume that p > 1 and that all cost func-
tions are strictly increasing. For an arbitrary network,
if (s, x°) is a Stackelberg equilibrium and all arcs are used,
then there exists an arc i € .F such that s; =0.

Proor. With the purpose of deriving a contradic-
tion, let us assume that s is an optimal vector of
rebates such that s; > 0 for all i € .. We will show that
we can decrease the rebates while maintaining the
same user equilibrium. Note that, unless the network
only consists of parallel links, subtracting a constant
from all rebates may change the user equilibrium
because it would make longer paths more attractive to
users. Instead, the proposed rebates are such that the
resulting perceived cost on all links is a multiple of
the original perceived costs. Let us therefore consider
new rebates 5= [c;(x}) — n[c;(x{) — s;]"];ca, Where

o)
=mm--——.
T G s T

The definition implies that § > 0 and Lemma 4.4
implies that 1 < oo, so the new rebates are well-
defined. The perceived cost for arc i under the new

rebates equals [c;(x}) — 5;]* = n[c;(x]) — 5;]7, meaning
that x° is also at equilibrium under 5. Furthermore,
as s > 0, we have that n > 1 and 5 <s. Hence, look-
ing at (1b), the participants’ real cost is unchanged,
whereas the cost of rebates strictly decreases because
5; =0 for the argument i achieving the minimum. This
contradicts the optimality of s. O

5. Networks with Parallel Links
Equipped with the structural results of the previous
section, we now embark in the design of an efficient
algorithm for computing Stackelberg equilibria. The
outline of the procedure described in this section is
as follows. First, we will partition arcs into those in
which rebates must be offered, those in which no
rebates must be offered and those that are not used in
an equilibrium. With this partition, we will compute
the actual rebates for the corresponding arcs.

We focus on networks in which participants have
to select exactly one out of many possible arcs.
This primarily models the mode choice problem but
one can also use it for other applications in which
users choose among substitutes. The network topol-
ogy that corresponds to this situation comprises
two nodes joined by several parallel arcs (see Fig-
ure 3). Networks with parallel arcs extend the clas-
sic two-route network introduced by Pigou (1920).
They have been widely used because of their rele-
vance to practical applications—such as transporta-
tion, telecommunication, scheduling, and resource
allocation problems—and because of their tractability
(see, e.g., Korilis, Lazar, and Orda 1995; Koutsoupias
and Papadimitriou 1999; Roughgarden 2004; Engel,
Fischer, and Galetovic 2004; de Palma and Picard
2006; de Palma, Kilani, and Lindsey 2007; Wichiensin,
Bell, and Yang 2007; Xiao, Yang, and Han 2007;
Acemoglu and Ozdaglar 2007; Johari, Weintraub, and
Van Roy 2009). Note that the restriction to simple
topologies seems necessary if we hope to find the
optimal rebates in polynomial time because Cole,
Dodis, and Roughgarden (2006) proved that finding

ci(x)

[

Cp(x)

Figure 3 A Network with Parallel Arcs
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optimal taxes in general networks with affine cost
functions is hard.® Finally, we only consider the case
of p > 1, because the optimal rebates for p <1 were
already found in §4.1. We can assume without loss of
generality that s; < ¢;(x), as it is never beneficial to
offer more.

Consider a Stackelberg equilibrium (s, x°) of an
instance in which cost functions are strictly increas-
ing. The equilibrium conditions imply that there is a
constant L, > 0 such that

L,=c(xj)—s; VieJ,

L,<c(0)—s; Vie A\J.

(3a)
(3b)

Moreover, Lemma 4.4 implies that Lp has to be strictly
positive. Hence, c;(x}) > s; for all i € A. For networks
with parallel arcs, then, we do not need to enforce the
constraint that the system owner cannot offer rebates
that are larger than the cost of arcs. In this case (1)
simplifies to C,(s) = X_;c4 X7 [c;(x}) + (p — 1)s;].

ReMARK 5.1. The positivity of L, also implies that
when cost functions are strictly increasing there
is a unique Wardrop equilibrium corresponding to
the optimal s because the potential function F(x) =
Yiea Jo'lei(z) — s;]t dz is strictly convex in a vicinity
of x°. Later, we shall prove that in this case the opti-
mal s is also unique.

Going back to the examples of §3.1, it is not hard to
check that L, for Instances 1 and 2 equals 1 —1/(2p)
and 1 —1/(4p), respectively.

5.1. General Cost Functions

We start with general cost functions and then, in the
next section, switch to the particular case of affine cost
functions. This section proves a result that will allow
us to decide for which arcs we must offer positive
rebates. To get there, we first have to present a series
of lemmas. The first one establishes that a rebate vec-
tor that is optimal for a given network is also optimal
when some unused arcs are taken out. In other words,
removing i € A\.7 does not affect the optimality of s.
Missing proofs are given in the appendix.

LemMa 5.2. Consider a network with parallel arcs and
an optimal rebate vector s. If | is an arc in A\.¥, then
the vector s with the entry corresponding to | removed is
optimal for a similar instance with arc | removed.

3 Cole, Dodis, and Roughgarden (2006, Theorem 6.2) prove that an
approximation algorithm with guarantee better than 4/3 — e cannot
exist unless P = NP. Although their reduction does not work for
our problem, we conjecture that finding the optimal rebates in a
general network with affine cost functions is also NP-hard because
of the similarity between their social cost function and (1b) (see
also §6.1). Another evidence in this direction is given by Labbé,
Marcotte, and Savard (1998), who prove that computing taxes and
rebates that maximize the leader’s profit is an NP-hard problem,
even when the network is not subject to congestion effects.

Notice that the previous lemma generalizes
Lemma 4.5 to an arbitrary instance with parallel arcs.
Indeed, Lemma 5.2 implies that an optimal rebate vec-
tor s is still optimal for the network consisting only of
arcs in .¥. Because that instance makes use of all arcs,
it must contain at least one arc without rebate.

In the following propositions, we derive necessary
conditions for a rebate vector s to be optimal. The
next proposition shows that the optimal rebates sat-
isfy the following equilibrium conditions: rebates are
offered only in arcs for which the expression c;(-) is
minimal. This is implied by the first-order optimality
conditions of the MPEC that characterizes the optimal
rebates. Contrast this to Proposition 3.5 that states that
in a system optimum, participants are assigned only to
arcs for which the expression c;(-) is minimal.

ProrosITION 5.3. Consider a mnetwork with parallel
arcs and strictly increasing and differentiable cost func-
tions, and let (s, x°) be a Stackelberg equilibrium. There
exists V, > 0 such that

V,=c;(x}) +xici(x]) VieJ,
V, <ci(xj) +xici(x;) Vie A\J,.

(4a)
(4b)

From (3a) and (4), we get that there exists a constant
D,:=2L,—V, such that

D,=c;(x}) —xjci(xj) —2s; VieJ,,

D, >c;(x}) — xjci(x;) —2s; Vie.J,.

(5a)
(5b)

The common perceived cost at equilibrium therefore
equals L, = (V, + D,)/2. Comparing the expressions,
it is clear that D, <L, < V,. For example, looking at
a Stackelberg equilibrium of Instance 2, the constants
are V,=1+1/(2p) and D,=1-1/p.

In the sequel, we will make extensive use of the
following definition to characterize and to compute
optimal rebates:

DEFINITION 5.4. For X C A,let K(X) := Y,y ci(xf) 7"
For the special case of an empty set, it is assumed that
K(2):=0.

The following technical lemma provides a formula
that will be useful later. Its proof considers another
feasible direction from the optimal rebate vector.

LemwMma 5.5. Consider a network with parallel arcs and
strictly increasing and differentiable cost functions. Letting
(s, x°) be a Stackelberg equilibrium, then

a5 ki) =T
¥ (xK)+ oK) = 2K @

ie7, ci(x7)

Using the previous results, we can characterize the
sets .%, and .7, which will allow us to compute the
optimal rebates.
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PrOPOSITION 5.6. Consider a mnetwork with parallel
arcs and strictly increasing and differentiable cost func-
tions. Letting (s, x°) be a Stackelberg equilibrium, for all
i € A we have that

i€y & D,=ci(x])—xici(x]), (7a)
ieA\J & V,=<c(0). (7b)

Proor. We start with (7a). The forward implication
is (6b). Conversely, consider i € A, and assume that
D, > ¢;(x{) —xjc;(x). If i € A\.7, then x} = 0 and ¢;(0) <
D, <L,, contradicting the Wardrop equilibrium con-
dition. If i € .%,, then (5a) implies that c;(x}) —xic/(x]) =
D,+2s; > D,, yielding a contradiction again.

The forward implication of (7b) follows from (4b).
Conversely, consider an i € A, and assume that V, <
c;(0). If i € %y, then ¢;(0) < L, < V,, which yields a con-
tradiction. If i € .¥, then (4a) implies that c;(0) < c;(x])+
xici(x;) =V,, which is again a contradiction. O

In other words, we have the following partition of
the arcs according to the expression c;(x;) — xjc;(x]):
considering i, € .%,, i, € .7, and j € A\.¥, we have

S

¢, (x;) —x; ¢ (7)) = D, < ¢ (x7) — x] ci (x7)

Ip Is s

<V, <¢(0). ®)

This characterizes which arcs are used naturally
because they are cheap, which arcs are used because
of the rebates offered, and which arcs are not
used, even having the possibility of offering rebates,
because they are too expensive. Of course, to use this
result constructively one would first need to know the
Stackelberg equilibrium. In the next section, we will
see how to work around that problem for affine cost
functions. Going back to Instance 2, one can see that
o (x]) —xjcy(x7) =0<D,=1-1/p < ¢,(x3) —x365(x3) =
1<V,=1+1/(2p) <c3(0) =2.

We can now use the, so far partial, characteriza-
tion of Stackelberg equilibria to determine how many
participants extract a benefit from the availability of
rebates in the network.

ProrosITION 5.7. Consider a mnetwork with parallel
arcs and strictly increasing and differentiable cost func-
tions, and let (s, x°) be a Stackelberg equilibrium. The pro-
portion of participants that receive a rebate is strictly lower
than 1/p.

Proor. Assume that .7, # @ because otherwise the
claim is obvious. Dividing (6) by K(.%,),

ro K(J(ZO) s Si s
p - K(5) Z (x" i c;(xf)) ZZYS ;
= K(5)(V, = L,) + X x;.

ie¥,

Therefore, » ;s x;/r =1/p — K(F)(V, = L,)/r <1/p,
as we wanted to show. O

As expected, there is a strong correlation between
how many participants respond to the incentive and
the gains in the social cost that arise from it. The pre-
vious bound turns out to be tight as demonstrated by
the following instance.

InsTaNCE 3. Consider a network similar to that
depicted in Figure 1 but with cost functions ¢;(x) =
1—-(1—-¢€)/p+ ax and c¢,(x) = x, where 0 <€ <1
and a > 0. Using results we will develop in §5.2,
we must have that %, = {2} and .7, = {1} (because
b, <L.,(1-1/p)=1-1/p <by <L.(1+1/p); see the
next section for the notation). Hence, the rebate s =
(e/(2p), 0) is optimal and the corresponding equilib-
rium is given by

s_( 2—¢€ _ 2-€ )
2010 20+ a)p)

The proportion of participants that receive positive
rebates is x;, which tends to 1/p as € and « tend to 0.

5.2. Affine Cost Functions

Having derived properties for general cost functions,
this section considers instances with affine cost func-
tions and explicitly provides expressions for the opti-
mal rebates. Instances with this type of cost func-
tions are rich enough for many congestion phenomena
to appear. For example, the well-known Braess para-
dox was initially formulated with affine cost functions
(Braess 1968). Even for applications in which cost func-
tions are more complex, an affine approximation can
already show evidence of first-order effects (Acemoglu
and Ozdaglar 2007; Johari, Weintraub, and Van Roy
2009). We denote the cost function on arc i € A by
¢;(x) =a;x+b,;, with a; > 0 and b; > 0. Without loss of
generality, we consider that arcs are sorted according
to b;, so we have that b; <b, <--- <by,. For ease of
notation, we let [i] := {1, ..., i}, and by 4,4 = +o0.

In the case of affine functions, we can simplify some
of the formulas we provided in previous sections.
For example, Definition 5.4 becomes K(X) =3 ;.x 1/4;
for X C A. Notice also that a consequence of (5) is
that D, > 0 and s; < b,;/2 for all i € .9,. Furthermore,
(8) allows us to partition the arcs into the sets .%,, .7,
and A\.7 as follows.

ProrosITION 5.8. Consider a mnetwork with parallel
arcs and affine cost functions. If we consider iy € %, i, €
Iy, and j € A\, then b <D, <b; <V, <b;.

The following lemma and theorem show that if we

know how the arcs are partitioned, we can compute
the optimal rebate values for all arcs.
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LemMmA 5.9. Consider a network with parallel arcs and
affine cost functions, and let (s, x°) be a Stackelberg equi-
librium. If rebates are beneficial (i.e., if .J, # &), then

1 <p—1 b,-)
D,= r—4+> =),
" K(%) P iez;/oﬂi
1 p+1 bi)
Vi=—0—|r——+)_ — )
P K(j)( p gﬂi

If .9, is known, making use of the previous lemma,
we can compute the optimal rebates using the rela-
tions that we developed in the previous section. This
result implies that, essentially, there is a unique opti-
mal rebate vector.

THEOREM 5.10. Consider a network with parallel arcs
and affine cost functions. Then, the optimal rebates must

satisfy that
b;—D,7"
Si - 2
for all i € J. Moreover, if this formula is used for all

arcs, the corresponding solution (s, x°) is a Stackelberg
equilibrium.

Proor. Consider an arc i € .¥. If i € ., then 5, =0
by definition and this agrees with the proposed for-
mula because of Proposition 5.8. If i € .7, then solving
for s; in (5a) also gives the proposed formula.

Now consider using the proposed formula for all
i € A. We must prove that each arc j € A\.7 is not
used under the corresponding Wardrop equilibrium.
Proposition 5.8 implies that b; > V,. Therefore, the
rebate computed by the theorem is positive and b; —
sj=(b;+D,)/2. We conclude that the experienced cost
when the flow is zero equals bj -5 > L o7 which means
that x; =0. O

Evidently, plugging the values into the expression
of the previous theorem for Examples 1 and 2 gives
us the rebates that we indicated in §3.1. What remains
to be done to finish the characterization of optimal
rebates is to find .%,, which will allow us to deter-
mine the value of D,. The following result provides
a characterization of the common cost experienced by
participants under a Stackelberg equilibrium. We will
use it to compute the values of D, and V,.

ProrosITION 5.11. Consider a network with parallel
arcs, affine cost functions, and total demand r > 0. For j €

A, define y(j, r):= (r + 3, (b;/a;))/K([j]). There exist
unique arcs iy, iy € A such that

(%a)
(9b)

bio = ‘Y(iO/ 7") < bi0+1r
b, <vy(iy,r)<b .

Moreover, y(iy, r) = y(iy, r) = L, where L, is the com-
mon cost experienced by participants under a Wardrop
equilibrium (without rebates).

Proor. Let us define i, :=max{i € A: b; <L_}, and
let x be the Wardrop equilibrium. From the defini-
tion, i, satisfies that b, <L, <b; ;. The equilibrium
condition implies that x; = (L., — b;)/a; for all i < i,.
Summing over that range we get that L = y(iy, r).
What is left to prove is that there is no other i,
that satisfies (9a). Hence, assume that there is another
index 170, and define ¥ equal to (y(fo, r) — b;)/a; for
i< fo and 0 otherwise. This flow is feasible because it
is nonnegative and its total demand equals r. Further-
more, it satisfies the Wardrop equilibrium conditions
with cost equal to y(iy, r) for all participants. Recall
that because cost functions are strictly increasing,
there exists a unique Wardrop equilibrium. Because
x and X are both at equilibrium, they must be equal.
This implies that y(iy, r) = y(i, 1), from where i, = i,
because of (9a).

A similar argument proves the existence of a unique
index i, :=max{i € A: b; < L} that satisfies (9b). We
highlight that i, and i, differ only when there is a
link i with b; =L, in which case iy >i;. O

Computing vy(i,r) for the different arcs in
Instance 2, we get that y(1,7)=r, y2,r)=(r+1)/2,
and y(3,7)=(r+3)/3. Then iy=1 when 0 <r <1,
ip=2when 1 <r <3, and i, =3 when r > 3. Similarly,
ii=1when0<r<1,i=2whenl<r<3,and i; =3
when r > 3.

In the sequel, we consider the function L (z) which
represents the perceived cost under a Wardrop equi-
librium (without rebates) when the total demand is z.
When we do not denote a demand explicitly, we
assume that the regular demand of r is used. It is
well known that the function L_(z) is nondecreas-
ing and continuous (Hall 1978). In addition, Proposi-
tion 5.11 implies that it is piecewise linear with slope
1/K([i]) when its value is between b; and b;, ;. There-
fore, it is a concave function. For an illustration, see
Figure 4 in the following section. Under our assump-
tions, L () is easy to compute using an incremental
loading algorithm.

Using the previous result, we can now express the
perceived cost of participants at the Stackelberg equi-
librium. In addition, the next proposition will clearly
identify the sets .%, and .7,. First, .%, = [iy], where
ip corresponds to the index introduced in Proposi-
tion 5.11 for a demand of r(1 — 1/p). The arcs with-
out rebates that are used in a Stackelberg equilibrium
coincide with those that are used under a Wardrop
equilibrium (without rebates) with a total demand of
r(1 —1/p) + ¢, for a sufficiently small € > 0. Likewise,
J =[i;], where i, is the index introduced in Propo-
sition 5.11 for a demand of r(1+ 1/p). The arcs used
under a Stackelberg equilibrium coincide with those
that are used under a Wardrop equilibrium with a
total demand of r(1+1/p).
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ProrosITION 5.12. Consider a network with parallel
arcs and affine cost functions, and a Stackelberg equilib-
rium (s, x°). If rebates are beneficial (i.e., if I, # &), then

-1 1
Dp:Loo<rp ) and Vp:Lm<rp+ )/
P p

and the perceived cost of each participant under x° is

1 1 1
D=L (r2=2) +1_(+2E2)).
P2 P P

Proor. From Proposition 5.8 and Lemma 5.9, we
know that there exist i,,7; € A such that %, = [i,],
F=[i1],

-1
b, < y(io, P ) <b,.y, and

+1
>§bi1+1‘

Hence, Proposition 5.11 implies the first two claims.
The third follows simply from the relation displayed
right after (5). O

Using the values of i, that we previously computed
for Instance 2, it is easy to see that L. () = r when
O<r<1,L (r)=(r+1)/2whenl1<r<3,and L _(r) =
(r +3)/3 when r > 3. Using this, D,=1-1/p, V, =
1+1/(2p), and L,=1-1/(4p) as expected.

Notice that Proposition 5.12 provides an explicit
way to compute D,. Hence, this value is unique and,
relying on Proposition 5.11, the vector of optimal
rebates is unique as well (disregarding that a rebate
for an arc I € A\.7 can take any value between 0 and
¢,(0) — L,, which does not count as multiple equilib-
ria because | is unused). Because there is a unique
Wardrop equilibrium for any given rebate vector such
that L, >0, the Stackelberg game has an essentially
unique solution. This means that any two different
Stackelberg equilibria will be undistinguishable from
a practical point of view because flows and costs
under both solutions will be equal.

The following proposition provides an easily verifi-
able condition to check whether rebates can help lower
the social cost in a specific instance. Note that when
the inequality does not hold, the formula must hold
with equality because of the concavity of L (7).

b, < y(il, rp

ProrosITION 5.13. Consider a network with paral-
lel arcs and affine cost functions. Rebates are beneficial

(ie., J,# @) if and only if

1 -1 1
_<Lm<rp >+Lm<r—p+ >><Lw.
2 p p

5.3. A Polynomial-Time Algorithm for Computing
Optimal Rebates

The results we have presented in the previous section
lead to a polynomial-time algorithm for finding the
optimal rebates. The following algorithm receives an
instance described by a network with parallel arcs,
affine cost functions, and a fixed demand as input,
and computes a Stackelberg equilibrium.

Algorithm

(1) Sort the arcs with respect to b; to cast the
instance into the form we considered.

(2) Compute the function L. (z) for the instance.

(3) Use Proposition 5.13 to decide whether rebates
need to be used.

(4) If rebates are not beneficial, we are done.

(5) Compute D, using Proposition 5.12.

(6) Finally, compute the rebate to offer in each arch
using Theorem 5.10.

Each of these steps requires a computation that
can be done in polynomial time. The bottleneck is
computing L. (z), which requires solving at most
|A| systems of linear equations to load the network
incrementally and compute the breakpoints of the
piecewise linear function.

At this point, it is convenient to discuss how to esti-
mate the information needed to create an instance in
practice. This estimation has been discussed at length
in the literature of transportation engineering (see,
e.g., Sheffi 1985). We provide a short overview. First,
one needs to list the modes and their costs as a func-
tion on the flows. Cost functions are calibrated from
historical information, taking into account how dif-
ferent modes operate. Overall, one needs to sum the
travel time and the fare or toll for the mode, which
can be converted to the same units by using the aver-
age value of time for the population. The latter can
usually be estimated from socioeconomic informa-
tion coming from census data. The demand can be
measured directly or may come from historical OD
matrices that can be calibrated using up-to-date traf-
fic counts. The most difficult parameter to estimate in
our model is p because it is hard to attach a dollar
figure to a reduction in the total cost experienced by
travelers. This estimation has been attempted by the
Partnership for New York City (2006), who measure
the economic impact of reducing traffic congestion.
Alternatively, one can compute the optimal rebates,
social costs, and total cost experienced by commuters,
as a function of p. This can be done easily because the
algorithm above runs fast enough to solve the prob-
lem for many different values of p. With this curve in
hand, one can look at the tradeoff between the bud-
get invested in rebates and the overall social benefit.
This can guide policymakers in selecting the optimal
rebates to be used in a concrete situation.
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6. The Benefits of Using Rebates

6.1. Coordination Mechanisms Based on

Transfer Payments

First, we introduce some measures derived from the
price of anarchy that will be useful to quantify the
quality of equilibria resulting from a coordination
mechanism. As we said in §2, Roughgarden and
Tardos (2002) were the first to measure the price of
anarchy in the network competition model introduced
by Wardrop (1952). They defined the coordination
ratio of an instance as

C(XWE)

@)’ o

and the price of anarchy as the supremum of (10)
among all Wardrop equilibria and all possible in-
stances (meaning all possible networks, demands, and
allowed cost functions). Note that this value is at least
1 and it can be interpreted as follows: if it is low, then
there is not much improvement to be expected from
the introduction of a coordination mechanism in the
game that was considered. On the other hand, a large
price of anarchy suggests that there is a potentially
large benefit to be made. For example, the coordina-
tion ratio of Pigou’s instance (Instance 1) is 4/3. The
following result establishes that this ratio is the largest
possible.

ProPOsITION 6.1 (ROUGHGARDEN AND TARDOS 2002).

The price of anarchy for instances with affine cost
functions is 4/3.

For quadratic, cubic, and quartic cost functions, the
price of anarchy is 1.626, 1.896, and 2.151, respectively
(Roughgarden 2003; Correa, Schulz, and Stier-Moses
2004). For a simple proof of these results we direct the
reader to Correa, Schulz, and Stier-Moses (2008).

Traditionally, the efficiency of a solution involv-
ing congestion pricing has been defined in terms
of the total cost C(-) because charges are transfer
payments that stay inside the system, or alterna-
tively by assuming that these payments can be redis-
tributed back to the users. For that social cost func-
tion, as Proposition 3.5 shows, charging users the
externalities they introduce produces a socially effi-
cient outcome. Some more recent articles look at
social cost functions that include a term correspond-
ing to taxation, similar to what we do in (1a). Under
these more general social cost functions, a system
owner may take a more holistic view, and not only
care about outcomes, but also about investments.
Cole, Dodis, and Roughgarden (2006) considered the
problem of finding the taxes 7 that minimize
YicaXi(ci(x;) + 7;), where x is a Wardrop equilib-
rium with respect to modified cost functions c(-) + 7.
Unfortunately, finding an optimal mechanism for this

social cost function is NP-hard for arbitrary instances.
Although they did not explicitly specialize their
results to networks with parallel arcs, a generaliza-
tion of the results of §5 can be used to compute opti-
mal payments in polynomial time (still considering a
general conversion factor p like in (la)). Karakostas
and Kolliopoulos (2005) extended the previous analy-
sis and found bounds for the social cost achieved by
an extension of the marginal taxation mechanism to
heterogeneous values-of-time. Under this setting, the
ratio of the social cost of an equilibrium to the solution
of minimum social cost with respect to the optimal
taxes is bounded with a smaller constant than that of
Proposition 6.1 and its generalizations. In addition, the
social cost is not too large compared to the minimum
possible total cost (without taxes).

One can use different variations of the concept of
the price of anarchy to quantify the power of a coor-
dination mechanism. We consider the two definitions
that are most interesting in our opinion. Both con-
sist of ratios of the same cost function under two dif-
ferent solutions, thereby not falling into the situation
of comparing apples and oranges. In addition, both
compare the outcome provided by the coordination
mechanism to a an upper or lower bound, depending
on the circumstances.

The first measure we consider is a straightforward
extension of (10). Indeed, to quantify the loss of effi-
ciency because of the limited coordinating power of
the system owner, we consider the ratio

C(x%)

)’ )

For example, looking at Instance 2, this ratio equals 1
for p<1and (8—2/p+1/p?)/7 for p > 1. Note that
although the previous ratio measures the quality of
a given solution (s, x°) for a fixed instance, our main
interest is on the supremum of the coordination ratio
of an arbitrary Stackelberg equilibrium over all pos-
sible instances, as it is done for the price of anar-
chy. Another option would have been to define the
price of anarchy as in (11) but using perceived costs,
as Cole, Dodis, and Roughgarden (2006) proposed for
their study of taxes in networks. Remark 6.5 shows
that the bound that can be obtained is the same as
that for (11).

Previous research has determined that the price
of anarchy is sometimes a pessimistic measure, as
can be expected from a general worst-case bound.
For example, Correa, Schulz, and Stier-Moses (2008)
proposed to restrict the analysis to instances with
fixed congestion loads to get more realistic estimates.
Another aspect of the previous definitions is that
they do not consider that in certain settings a system
optimum is unrealistic and cannot be implemented.
For example, Schulz and Stier-Moses (2006) proposed
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Figure 4 lllustration of the Decomposition of 2 (V, —D,)/p

to quantify the performance of a route guidance sys-
tem for vehicular traffic by comparing the solutions
with and without guidance instead of using a social
optimum.

To get a measure that is both less pessimistic and
more realistic, we consider that the best possible out-
come is what the system owner can enforce by set-
ting rebates correctly. Hence, we consider the ratio of
the social cost of a Wardrop equilibrium to that of
a Stackelberg equilibrium. Letting s be the optimal
rebate vector, this ratio is expressed as

G,(0)
G, (s)

C(XWE)
Cols) -

(12)

When p < 1, this quantity may be large because the
denominator of (12) can be arbitrary small. Instead,
when p > 1, the lower bound in (2) implies that
this ratio is less pessimistic (smaller) than (10). For
the examples provided before, we get that this ratio
equals 4p/(4p — 1) for Instance 1, while the coordi-
nation ratio displayed in (10) equals 4/3. The corre-
sponding values for Instance 2 are 8p/(8p — 1) and
8/7, respectively.

6.2. Computing the Price of Anarchy
Now that we have already characterized the optimal
rebates for a particular instance of the problem, we
are ready to analyze the performance of this coordina-
tion mechanism. We continue to work with networks
consisting of parallel arcs and affine cost functions.
We start by providing a bound between the unco-
ordinated solution (no rebates) and the Stackelberg
equilibrium. The case of p <1 follows from Proposi-
tion 4.2. Indeed, using Proposition 6.1, we have that
C,(0)/C,(s) = C(x"F)/(pC(x°)) < 4/(3p). This means
that the price of anarchy arising from (12) is 4/(3p)
for an arbitrary network with affine cost functions.
The case of p > 1 is more involved. We start by com-
puting the social cost of the Stackelberg equilibrium
making use of the relations developed in the previous
section.

LemMA 6.2. Consider a network with parallel arcs and
affine cost functions. For p > 1, the optimal social cost

equals (p/2) f:((lljll/p ’;) L (z)dz.

Proor. We rewrite the expression 2r(V, — D,)/p
using the graphical decomposition shown in Figure 4.
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Indeed, the area of the rectangle equals

(Vp_Dp)
2

(V, —b)?

+Z 2a;

i€ !

fﬁ“p@(@ D,)dz

1-1/p)
VP - bl)
i€, a;

D,)dz,

D
= PQ%—qmm

=2r/p
r(14+1/p)

_2zxs+f (L.(2) -

ic.¥, 1-1/p)

where we used the expression for xj in the proof of
Lemma 5.9, the expression for s; in Theorem 5.10, and
that (V, —b,)>=(V,—b,)(V,— D, +D, —b;). The term
with the brace equals 2r/p because of (17). After some
algebra,

xis; = = Ddz — (V. —D
(1+1/p) r

L_(z)dz——L,. 13

2/11/0 Ddz— L (13)

Consequently, the optimal social cost is

C,(s)=rL,+p) xis

ISV

r(1+1/p)

Loo(z) dz. O

CCTA (14)

THEOREM 6.3. Consider a network with parallel arcs
and affine cost functions. For p > 1, the unique Stackelberg
equilibrium (s, x°) satisfies that

G,(0) < 4p ‘
C,(s) ~4p-1

ProoF. Let us assume that .7, # @ because oth-
erwise the result is trivial. We need to compare
the cost C,(s) computed in the previous lemma to
rL(r). Since L. (z) is a positive and concave func-
tion, L, (z)/z is a nonincreasing function. Bounding
the integral from below as Figure 5 illustrates, we get

that
L0 d)-co-5)

as claimed. O

The previous result characterizes the tradeoff
between willingness to offer rebates and coordination
power of the mechanism. The corresponding bound is
tight, as Instance 1 demonstrates. (Note that the top-
most arc has a constant cost, but one can take that
cost equal to ax+1 for an arbitrarily small 2 and noth-
ing changes.) When the system owner’s willingness
to offer rebates is high (p is not much larger than 1),

C,(s) =

L(2)
NG e ——

3
B
3
el
E SL)
3 :
g p-1
Sl A A |

a 2p

P= 1 ; P 1 <

P p
Total demand
Figure 5  Illustration of the Bound for /""" [ _(2) dz

the optimal social cost is approximately equal to the
total cost under a system optimum; hence, the pre-
vious theorem provides a bound that is close to 4/3.
Here, recall that 4/3 is the price of anarchy when the
coordination mechanism can achieve a socially opti-
mal solution (Proposition 6.1). Not surprisingly, when
the willingness to offer rebates decreases (big p), the
previous theorem gives a bound that is close to 1
because the system owner cannot do much better than
in a Wardrop equilibrium.

Finally, we compute the worst-case ratio between
the participants’ real cost under a Stackelberg equilib-
rium and under a system optimum, as we proposed
in (11). In the case of p <1, the flow x*° is at equi-
librium (and it is the unique one for strictly increas-
ing cost functions, see §4.1), which implies that for an
arbitrary network with affine cost functions the mech-
anism coordinates the network. The following results
provide the bound corresponding to the case of p > 1.

THEOREM 6.4. Consider a network with parallel arcs
and affine cost functions. The Stackelberg equilibrium
(s, x°) described in the previous section satisfies that

C(x%) - 4p

C(x0) ~ 3p+1" (15

This bound is close to 1 for p &~ 1 because in that
case a Stackelberg equilibrium is similar to a system
optimum, and close to 4/3 when p is large because in
that case it is similar to a Wardrop equilibrium. As for
the previous bound, Theorem 6.4 provides the curve
that characterizes the tradeoff between willingness to
offer rebates and coordinating power. We highlight
that this bound is tight, which can be observed by
taking € =0 and letting o tend to 0 in Instance 3.

RemMARK 6.5. The bound provided by Theorem 6.4
is also valid if one takes the ratio of the partic-
ipants’ perceived cost in the Stackelberg equilib-
rium to that in the system optimum. This holds
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because Y, x{ [c;(x{) — s;]" < C(x*). Moreover, the same
instance as before shows that this bound is tight.

7. Conclusions

We have studied the possible improvement that can
stem from the use of rebates to coordinate an urban
transportation network. If a system owner can afford
to offer rebates and the system is highly congestible,
rebates can significantly lower the social cost, which
includes commute times and costs, as well as the cost
of providing the rebates themselves. The algorithm
we have presented can be used to determine opti-
mal subsidies for each mode of transportation. Subsi-
dies only affect a limited proportion of the demand,
implying that the cost of providing them will not be
exceedingly large. We have also estimated how much
improvement this coordination mechanism brings to
the system, as a function of the city’s sensitivity to the
cost of offering rebates. The coordinating power of a
rebate scheme increases as the owner’s sensitivity to
the rebate cost decreases.

Several questions related to this study remain
open. First and foremost, we have worked under the
assumption that an instance has parallel arcs and
affine cost functions. It would be interesting to gen-
eralize our results to more general instances. Another
interesting problem is to determine the computational
complexity of finding optimal rebates. Proving its
hardness would shed light into this problem and
would motivate the need to look for good heuris-
tics. For quadratic cost functions for example, optimal
rebates can be irrational numbers.* Hence, an opti-
mal rebate vector cannot be computed exactly in poly-
nomial time. Nevertheless, it would be interesting to
find a way to approximate it. Finally, another inter-
esting open question is whether optimal rebates are
unique in general. We have shown that this is true for
networks with parallel arcs and affine cost functions.

Our model has some limitations that we would
like to address in future research. On the one hand,
we plan to incorporate the possibility that the sys-
tem owner considers congestion pricing and rebates
at the same time. Such extension will be useful to
model systems in which both incentive mechanisms
co-exist to create a larger differential between the total
cost of driving and that of public transportation. On
the other hand, we also want to look at an hetero-
geneous population because the valuation of time is
user-dependent. This extension would allow a mod-
eler to look at more precise measures of equity among
commuters. Furthermore, it is important to consider

*For example, considering the instance shown in Figure 1 with
costs functions 1 and x?, and p =2, it is optimal to offer a rebate of
(11 — +/13)/18 for the arc with constant cost.

elastic demands because in practice some trips are
optional and will not happen if the price of trans-
portation is too high. The last element that would be
interesting to consider is a situation in which multiple
agencies in the government have to coordinate their
efforts and budgets to offer incentives to the pop-
ulation. Because each agency has its own goal and
agenda, they may not agree in the policy that should
be chosen.
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Appendix A. Proofs

A.l. Proof of Lemma 5.2

PrOOE. Let A:= A\{l} and § be the restriction of s to A.
Assume that § is not optimal for A, and let 5* be an opti-
mal rebate vector for that network. Then, C;/'(8*) < C;'(8) =
C;“(s), where the superscript represents the instance and
the equality holds because if no participant selects the
arc, it makes no difference whether the arc exists. Now,
we take the optimal rebate vector §* and extend it to
the original network by setting s := 0 and s} := 5 for
i € A. Because a situation like Braess’ paradox (1968) can-
not occur in networks with parallel arcs, the participants’
real cost at a Wardrop equilibrium decreases when link [ is
(re)introduced. Together with the fact that arc [ is not subsi-
dized, we have that C;'(s*) < C;'(5*), which contradicts the
optimality of s in the original instance. O

A.2. Proof of Proposition 5.3

Proor. Without loss of generality assume that s; = ¢;(0) —
L, for all i € A\.J . Consider two fixed arcs i € ., and j €
A. Since s; is strictly positive, it is possible to simultane-
ously reduce s; by a positive infinitesimal ds; and increase
s; so that the only effect is that some participants switch
from arc i to j. In other words, we have that dxj = —dx;,
where we denote an infinitesimal variation of a quantity
w by dw. By design, the perceived cost L, at equilibrium
remains the same. The local effect at the arcs in question is
d(c;(x7) —s;) =0 and d(c;(x7) — s;) = 0. Because s was opti-
mal, this modification cannot decrease the total rebate cost
Y ica Xis;, as it does not modify the total participants’ per-
ceived cost. This implies that d(x}s; + xjs;) > 0. Putting all
together,

dx; (xjci(x}) +s; — xjci(x]) — ;) = 0.

As dxj <0, we must have xjcj(x) +s; < xici(x]) +s;, and
adding ¢;(x}) —s; = ¢;(x7) —s;, we finally obtain that ¢;(x}) +
xjci(xf) < ¢ (x]?‘) —|—x;?c]’-(x]5-). We get the claim by letting i and j
vary. O
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A.3. Proof of Lemma 5.5
Proor. To ensure that the modification to the rebates we
are going to make does not change the sets .7, and .%,, we
first remove all unused arcs. Indeed, Lemma 5.2 proves that
if s is optimal for the original network, it is also optimal for
the instance containing the arcs in .¥ only. The proposition
is obvious for ., = @, so let us assume the opposite. We
consider adding or subtracting a common infinitesimal ds
to all rebates that are strictly positive. After modifying s the
outcome is still at equilibrium and all arcs are still used;
hence, differentials of perceived costs are equal for all arcs
in .¥. For a fixed i, € ., and a fixed i, € .%, # &, we have
that ¢; (x} )dx; —ds=cj (x])dx; and
¢ (x)dx; /(x) i T,
dx; =
ci, (3 )dx /ci(x7) 1€y
As the total demand does not change, we must have
that 0= 3", 5 dx;j = K(5,)c; (x] )dx; + K(Fp)c; (xj )dx; . After
some algebra, c| (x )dx; _dsK(YO)/K(Y) Fmally, let us con-
sider how the social cost changes.

6,9 = 4(r(e, (1) =5+ p X s

r(c, (x3)dx; —ds)+p ) (c (x; )dx;,

ieJs

(1o 5 i) 405 )

e s,)—Hc ds)

K(%) K(%) 5; s
= d. — $
S((K(f) 1)”’)1«3) Z (x;?)”g:xl)
_ P
= dsxe (- KUK T o S)“((j);x)'

The claim follows because the optimality of s implies that
dC,(s) = 0 for feasible directions ds >0 and ds <0. O

A.4. Proof of Lemma 5.9
PrOOF. On the one hand, (3a) and (4a), respectively,
imply that

V,+D,—2b;
2T T ey,
; 2a; ‘
X =
V,=b )
ieg,.
2a;

Since Y ;s x; =1, we have

\%
7"1<(j) =r— —K(JO + Z —+ Z o (16)
ie¥g a; ie. 70 i
On the other hand, (4a), (5a), and Lemma 5.5 1mply that
r "
~K(5) = 5" K(F)K(F) + (K(Fp) — K(5)) Z 5
P 2 ieJs Ll
- K(F)K(5),
and since .¥, # @,
\% D
LK(F) =~ — 4+ P2K(. 17
5 K = + Z 20, T 2 K() (17)

i€

Adding and subtracting (16) and (17) yield the claim. O

A.5. Proof of Proposition 5.13
PRrROOF. Rebates are beneficial only if the social cost of a
Stackelberg equilibrium is lower than that of the Wardrop
equilibrium. In that case, L, <L, and, hence, the strict
inequality of the claim holds because of Proposition 5.12.
We now focus on the reverse implication. Assuming that
the inequality in the hypothesis holds, there exists an i € A

such that
-1 1
L, <YL> <b; <L, <rp+ > .
p p

Proposition 5.8 implies that if i € A\.¥ then b; > V,, and if
i € 9, then b; < D,. Therefore, i € .5, which is consequently
nonempty. O

A.6. Proof of Theorem 6.4
First, we express the cost of the system optimum as a func-
tion of L, to be able to relate it to a Stackelberg equilibrium.

LemMA A.l. For networks with parallel arcs and affine cost
functions, the minimal value of the participants’ real cost is

1 2r
C%) =3 /70 L.(z)d=.

ProoF. Proposition 3.5 implies that there exists a constant
L50 > 0 such that

L =2ax° +b; Vist x°>0,
L0 < b, Vist xiSO =0.
Proceeding as in Stackelberg equilibrium case, x¥° =
[LSC — bi]+/(2a,~).solf we let %0 := max{i € A: b, < L0}, we
have that r=31"; (L® —b;)/(24;). Hence,

SO

_ +]Z; ]>

([11501) <

Since bso < L° < bso_, Proposition 5.11 implies that L5° =

L. (2r). Then

C(xSO) — IX:x]SO (Lw(Zr) _ w>
j=1

(L. (2r) = b)?

211]-

rL.(2r) —%X;
j

Finally, using a similar decomposition as in Figure 4, it can
be shown that

2 L_(2r) — b))
2L = [ L@+ ¥ L0 =b)"
z=0 ieAib<Lo(2r) 2a,

The claim follows from the last two equations. O
Now we are ready to offer the proof of Theorem 6.4.
Proor. Equations (1b), (13), and (14) imply that

r(14+1/p)

1 ! L. (2)dz.

Zxc(xs)—r +§

icA

(18)

r(1-1/p)



Maillé and Stier-Moses: Eliciting Coordination with Rebates
Transportation Science 43(4), pp. 473-492, ©2009 INFORMS

491

L.(2)
PELY e
Lw(r p )
i | SRS

- Lm(r p )

o

Q

-

2

5

s -1 +1
59 A(p+1)/p) o=l (rp )

L.(2)d w| I

2 /rup—l)/p) SO P P
Q

5}

fn

,"r/p_le(rp_1>
S 2p P
0 L A Y 2r %
p P
Total demand

Figure A.1 lllustration of the Bound for C(x5°)

From Lemma A.1, the concavity of L_,, and decomposing the
area under the curve as Figure A.1 illustrates, we have that

~1D -1 r(141/p)
2C(x%0) > rp——"—krp—vp—f—/ L.(2)dz
2 p r(1-1/p)
L ~1D
=2y we () —rP =t
i€eA 2
1L
> 2Y g (x)) — P
i€eA 2
~1
> C(xs)<2— L),
2p

where the second, third, and fourth lines hold because
of (18), D, <L,, and rL, <3, xjc;(x{), respectively. [
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Abstract—Almost all modern mobile devices are equipped with
a number of various wireless interfaces simultaneously, so that
each user is free to select between several types of wireless
networks. This opportunity raises a number of challenges, since
in general selfish choices do not lead to a globally efficient
repartition of users over networks. The most popular approach
in this context is to charge an extra tax for connecting to
overloaded networks, thus incentivizing users to choose less
congested alternatives.

In this paper we apply that idea to a system where several
networks with a common coverage area coexist. Moreover we as-
sume that users —or the applications they use— are heterogeneous
in their sensitivity to the congestion-varying Quality-of-Service
(QoS). We show the technical and computational feasibility of
computing taxes leading to a globally optimal outcome for any
number of networks and application types (QoS-sensitivities),
hence generalizing the results from previous works.

I. INTRODUCTION

Wireless networks technologies such as 3G, WiFi (IEEE
802.11 a/b/g/n/ac), or LTE, are becoming more and more
crucial and widespread. Each technology has its own advan-
tages and drawbacks, in terms of throughput, geographic area
covered, energy consumption, etc. Moreover, recent mobile
terminals are equipped with a number of different network
interfaces, offering the possibility to connect through different
technologies to a variety of networks concurrently. Wireless
network users can then switch from one network to another,
for example using the IEEE 802.21 standard [7].

Switching between networks implementing different tech-
nologies is referred to as vertical handover. We expect that
one of the major objectives in future generations of mobile
networks would be to find a solution for the vertical handover
decision, satisfying both mobile users and providers. Indeed,
allowing each user to select at any time its most suitable
wireless network, i.e., to be always-best-connected [10], could
cause the overload of some technologies and the under-
utilization of others. This is due to user selfishness: users
ignore the negative consequences of their actions on others
when making their choices, which can lead to inefficient
situations. In order to cope with that problem and profit

from the diversity of technologies, operators have to improve
resource management.

A number of recent papers in the transportation science
literature addressed that same problem (see [4], [8], [12]).
They discuss the introduction of incentive tools, interpreted
as taxes, which could influence user choices towards a more
efficient situation. In this paper, we focus on applying that
idea to a situation when we need to influence user’s choices
between several wireless heterogeneous networks. Due to the
specificity of the wireless framework, our problem can be
modeled as a routing game simpler than the general ones
studied in [4], [8], [12], which allows us to reach analytical
results.

II. RELATED WORK

Various works in the literature investigate how the selfish
behavior of users in networks can be regulated through in-
centive tools, such as taxation or penalties. The idea being
that users select the cheapest path from their position to their
destination node in the network, taking into account the cost
(latency, or delay, that is sensitive to congestion) of the paths
but also possibly some additional (monetary) costs imposed
by the network manager. So that a proper definition of the
tax levels influences user choices. In the homogeneous case,
i.e., when all users have the same sensitivity to the taxation,
Beckmann et al. [2] showed that the so-called Pigovian taxes—
applied on each link, and computed using the derivative of the
cost functions of the links—produce a minimum-latency (delay)
traffic routing (see [18]). In [11], Pigovian taxes are also used
to influence user preferences, and induce a repartition of flows
among the available access networks that optimizes the overall
network performance.

Reference [4] considers the case when users may perceive
differently the relative costs of delay and taxes. The authors
were the first to study this setting, for a situation when all
users have the same source and destination, with any network
topology in between. For that scenario, it is shown that there
exist taxes so that the resulting user flow minimizes the
average latency. Those results have been generalized to the
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multicommodity setting (i.e., several source-destination pairs)
n [12], [13]. A constructive proof is given to show that taxes
inducing the minimum average latency multicommodity flow
exist for both the cases of elastic (i.e., cost-dependent) and
nonelastic demands.

In the articles evoked above, users are sensitive to the
latency caused by congestion; however there are several papers
where other congestion-dependent costs are considered. In [3],
three different cost functions are proposed: two of them depend
both on the interference level and the transmission rate, and
the third one depends only on the interference level. In [17]
users are supposed to have information about the geographical
locations and current loads of network access points, and are
able to move between the coverage areas of different networks.
Thus users face a trade-off between the load level of their
current access point and the distance they have to travel.
In both works, the authors take into account only the user
behavior, i.e., mobile users select the access network selfishly,
hence a noncooperative game. The interaction between mobile
users and the operator is not considered there, while in the
current paper we consider the impact of the operator’s actions
(the incentives).

A totally different approach is to seek for an optimal user
admission policy in a network, through SMDPs (Semi Markov
Decision Processes). This approach is applied to the problem
of global expected throughput maximization with the help
of a central controller (taking admission decisions) in [5],
[6], [14]. The methods consider that the user arrival process
and the time spent in the network are known stochastically.
An admission policy maximizing total throughput can then
be derived. However, the presence of an authority making
decisions instead of users could be perceived negatively. In
our model, users make their own choices, the operator’s
intervention consisting only in adding incentives.

III. MODEL AND PROBLEM FORMULATION

We consider a system with n heterogeneous wireless net-
works covering the same area. This model is a generalization
of the one in [9] where only two networks and two user (or
application) classes were considered. The users situated in the
common coverage area of these networks seek for an Internet
connection. We assume that they could easily handover from
one network to another, thus choosing at every moment the
most suitable one. Users select which network to connect to
based on the QoS they experience and on the prices charged
by the network owner. We investigate how users make their
decisions, what is the outcome of these decisions, how far
that outcome is from the optimum situation from the point
of view of the network owner, and, finally, how the network
owner could stimulate users to act efficiently.

A typical application case of our approach is that of network
off-loading, with the objective to reach the most efficient load
balance between indoor and outdoor coverage technologies.
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A. Mathematical formulation

We identify all parameters related to a specific network %
through the use of the lower index ;, for 1 < ¢ < n. Each
network ¢ has a QoS-related cost function ¢;(f;) that we will
call the latency function, where f; is the flow (cumulated
throughput) on network ¢. All networks are owned by the same
provider, which is aiming to minimize some cost function and
could influence users behavior through charging a tax 7; on
each network 1.

We assume a total user demand D coming from users’
applications. Since QoS requirements can vary depending on
the applications used and on user preferences, the trade-offs
between QoS and monetary cost shall differ, which we model
through the sensitivity to the monetary cost (or equivalently,
the ratio of the price sensitivity to the latency sensitivity). We
can represent this variability by considering price sensitivities
of users and price sensitivities of applications, so that each pair
(userapplication) would lead to a specific sensitivity value.
Assuming a finite number of application types and of user
types, we would have a finite number of overall sensitivities.
To simplify notations, without loss of generality we will treat
a user running q applications with different requirements as
q separate users, each one running one application. Therefore
from now on we only evoke users, each one having a given
price sensitivity. This simplification can be done because the
interactions among flows from a single user are negligible
due to a non-atomicity assumption explained below: no user
can improve his utility by coordinating his own flows, so we
can treat those flows as being issued by distinguished (non-
cooperating) users.

We consider m classes of users, implying that users from
the same class have the same price sensitivity value. We write
all the parameters related to class j with the upper index 7,
1 < j < m; users in class j have tax sensitivity o/ >0 and
the total demand from class-j users is denoted by d?, so that
S & = D.

We assume that the cost perceived by a class-j user con-
nected to network ¢ is a combination of QoS (through the
latency function) and price

CI(f) = ti(fi) + i, (D

and that every user seeks for a connection which minimizes
this cost. The following assumption specifies the type of
latency functions we use in our model:

Assumption A: Each network ¢ has a capacity c¢;, and a
load-sensitive latency function corresponding to the mean
sojourn time in an M/M/1 queue:

ey = f)Th i fi<a,
Gi(fi) = ~ i > e 2

with f; the total flow on network i.
With this type of latency function we also have to assume

that D < Y7 | ¢;, in other words the aggregated capacity
is enough to treat all demand. We assume that the provider



owning all considered networks is interested in minimizing
the social cost (or total cost) expressed as:

C(f) = Zfi&(fi)a 3)
i=1

where f = (f1,..., fn) is the flow distribution vector, with
S, fi = D. That cost corresponds to the aggregated
latencies undergone by users.

B. Routing game interpretation

Assuming that only radio links incur QoS-related costs (i.e.,
latency), the setting described above could be seen as a routing
problem, with a common source for all users, represented by
the common coverage area of the networks, and one common
destination (the Internet). Each user forwards his flow through
one of n routes, which are the n networks, with a routing cost
equal to the cost in (1), as depicted in Figure 1. When users
selected their route, their interactions form a noncooperative
routing game.

01(f1) +adm

@:{)dl,...,dm

En(fn) + Oéj'rn

Fig. 1. Logic representation of the network selection problem as a routing
problem: the perceived cost on each route i depends on the load f; and the
tax 7, but also on the user type j through the sensitivity aJ.

In this paper we assume that users are non-atomic [1], i.e.,
the individual impact of each player on the network loads is
negligible. Those games have been extensively studied since
the seminal work of Wardrop [19]. In particular, for our routing
game there are theoretical results proving the existence of
optimal taxes, i.e., taxes driving the system to a situation with
minimum social cost [12]. For the specific latency functions
considered in this paper, we find an analytical expression for
those optimal taxes.

Note that our model does not include network attachment
costs: adding such costs (possibly different among networks)
would affect the attachment decisions of users but also pos-
sibly deter them from performing vertical handovers during
the connection (due to varying network conditions over time).
Such considerations are left for future work.

C. The case of several providers

In this paper we consider that all networks are owned and
controlled by the same entity, that we call the provider. The
objective for the provider here is to make the best use of the
network resource, in the sense of the aggregated user cost
of Equation (3). Hence the provider is not directly driven
by revenue, the taxes imposed on network are only used as
incentives to reach the best flow repartition.

Considering several providers managing the different net-
works would totally change the paradigm, since those
providers would compete to attract customers and make rev-
enue, and would use taxes for that purpose. We would then
have a non-cooperative game played among providers deciding
their tax levels, and anticipating user reactions when making
those decisions. Such situations of competing providers have
been studied in [15] with cost functions similar to ours, but
with few positive analytical results: even the existence of a
Nash equilibrium of the tax-setting game is not guaranteed.
However, if such an equilibrium exists, it can reasonably be
expected to benefit to users (a general property of competition)
with respect to a case where a single entity controls all
networks and sets prices to maximize revenue (not the case
treated here).

The case when several providers perfectly cooperate to
optimize network usage would be equivalent to the one-
provider case. However there are some in-between situations,
where providers may partially compete and cooperate: for
example they may have roaming agreements, or may have to
share the capacity of their access networks. Those aspects are
partially treated in [16] but would deserve more attention.

IV. USER EQUILIBRIUM AND OPTIMAL SITUATIONS

In this section we define the user equilibrium of the routing
game, and compare the equilibrium without taxes to an optimal
situation from the point of view of social cost (3). To simplify
notations, we assume without loss of generality that:

Assumption B:

eca>c>...2c¢c

2) al<a?<...<a™

A. User equilibrium

When users act selfishly, each one choosing a network
minimizing his individual cost (1), then the game has an
equilibrium, i.e., a situation such that no user can reduce his
cost by a route change. We call that situation user equilibrium
or Wardrop equilibrium, and it is characterized by Wardrop’s
principle [19].

Definition 1: A Wardrop equilibrium is a flow repartition

. J >0 V’L, .
f = (f)1<i<ni<j<m , such that { 53 ;Zr-il g v J
and such that -

Vi,i/,j flj >O:>€,-(fi)+ozj7'i gé,;/(f,y)+aj7-,;/, “)
with f; = >, f7. The quantity f7 represents the flow from
class-j users that is routed through network i (recall that d’
is the total flow of class-j users).

In other words, at a Wardrop equilibrium, the cost of each
used route is lower (for the users taking that route) than the
cost of any other.

B. User equilibrium without taxes

Consider the case when the provider does not charge taxes
for using his networks (or equivalently all taxes are the same),
and thus users make their choices without any intervention
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from the provider. Then the flows at a Wardrop equilibrium

have the form stated in the following proposition.
Proposition 1: Under Assumptions A and B, at a Wardrop

equilibrium fWE with no taxes being applied, we have:

szézl cqtte; o
c <
1 = t rost 5)
0 otherwise,
where 1 < ¢ < n is the maximum index for which
t
D= ci+te >0, (6)
i=1

and represents the number of used networks.

The proof comes quite directly from Definition 1, since
without taxes all users should perceive the same cost on all
used routes. The proof details are omitted due to lack of space.

Proposition 1 provides a way to compute the equilibrium
flows (in a time linear in the number n of flows).

C. Optimal situation

In this section we investigate the optimum situation, which
we later intend to reach by introducing appropriate taxes.
An optimal flow assignment fP = (f™, ..., f7"') which
minimizes social cost (3) is the solution of the following
mathematical program:

min > fili(f:) (7
f1ysfn Py

{Zz 1f1_ (8)

fi=>0, fori=1,.

Note that this problem does not distinguish among user
classes, it only involves aggregate flows on each network. With
the specific latency functions (2) we can express the optimal
flows analytically.

Proposition 2: Optimal flows (f;™),<i<, minimizing (3)
are unique and given by:

CL(Z;C: c;—D) e
fppt _Ja- \FZ;?‘:;\/@ - if ¢ <k, ©)
' 0 otherwise,

where 1 < k < n is the maximum index for which
Kk
vV Ci(ijl ¢j — D)
C; — A Z 0.
Zj:l Vi

Proof: We apply the following result from [2]:

Lemma 1 (Beckmann et al., 1956): For any non-atomic
routing game with latency functions (¢;), the optimal flows
minimizing social cost (3) correspond to the Wardrop
equilibrium flows of a modified game where latency functions
are

(10)

G(fi) = 4(fi) + fili(fi). (11)

Therefore, applying the equilibrium conditions (4) there exists
H > 0 such that for all 7,1 < ¢ < n:

fopt > 0= £ (fopt) + fOptE/(fOpl) _ H7
FP=0= G + G = 6(0) > H.

With our latency functions (2), we immediately remark that

12)

1
f*>0e — <H,

i

13)

thus from Assumption B there exists £ (the number of used

networks at the optimal situation) such that ( f°pt >0&1<
k). From (12) we get
ffpl:ci—\/a,izl,...7k, (14)

VH
and the condition El L [ = D yields H = (2”7&\@19))_

Plugging that last expression into (14) gives (5), while plug-
ging it into (13) leads to the characterization (10) for k. H

Similarly to Proposition 1 for equilibrium flows, Proposi-
tion 2 implicitly defines a linear-time algorithm to compute
optimal (i.e., globally cost-minimizing) flows. Note that to
compute optimal (as well as equilibrium) flows we only need
to know the network capacities (ci)lg,; <n and the total demand
D, that do not depend on any characteristics of user classes.

V. ELICITING OPTIMAL USER-NETWORK ASSOCIATIONS
WITH TAXES

To reduce the total cost the provider has to give an incentive
to some users to switch networks, so as to provide higher
QoS to the majority of users and lower QoS to some others,
instead of providing the same QoS to everyone (what we get
at the Wardrop equilibrium without taxes). Here the provider
introduces special taxes, such that the flow assignment in the
Wardrop equilibrium induced by these taxes is the optimum
flow assignment. Previous works (see [4]) ensure that those
taxes exist, and the following lemma will help to compute
them.

Lemma 2: Under Assumptions A and B, optimal taxes are
such that 4 > 7 > ... > 75, where k is the number
of networks used (i.e., networks with positive flows) at the
optimal situation. For networks i > k, it is sufficient to have
Ti 2> Tk

Proof: Let us first consider used networks, i.e. networks
1,...,k. From Lemma 1, for ¢,7’ < k we have
Ci Ci/

= = K2
(Ci - inpl)Q

(cir = fi7)?
for some constant K.

Suppose that 7; < 741 for some ¢ < k, and that those taxes
lead to an equilibrium coinciding with the optimal situation.
Then for a class of users j choosing network 7 + 1, we have
from the equilibrium conditions

5)

€z+1(fz+1) +ad i <L) + ol
hence £(f%) < £(f™).

(2



But 4;(f™) = 1/(c; — f{*) = K/ /c; from (15), therefore

3 K2

since ¢; > c;41 we have ((fT)) > ¢(f™), a contradiction.
Now, we consider networks k41, ..., n, which do not carry

any flow in the optimal situation: no user should prefer one

of those networks to their current one. In particular, denoting

by j a class sending flow to network k& under optimal taxes,

we must have

G(0) + ol > O (FP) + o, Vi=k+1,...,n,
thus
o )~ 4(0)

T > - + 71, Vi=k+1,...,n. (16)

o

But from (12) we have ¢4 (f™) — £;(0) < 0, therefore taking

T; > T, 1s sufficient to ensure that (16) holds, i.e., that

networks ¢ = k + 1,...,n are not chosen by users. [ |
Now we provide a method to calculate the optimal taxes:

Proposition 3: Under Assumptions A and B, the following

taxes are optimal:

G — €i+1(f;£t1)

a’i

Ti+1 = T + y (17)

for i =1,...,n — 1, with 77 taken arbitrarily, and with

i J
&Fmﬁfzmgzw}
r=1 qg=1

For networks used at the optimal situation (networks with
fio Pt 0), the index s; represents the class with maximum
sensitivity among those sending flow to network i.

Proof: For a network ¢ with positive optimal flow, we
define a® and o™ as respectively the maximum and
minimum sensitivities among classes sending some flow to
network ¢ (i.e., classes j such that f{ > 0). Then the Wardrop
equilibrium conditions for classes choosing networks ¢ and
1+ 1 (both with positive optimal flows) yield

AP (1 — Tig1) < Lipa (i) — G(f™) < o (1 — Tig1)

min

Since 7; > 7541 from Lemma 2, we obtain o"** < o7 .

(18)

o If "% = a?jri{‘ then a class of users, denoted by j, is indif-
ferent between both networks. From the Wardrop equilibrium
conditions we have:

fi(fi)-*-aj/ﬂ‘Zfi+1(fi+1)+06jl7i+1- (19)

From this we derive (17), with 5’ satisfying (18).

o If "% < a?j_irf, then this corresponds to a rare case, when
two neighbor classes are perfectly divided, and there is no
class whose users are indifferent between both networks. One
more time using the Wardrop equilibrium conditions we write:

{&(fi) + aPr < L1 (figr) + 0¥ T4

min min (20)
Ci(fi) + i > Liga (fiv1) + oS Tiga

These two inequalities imply that

n Ci(fi) _f]i;:(fi-&-l) < <t Ci(fi) — izl‘;;l(fwrl)
& Qi1

3

So, in this particular case a whole range of taxes for network
i + 1 induce an optimal division of users. Note that our
proposition in Equation (17) falls in that range.

For networks with empty flows in the optimal situation, our
proposition is still valid. Indeed, since taxes decrease with the
network index, the class m with the highest sensitivity to price
is the first class which would be interested in connecting to
these empty networks. It is easy to see that the taxes defined
by (17) will prevent them from doing this. If £ is the maximum
index of a network with non-empty flow in optimal situation,
then from the Wardrop equilibrium conditions we should have:

O + o™ < 4;(0) + o™ Vi>k, Q1)

which is verified with the tax defined by (17). [ |

Like the two previous propositions in the paper, Propo-
sition 3 implicitly defines an algorithm to compute optimal
taxes: Proposition 2 should first be applied to obtain optimal
flows, then (18) provides the value of s; for each network 7
to be inserted into (17) so as to get the tax value.

The freedom to arbitrary choose 7 gives us an interesting
feature: the provider could regulate his total revenue by
adjusting appropriately 7; without any harm to the social cost.
For example, 7 could be set (to a negative value) such that
the total revenue is null.

The intuition behind Proposition 3 is illustrated in Figure 2.
We already know from Lemma 2 that the bigger tax should be

4 4 t
N gy =gy |
o’ |d? opt opt opt

— 012( 1p):C22( 2p) 2
042 _d’Z _____________________

— opt
ol |dt !

Fig. 2. Example of user distribution among networks with optimal taxes for
the case m = 4,n = 3: class-1 (resp. class-4) users all attach to network 1
(resp. 3), while class-2 (resp. class-3) users are split among networks 1 and
2 (resp. 2 and 3).

charged on networks with lower indexes (bigger capacities).
This in turn means that the “richest” users are connected
to them (the smaller their sensitivity values). Thus, the least
price-sensitive users will choose network 1. On the example
on Figure 2, the total flow of class-1 users is not enough to
ensure an optimal flow f;™ in network 1. So, the following
(by sensitivity value) class should fulfill the optimal flow in
network 1. The total flow of classes 1 and 2 is bigger than
the optimal flow ffpt, so we have to split users from class 2.
Here we should use the Wardrop equilibrium conditions to find
an expression for 79 depending on 7, this condition meaning
that users of class 2 are indifferent between networks 1 and 2.
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In general, the only computational difficulty is to find a class
with users indifferent between two networks with consecutive
indices. In the proposed example, it is class 2 for networks 1
and 2, and class 3 for networks 2 and 3.

VI. EFFICIENCY ANALYSIS

In this section we present some analytical investigations
about the efficiency of our taxation method. As an efficiency
measure we use the Price of Anarchy (PoA), which is the
ratio between the total cost value achieved from the selfish
users behavior and the minimum total cost value that could
be reached by coordinating users [12]. This value is larger or
equal to one. The larger the PoA, the less efficient the selfish
users behavior, while if the PoA equals one, then selfish user
behavior leads to an optimal situation and no intervention is
needed. Recall that the taxes computed in Proposition 3 drive
the system to an optimal situation, i.e., to a situation with PoA
equal to one.

A. Influence of heterogeneity on the PoA

At first, we provide the PoA values while varying the het-
erogeneity among networks, which comes from the different
capacities. For simplicity, we consider capacities of the form
¢; = cow'™! for i = 1,...,n, where we call w € (0,1] the
homogeneity value. On Figure 3 we plot the PoA for different
values of the total user demand D, with ¢y such that the total
capacity of the system equals 10 [Mbit/s]. We observe more
heterogeneous systems lead to a larger worst-case PoA (higher
inefficiency due to user selfishness). It is especially clear when
total demand is close to the total capacity value (i.e, the system
is congested), but for very heterogeneous systems the PoA is
quite high even for small demand values, thus the introduction
of taxes would lead to significant performance gains.

—w=20.9 \
.......... w=0.8 ,/
- w = 0.7 /
L4 =06 / a
/
< A
£ £ -

1.2

Total Demand [Mbit/s]

Fig. 3. PoA versus total demand D with n = 10 and total capacity equal
to 10 [Mbit/s].

B. The PoA interpretation

Finally, we present two counterparts for the Price of An-
archy in our model. For simplicity, we consider only a case
with two networks in which ¢; = 4 [Mbit/s] and ¢y = 11
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Fig. 4. Demand gain versus PoA, for different demand levels in the case of
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Fig. 5. Capacity gain versus PoA, for different demand levels in the case of
two networks.

[Mbit/s]. First, Figure 4 shows how many more users the
operator could serve if using network resources in an optimal
way for the same total cost, compared to the case when he
does not influence users behavior. In a somehow similar way,
Figure 5 indicates the capacity (or investment) reduction that
would lead to an unchanged total cost, just because of effective
resource management. These two values are comparable to the
Price of Anarchy, but have the advantage of being convertible
into monetary gains, probably more appealing to network
providers. These figures have to be understood as follows.
Consider a system with relative load equal to 0.7 (dotted
curve) and a PoA of 1.02: Figure 4 show that if we optimize
resource usage (e.g., through optimal taxes), we could have 2%
more users in our system without increasing the total cost.
The analogical explanation works for Figure 5: in the same
situation, if we introduce optimal taxes, we can decrease our
system’s capacity by 2% without changing the overall cost
perceived by users.



VII. CONCLUSIONS AND PERSPECTIVES

In this paper we have considered the inefficiency of selfish
user behavior in heterogeneous wireless systems. We have
generalized the results of [9] to a model with an arbitrary
number of user classes (corresponding to user-specific and/or
application-specific perceptions of price), and also an arbitrary
number of networks. We have derived analytical expressions
for the optimal taxes, which drive the system to an optimal
flow repartition minimizing the total cost. We have showed
that the “cost” of inefficiency can have monetary equivalents.

Our model relies on some strong assumptions, one of which
is the simple network topology—all networks being supposed
to have the same coverage area. Obviously, this topology is
quite far from reality, and in the future we aim to consider
more complicated systems. Further, we would like to study
other—possibly application-specific—cost functions.

Additionally, the non-atomicity assumption significantly
simplifies the analysis, however its validity becomes question-
able if we consider small-cell networks with only a few users
and bandwidth-consuming applications. Extending our work
to the atomic case would thus be of high interest; in such
a case the decisions made by users could involve attaching
simultaneously to several networks and splitting the flows
among them (benefiting from protocols such as MultiPath
TCP).

Finally, our work did not consider the practical implemen-
tation aspects of our mechanism. Those of course need to be
examined for our mechanism to be applicable. In particular,
measuring precisely the congestion level at the access point,
and transmitting this information to users so that they make
their decisions, warrants specific investigations. Among the
possible tools that can be used for the latter task, one can
evoke the 802.21 standard [7] and the Generic Access Network
techniques for the management of cross-technology handovers
and the information diffusion to users. Also, another path
toward proving the applicability and efficiency of our approach
would be to observe its behavior on scenarios based on real
traffic data (instead of Markovian simulated traffic as we did
in [9]).
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Abstract. Network users can choose among different security solutions
to protect their data. Those solutions are offered by competing providers,
with possibly different performance and price levels. In this paper, we
model the interactions among users as a noncooperative game, with a
negative externality coming from the fact that attackers target popular
systems to maximize their expected gain. Using a nonatomic weighted
congestion game model for user interactions, we prove the existence and
uniqueness of a user equilibrium, and exhibit the tractability of its com-
putation, as a solution of a convex problem. We also compute the corre-
sponding Price of Anarchy, that is the loss of efficiency due to user self-
ishness, and investigate some consequences for the (higher-level) pricing
game played by security providers.

Keywords: Security, Game theory, Competition

1 Introduction

Within the current evolution towards the Future Internet, the provision of ap-
propriate network security is considered to be one of the most difficult as well as
most challenging tasks. Among the broad range of related research approaches,
the attempt to better understand the mindset of attackers serves for sure as one
of the key sources for developing advanced protection mechanisms. Cybercrime
concerns colossal amounts of money, and is highly organized so that attacker



efforts are rationalized to maximize the associated gains. This is why we model
here an interesting negative externality effect of security architectures and sys-
tems, through the attractiveness for potential attackers: majority products are
likely to be larger targets for hackers, and therefore become less attractive for
consumers. Then, the choice of a particular system and security protection -that
we will call a security provider from now on- by the whole online population can
now be considered as a congestion game, where congestion is not considered in
the common sense of an excessive demand for a finite resource amount, but more
generally as a degradation of the performance on a given choice when it gets too
popular. Here the performance degradation is indirect, since it stems from the
behavior of attackers.

In the specific context of security, the link between the audience of a system
and its attractiveness to attackers can be further described when attacks are
intended to steal or damage data: an attacker would be attracted by the potential
gain (or damage) of the attack, which depends on the value of the users’ data,
but that value affects (and is therefore, to some extent, revealed by) the security
option users choose. For example, the “safest” solutions may attract users with
high-value data to protect, making those solutions an interesting target for an
attacker even if their market share is small.

In this paper, we propose a model that encompasses that effect, by consider-
ing users with heterogeneous data values making a choice among several security
possibilities. The criteria considered in that choice are the security protection
level -measured by the likeliness of having one’s data stolen or damaged, that is
subject to negative externalities- and the price set by the security provider.

The literature on network security involving game-theoretic models and tools
is recent and still not very abundant. Some very interesting works have been
published regarding the interactions between attacking and defending entities,
where the available strategies can consist in spreading effort over the links of a
network [6,15] or over specific targets [8], or in selecting some particular attack
or defense measures [5,11]. In those references, the security game is a zero-sum
game between two players only, and therefore no externalities among several
potential defenders are considered.

Another stream of work considers security protection investments, through
models that encompass positive externalities among users: indeed, when con-
sidering epidemic attacks (like, e.g., worms), the likeliness of being infected de-
creases with the proportion of neighbors that are protected. Since protection
has a cost and users selfishly decide to protect or not without considering the
externality they generate, the equilibrium outcome is such that investment is
suboptimal [12] and needs to be incentivized through specific measures [17]. For
more references on game theory applied to network security contexts, see [1,18].

In contrast, the work presented here considers negative externalities in the
choices of security software/procedures. As highlighted above, the negative ex-
ternality comes from the attractiveness of security solutions for attackers. Such
situations can arise when attacks are not epidemic but rather direct, as are at-
tacks targeting randomly chosen IP addresses. The interaction among users can



then be modeled as a population game, that is a game where the user payoffs
for a given strategy (here, a security solution) change as more users choose that
same strategy [10]. Such games are particular cases of so-called congestion games
where user strategies are subsets of a given set of resources, and the total cost
experienced by users is the sum of the costs on each resource [2,22]. Here, users
select only one resource, and congestion corresponds to the fact that the more
customers, the more likely an attack.

In this paper, we consider a very large population, where the extra congestion
created by any individual user is negligible. The set of players can therefore be
considered as a continuum; note that such games are called nonatomic [29]. The
study of nonatomic congestion games has seen recent advances for the case when
all users are identical or belong to a finite set of populations [7,14,24,25,26], but
we want here to encompass the larger attractiveness to attackers of “rich” users,
compared to the ones with no valuable data online. More precisely, we intend to
model the heterogeneity in users congestion effects, by introducing a distribution
among users valuation for the data to protect. The congestion game is therefore
weighted in the sense that not all users contribute to congestion in an identical
manner. Fewer results exist for those games [4,21], even when user strategies
only consist in choosing one resource among a common strategy set.

Moreover, in our model users undergo the congestion cost of the security so-
lution they select - which depends on the congestion as well as on their particular
data valuation -, but also the monetary cost associated to that solution - which
is the same for all users -. As a result, following [20,21] the game would be called
a weighted congestion game with separable preferences, and can be transformed
into an equivalent weighted congestion game with player-specific constants [19]
(i.e., the payoffs of users selecting the same strategy only differ through a user-
specific additive constant). In general, the existence of an equilibrium is not
ensured for such games when the number of users is finite [19,20,21]. In the
nonatomic case, the existence of a mixed equilibrium is ensured by [29] and the
loss of efficiency due to user selfishness is bounded [4], but the existence of a
pure equilibrium in the general case is not guaranteed.

In this paper, we establish the existence and essential uniqueness of a pure
equilibrium for our model, as well as its tractability by proving that an equilib-
rium solves a strictly convex optimization problem. To the best of our knowl-
edge, such proofs for nonatomic games had only been given for unweighted
games [27,28], with a finite number of different user populations; here we con-
sider a weighted game with possibly an infinity of different weight values, with
the specificity that the differences in user congestion weights are directly linked
to their user-specific valuations.

The remainder of the paper is organized as follows. The model is formally
introduced in Section 2. We focus on the user equilibrium existence, uniqueness
and tractability in Section 3, and give an upper bound on the loss of efficiency
due to user selfishness. The results are then applied in Section 4 to give some
insights about the prices that profit-oriented security providers should set. We
conclude and suggest directions for future work in Section 5.



2 Model

We consider a set Z of security providers (each one on a given architecture), and
define I := |Z|.

2.1 User data valuation

Users differ with the valuation for their data. When an attack is successful over
a target user u, that user is assumed to experience a financial loss v,, > 0, which
we call her data valuation. The distribution of valuations over the population is
given by a cumulative distribution function F' on R*, where F'(v) represents the
proportion of users with valuation lower than or equal to v. Since users who do
not value their data (i.e., for whom v,, = 0) will not play any role in our model,
we can ignore them; the distribution function F is therefore such that F'(0) = 0.
The overall total “mass” of users is finite, and through a unit change we can
assume it to be 1 without loss of generality.

Equivalently, the repartition F' of user preferences among the population
can be represented by its corresponding quantile function q : [0,1) — R*. For
x € [0,1), the quantity g(x) represents the valuation? of the (infinitesimal) user
at (continuous) position x on a valuation-related increasing ranking. Formally,
we have

vz €[0,1), q(z) = inf{v € R : F(v) >}, (1)

Yo € RY, F(v) =inf{z €[0,1) : ¢(z) > v}, (2)

with the convention inf@ := 1 in the latter equation. Note that F is right-

continuous, while the quantile function ¢ is left-continuous. Both functions are
nonnegative and nondecreasing.

‘We may not suppose that the support of F', that we denote by S, is bounded,
but we assume that the overall value of the data in the population is finite, i.e.,

Viot ::/ v dF(v) < +o00.

v

Finally, we define N'(V) as the user mass® such that the total data valuation
for the A(V') users with smallest valuation exactly equals V:

VYV € [0,Vior), N(V):=min {x : /x
y

=0

q(y)dy = V} :
N (V) is obtained by inverting the bijective function
V : [07 1] — [07 ‘/tot]
V@) = [ gy, )
y

=0

4 Except, possibly, on a zero-measure set of users.
5 i.e., proportion since we normalized the total user mass to 1.



Notice that V is continuous and differentiable on [0, 1], with left-derivative ¢(z)
and right-derivative q(z ™), where ¢(z™) = limy_; 4>z q(y). Since ¢ is nonde-
creasing and strictly positive for z > 0, then V is convex and strictly increasing
on [0,1]. As a result, its inverse function N is concave on (0, Vo), and has
left-derivative

, _ 1
SN ) W

and right-derivative )
NA(V) = N (5)

The distribution F, the quantity Vie; as well as the functions ¢ and A are
illustrated in Figure 1.

Population proportions

0 a(@)
User data valuation v

Fig. 1. Values and functions of interest regarding the user valuation distribution F'.

2.2 Security systems performance

In this paper, we focus on direct attacks targeting some specific machines, which
may for instance come from an attack-generating robot that randomly chooses
IP addresses and launches attacks to those hosts.

The attacks generated by such a scheme have to target a specific vulnerability
of a given security system. As a result, the attacker has to select which security
system i € Z to focus on. If an attack is launched to a security system i, we
consider that all machines protected by a system j # ¢ do not run any risk,
while the success probability of the attack is supposed to be fixed, denoted by
m;, on machines with protection system ¢. In other terms, the parameter m;
measures the effectiveness of the security defense.



2.3 The attacker point of view

Successful attacks bring some revenue to the attacker. Be it in terms of damage
done to user data, or in terms of stolen data from users, it is reasonable to
consider that for a given attack, the gain for the attacker is proportional to the
value that the data had to the victim. Indeed, in the case of data steal, more
sensitive data (e.g., bank details) are more likely to bring high revenues when
used. Likewise, when the objective of the attacker is simply to maximize user
damage, then the link between attacker utility and user data valuation is direct.

For a given distribution of the population among providers, let F; be the
(unconditional) distribution of valuations of users associated with provider 7, so
that ' =), I;. We then define for each provider i € Z the total value of the
protected data, as

v /v dFy(v). (6)

For an attacker, the expected benefit from launching an attack targeted at system
i (without knowing which users are with provider 4) is thus proportional to m;V;.
We therefore assume that the likeliness of attacks occurring on system i is a
nondecreasing function of m;V;. We discretize time, and denote by R;(m;V;) the
probability that a particular user is the target of a system-i attack over a time
period. Remark that we consider system-specific functions (R;);cz, so that the
model can encompass some heterogeneity in the difficulty of creating system-
targeted attacks.

To simplify a bit the writing, let us define T;(V;) as the risk, for a user, of
having one’s data compromised when choosing security provider i. Note that it
can be written as a function of the total protected data value V;:

Ti(Vi) = 7 Ri(miVi) = mRi<m / vdFi(v)). M)

We will often make use of the assumption below.

Assumption A For alli € Z, T; is a continuous and strictly increasing func-
tion of Vi, and T;(0) = 0.

For T; functions of the form given in (7), Assumption A is equivalent to

— m; > 0 for all i € Z (no provider offers a perfect protection against attacks),
— R; is a continuous and strictly increasing function with R;(0) = 0, for all
i € Z (attackers do not target providers not protecting valuable data).

2.4 User preferences

For a user u with data valuation v,, the total expected cost at provider ¢ depends
on the risk of being (successfully) attacked, and on the price p; charged by the
security provider. That total cost is therefore given by

v i (Vi) + pi-



To ensure that all users select one option, we can assume that there exists a
provider ¢ with p; = 0, which would correspond to security solutions offered by
free software communities (e.g., avast!®6). Indeed, if p; = 0, the total cost is the
valuation times a product of probabilities, and therefore less than the valuation
itself, so that this choice of a free service is always a valuable option”.

Remark that we consider risk-neutral users here, as may be expected from
large entities, while private individuals should rather be considered risk-averse.
Nevertheless, one can imagine some extra mechanisms (e.g., insurance [17]) to
reach a risk-neutral equivalent formulation.

3 User equilibrium

In this section, we investigate how demand is split among providers, when their
prices p; and security levels 7; are fixed. Recall we assumed that users are in-
finitely small: their individual choices do not affect the overall user distribution
among providers (and therefore the total values (V;);cz).

The outcome from such user interactions should be determined by user self-
ishness: demand should be distributed in such a way that each user u chooses
one of the cheapest providers (in terms of perceived price) with respect to her
valuation v, and the current risk values (T3(V;)),c7. Such a distribution of users
among providers, if it exists, will be called a user equilibrium. In other words,
if provider i € Z is chosen by some users u, then it is cheaper for those users
(in terms of total expected cost) than any other provider j € Z, otherwise they
would be better off switching to j. Formally,

i € argmin v, Tj(V;) + pj.
JjET

We use here the nonatomicity assumption: each user w considers the values
(Vj)jez as fixed when making her individual choice.

3.1 Structure of a user equilibrium

We now investigate the existence and uniqueness of a user equilibrium, for fixed
values of prices and attack success probabilities. To do so, we first define the
notion of user repartition.

Definition 1. Denote by Pz the set of probability distributions over providers
in T, i.e., Pr = {(y1,.-,yr) > 0,3 ,c7yi = 1}. For a given price profile p =
(p1,...,p1), @ user repartition is a mapping A : S, — Pz, that is interpreted as
follows:

For all v € S,, among users with valuation v, a proportion A;(v) chooses
provider i, where A(v) = (A1(v), ..., A1 (v)).

5 http://www.avast.com
7 We implicitly assume here that each user u is willing to pay at least v, to benefit
from the online service.



Therefore, to a given user repartition A corresponds a unique distribution
V = (V;)iez of the total data valuation Vior among providers, given by

Vi(4) = /es v A;(v) dF (v) Vi € TI. (8)

Remark also that F;(v) = [ . Ai(w)dF(w).

Reciprocally, we say that a distribution V = (Vi)iez of the data valuation
is feasible if V; > 0 for all ¢, and ZieI Vi = Viot. For a feasible distribution V,
when providers are sorted such that p; < ... < pr, we define for each i € ZU {0}

the quantity
Vig =)V,
j=1

with Vjg) = 0. V};) therefore represents the total value of the data protected by
the ¢ cheapest providers.

We now formally define the outcome that we should expect from the inter-
action of users, i.e., an equilibrium situation.

Definition 2. A user equilibrium is a user repartition A such that no user has
an interest to switch providers. In other words, for any value v € S, a user with
valuation v cannot do better than following the provider choice given by A (v).
Formally, A1 is a user equilibrium if and only if
Yo € S,

Af(v) >0 = i€ argrjnei%l T (V;(A%) + pj, (9)

where V;(A®?) is given by (8).

‘We now establish some monotonicity properties that should be verified by a
user equilibrium: if a user y values her data strictly less than another user x,
then she selects cheaper (in terms of price) providers than z.

Lemma 1. Consider a user equilibrium A¢l. Then user choices -in terms of
price of the chosen provider(s)- are monotone in their valuation: for any two
users x and y with respective valuations v, and vy, and any providers i and j,

(Ve —vy) - A (vz) - A (vy) >0 = p; >pj. (10)

Proof. Let us write V; := V;(A4°1) and V; := V;(A°%). From (9) applied to users
x and y, the left-hand inequality of (10) implies
v T(Vi) + pi < v Tj(Vy) + pj
and v, Ti(Vi) + pi = v, T5(V;) + pj. (11)
Subtracting those inequalities gives T;(V;) < T;(V;) since (vy;—v,) > 0. Then (11)
yields the right-hand side of (10).
We then use that result to prove that for a given value repartition (V;);ez

over the providers, there can be only one equilibrium repartition if all providers
set different prices.



Lemma 2. Assume that all providers set different prices. If a user equilibrium
exists, it is completely characterized (unless for a zero-measure set of users) by
the total values (V;)iez of protected data for each provider i € I, provided that
ZiEI Vi = Viot-

Proof. Without loss of generality, assume that provider prices are sorted, such
that p1 <p2 < ... <pr.

From Definition 1 and (8), to a given equilibrium corresponds a unique set
of values (V;);cz.

Reciprocally, consider a feasible data value repartition V. = (V;);cz, and
assume it corresponds to a user equilibrium A®?. Since we do not differentiate
users with similar valuations, we can sort them -still without loss of generality- in
an increasing order of the price of their chosen provider: if z < y and ¢(z) = ¢(y)
then we can impose that p;, < p;,, where i, (resp. i) would be the (unique)
provider chosen by user at position z (resp. y) in the user valuation ranking.
Therefore from Lemma 1, at the user equilibrium A°Y, provider prices can be
considered as sorted in a increasing order of user valuations among all users.
Thus, user choices are uniquely (unless on a zero-measure user set) determined
by their position x € [0,1] in the user valuation ranking, and given by

V() € (i1}, V}y) = user z selects provider i, (12)
where V is defined in (3).

3.2 The case of several providers with the same price

In this subsection, we establish a way to consider several providers with the same
price as one single option from the user point of view. Let us consider a common
price p, and define Z, := {i € T : p; = p}.

First, if one such provider i gets positive demand (i.e., V; > 0), then at a user
equilibrium all providers with the same price also get positive demand: indeed,
Assumption A implies that T3(V;) > 0, and thus the total cost of a user u with
positive valuation choosing provider ¢ € Z, is v,T;(V;) + p > p. Therefore each
provider j € Z, necessarily has a strictly positive T}, otherwise it would have
cost v, T;(0) + p = p for user u, who would be better off switching from ¢ to j.
Consequently, at a user equilibrium we necessarily have T;(V;) = T;(V;).

When the set of users choosing one of the providers with price p is fixed, so
is the total valuation Vz, of those users’ data. Consequently, the distribution of
users among all providers in Z,, should be such that

ZiEIp Vvl = VIP'
Following [2], we reformulate (13) as a minimization problem:
Vi)iez, € arg min / T;(y)dy 14
( ) €7, (Zi)iezpzoiezz:p y=0 ( ) ( )

s.t. Z Xr; = VIp'

i€,



Under Assumption A, there exists a unique vector of values (V;)scz, satistying
the above system. In the following, we will denote by Tz, (V') the corresponding
common value of T;(V;). Interestingly, remark that the function T, that we have
defined also satisfies Assumption A. As a result, in the rest of the analysis of user
equilibria, we will associate providers with the same price p and consider them
as a single choice Z,, that we assimilate as a single provider k, with corresponding
risk function Ty (V') := Tz, (V') satisfying Assumption A.

3.3 Game equilibrium as a solution of an optimization problem

Based on the reasoning in Subsection 3.2, we assume that all providers submit
a different price, and we sort them such that p; < ... < p;. Now let us consider
the following measure:

Vi
/ T;(y)dy + pi (/\/(‘/[z]) —N(V[i—l]))> (15)

y=0

Market share of prov. ¢

V; I—1
= Z OTi(y)dy +pr _Z(pH»l —pi)N(Viyp), (16)
i=1"Y= i=1

with po := 0. Remark that the first part of the quantity £(V,p) in (15) is the
potential function usually associated to unweighted congestion games (see, e.g.,
[2]), while the second part stands for the total price paid by all users.

The expression (16) highlights the fact that £ is a strictly convex function of
V, since N is concave and under Assumption A, T} is strictly increasing. It thus
admits a unique minimum V* on the (convex) domain of feasible value shares;
and V* is completely characterized by the first-order conditions. We now prove
that this valuation repartition V* actually corresponds to a user equilibrium.

Proposition 1. Let Assumption A hold. For any price profile p, there exists
a user equilibrium, that is completely characterized by the valuation repartition
V*, unique solution of the convex optimization problem

in L(V,p). 17

V feasible (V.p) (17)

Proof. We first consider the feasible directions consisting in switching some in-

finitesimal amount of value from 7 > 1 to j < ¢, when V;* > 0. The optimality
condition in (16) then yields

0 < T;(Vy) z_: (Pr1 — PN (Vi)
k=j
STV = (V) = (0 — )N (Vii_yy),s (18)

where the second line comes from the concavity of AV



Notice that since p; < p; and N is nondecreasing,(18) and Assumption A
imply that V* > 0. Consequently, if we define i* := max{i € Z: V;* > 0}, then

Vi > 0ei <t (19)

As a result, since V; > 0 and 7 > 1 in (18), then 0 < V[z;l] < Viot- Thus,
from (5), ./\/T’(V[;‘_l]) = (Vl[;f,ﬂ)) is strictly positive. (18) is then equivalent to

v (Vi) +pi < iT(V)") + pj, (20)

with v = q(N(Vjj_;))*) = inf{v: Jo_oudF (u) > Vii_1j}- Remark that neces-
sarily from (20), T;(V;*) < T;(V}") since p; > p;.

For i < I such that V;* > 0 (i.e., i <4*), we now investigate the possibility
of switching some value from 4 to j > 4. Still applying the optimality condition
for V*  we get

Jj—1
0 < T3(Vy) = Ti(Vi') + Y (prsr — pi)N] (Vi)
k=i
< T(Vy) = Ti(Vir) + (py — po) N (Vi) (21)

where we used again the concavity of N.
Applying (4), Relation (21) is equivalent to

o T (Vi) + pi < 07 T5(V}") + pj, (22)
with o7 = gV (V}))) = inf{v : Jo_yudF(u) > Vit
Relations (20) and (22) can be interpreted as users with valuation v € [v}, v}

preferring provider i over any other one, for the repartition value V*. Formally,

* =

veE L] = i€ argmi%l vT;(V)') + pj. (23)
VIS

Now, consider the provider choices induced by the value repartition V* as

given in (12). We prove here that this repartition is a user equilibrium: no user

has an interest to change providers. Take a provider ¢ € Z. Then for z € [0, 1],

Vie) € (Vg Vi) & Vi < | at)dn <3f

S N(Viy) <z <N(V)
= vl <qz) <.

The last line and (23) imply that the considered user, that is at position z in
the population when it is ranked according to valuations, cannot do better than
choosing the provider suggested by (12). In other words, each user is satisfied
with her current provider choice, i.e., we have a user equilibrium.

We now establish the uniqueness of the equilibrium value repartition V* (and
thus, of the user equilibrium due to Lemma 2 when all prices are different).



Proposition 2. Under Assumption A, the value repartition at a user equilib-

rium necessarily equals V* = arg  min L(V,p). Consequently, there exists a
V feasible

unique value equilibrium value repartition, and the user equilibrium is unique
(unless for a zero-measure set of users) when all providers set different prices.

Proof. We consider a user equilibrium, and prove that the corresponding value
repartition V satisfies the first-order conditions of the convex optimization prob-
lem (17), that has been shown to have a unique solution V*.

We actually only need to show the counterpart of Relation (18) (resp., (21))
for j = i—1 (resp., j = i+1), since the other cases immediately follow. From (12),
at a user equilibrium we should have for all z € (0,1) and all 4, j € Z,

re (W) NR) = a@(@V) = (V) +pi—p 0. (24)

Consider 7 € Z such that f/; > 0.

— If j =i — 1, then T;(V;) < T;(V;). When 2 tends to N'(V};_y)), (24) yields

qN (Viie) D(T(Vi) = T5(V;)) + pi — p; <0,
N e’
=N, (Vii—1)

which is exactly the counterpart of (18). 3
— Likewise for j =4 + 1, from (24) for 2 tending to N (V};) we get the coun-
terpart of (21) (using the fact that ¢ is left-continuous)

g (Vi) (Ti(Vi) = T(V;)) + pi = p; < 0.
———
=N (Vi)

The repartition V satisfies the first-order conditions of the convex optimization
problem (17) and is feasible, therefore V.= V*  the unique solution of (17).
The second claim of the proposition is a direct application of Lemma 2.

Note that the uniqueness of the equilibrium value repartition V* implies that
even when several user equilibria exist, for all users the cost of each provider at
equilibrium is unique; the user equilibrium is then said essentially unique [2].

Note also that it was not compulsory to aggregate providers with the same
price p: at the minimum of £(-, p) we notice from (14) that the term fOVZ” Tz,
involving the aggregated function coincides with Zz‘ezp f;;o T;(y)dy. Therefore,
the equilibrium value distribution V* can directly be found by solving the poten-
tial minimization problem (17). Nevertheless, the interpretation of the potential
is changed, since the terms N (Vf;)) — N (V};_1)) of (15) do not necessarily corre-
spond anymore to provider i’s market share.

The next result shows some continuity properties of the user equilibrium.

Proposition 3. The (unique) equilibrium value repartition V* is continuous in
the price profile. Moreover, at any price profile such that all prices are different,
the provider market shares are continuous in the price profile.



Proof. Remark that £(V,p) is jointly continuous in V and p, and that the
set of feasible value repartitions is compact. Therefore, from the Theorem of
the Maximum (see [3]) applied to the minimization problem (17), the set of
equilibrium distributions is upper hemicontinuous in p. It is actually continuous
due to the uniqueness of the equilibrium distribution V*.

For a given price profile p where all prices differ, the strict order of prices
is maintained within a vicinity of p, where the market share of provider i is
N (V) =N (V;_y)), which is jointly continuous in V and p since A is continuous.

Note that while the equilibrium value repartition V* is continuous for all price
profiles, that is not the case of provider market shares. Indeed, market shares
(0;)icz strongly depend on the order of prices through the expression N/ (V[Z‘]) -
N (V[;‘_ 1] ), that holds when prices are sorted in an increasing order. Since A is a
concave function, then the market share of a provider may drastically decrease
when a slight price modification changes his position from k to k+ 1 in the price
ranking. This effect is more prominent when N is more concave, i.e., when user

valuations are heterogeneous.

3.4 Price of Anarchy of the user game

In non-cooperative games, the Price of Anarchy measures the loss of efficiency
due to user selfishness [16]. This metric is usually defined as the worst-case ratio
of the total cost at an equilibrium to the minimal feasible total cost, and has
been extensively studied in the last years [7,24,25,26]. The results closest to the
one presented in this subsection come from [4]: the authors consider weighted
congestion games, where the cost experienced by each user would correspond to
the situation where all prices are set to 0 in our model. Then the authors prove
that the upper bound for the Price of Anarchy is not greater for the weighted
game than for its unweighted counterpart. We actually establish the same kind
of result for any value of the provider price profile p, except that in our case
the total user cost (sum of the costs perceived by all users) for any feasible user
valuation repartition V is

Cu:=>_ (ViTi(Vi) + piN (Vi) = N (Vii—1)))) - (25)

i€l

Proposition 4. Assume that the risk functions (T;);ez belong to a family C,

and define as in [7] the quantity B(C) := sup M Then

Tec (ry)eloVi? YT (Y)
for any nonnegative price profile p,

c: 1

= T-50) )

where C} (resp. CSPY) is the total user cost at the user equilibrium (resp. the
minimum total user cost) for the price profile p.



Proof. We apply a variational inequality that is satisfied by the user equilibrium
value repartition V*, and that directly stems from the fact that users only select
their preferred provider: for any feasible value repartition V, we have

STV + MV = MV_y) £ DTV +piMVig) = MVii-1)-

€T =

This yields

Ci < Cu+ Y ViTi(V7) = Ti(V;)) < Cu+ B(C) Y VI Ti(Vy*) < Cu + B(C)C,
i€Z i€Z

which establishes the proposition.

It is shown in [7] that if C is the set of affine risk functions the bound 1/(1 —
B(C)) equals 4/3, resulting in a moderate loss of efficiency due to selfishness.
Values 1.626 and 1.896 have also been found respectively for the sets of quadratic
and cubic cost risk functions, and 3(C) = d/(d+1)"+/? for the set of polynomials
of degree at most d with non-negative coefficients.

As in [4], we find that the introduction of weights among user congestion
effects (and here, in addition, among user perceived costs) does not worsen the
Price of Anarchy. The bound given in Proposition 4 can indeed be attained,
when C includes the constant functions, with a simple 2-provider instance with
prices set to zero, and all users having the same weight.

4 Pricing decisions of security providers

We now focus on the decisions made by security providers when choosing their
charging price. We consider that providers are able to anticipate user reactions
when fixing their prices. We then have a two-stage game, where at a first step
(larger time scale) providers compete on setting their prices so as to maximize
revenue, considering that at a second step (smaller time scale) users selfishly
select their provider.

The utility of provider i is given by his revenue r; := p;6;, where 6; is the mar-
ket share of provider . When all providers propose different prices and providers
are ranked such that p; < py < ... < py, from Proposition 2 the user equilibrium
exists and is unique, and we simply have §; = (V[;"]) -N (‘/[;‘71]), where V* is
the equilibrium value repartition. On the other hand, if several providers in a
set Z,, propose the same price p, then the equilibrium valuation repartition V* is
unique, but the user equilibrium choices need not be unique: indeed, any price-
monotone user repartition consistent with V* is a user equilibrium, and several
such repartitions may exist. For those special cases, a reasonable assumption
could be that users make their provider choice independently of their valuation
when they have several equally preferred providers. As a result, the total market
share of providers in Z,, would be split among them proportionally to the data
value V;* that they attract, yielding

‘/i* * *

J Jp; <pi Jipj<pi



We now establish that, when there exists a bounded price alternative, the
revenue of any provider tends to zero if he increases his price to infinity. In prac-
tice, such a bounded-price option always exists, even if it has bad performance:
one just needs to consider any free security possibility. Therefore, prices will not
be arbitrarily high when providers want to maximize revenue.

Proposition 5. Assume that there exists a provider ig with price p;, < pi, < 00.
Then for any provider j # ig, the revenue r; = p;0; tends to 0 when p; — oo.

Proof. Let us consider a user with valuation v, for whom provider j is among
the favorite providers. In particular, that user prefers j over ig, thus at a user
equilibrium we have

v(Tiy (Vig) = T5(V5)) = pj = Pio 2 Pj — Pio- (27)
Therefore if p; > p;, then T;(V}) < T;,(V;,) and

Dj — Dig Pj — Dio
v > > ‘= Umin-
Tin(Vio) - Tj (‘/J) Tin (‘/tOt)

The revenue r; = p;0; of provider j can then be upper bounded:

+o0 pi— ﬁ +oo +oo
rj < pj / dF(v) = Ti(Viot) 7 / oy, GF (W) +Pig / dF (v),

o T: ‘[D " P _ Pj—Pig

V= Vmin ZU( © ) 0= Tiy(Viot) T Tig(Viot)
—0 —0
pj—roo pj—oo

where the two terms tend to zero since fooo vdF(v) = Vior < 00.

4.1 Licensed versus free security provider

We consider here a simple situation with two providers, but only one trying to
maximize his profit through subscription benefits. The other provider (or, more
likely, a community of developers) offers the security service for free.

Denote by 0 and 1 the freeware provider and the licensed provider, respec-
tively. From Proposition 1, there exists a unique value repartition (Vo (p), Viot —
Vo(p)) at the user equilibrium, for any price p set by provider 1. Likewise, for
any p > 0 the equilibrium market share of provider 1 is unique and given by
61 =1—N(Vo(p)); the profit maximization problem of provider 1 can therefore
be written as

max  p- (1 =N(Vo(p)))- (28)

p=0
Note that provider 1 gets demand as soon as his price is strictly below
sup(Sy) X To(Viot ), therefore by choosing p € (0,sup(S,)To(Viot)) he can ensure
a positive revenue. Therefore from Propositions 3 and 5, the provider revenue
optimization problem (28) has a solution, that is finite.

Corollary 1. When a profit-oriented provider faces only a competitor with null
price, then under Assumption A there exists a finite price p > 0 that maximizes
his revenue, whose mazximum value is strictly positive.



4.2 Competition among providers: the risk of price war

Competitive contexts where providers play on price to attract customers often
lead to price war situations, i.e., situations where each provider has an interest
in decreasing his price below the price of his competitor. The outcome then
corresponds to providers making no profit, and possibly not surviving.

With the model presented in this paper, not all demand goes to the cheapest
provider because of the congestion effect due to attackers’ behavior. However,
some threshold effect still exist, as illustrated by the non-continuity of provider
market shares when provider prices cross each other.

Let us for example consider two identical profit-oriented providers and a free
alternative. Due to the symmetry of the game, one would expect a situation
where both providers set their price to the same level, say p > 0. As a result,
again from symmetry arguments both providers would be chosen by users to
protect, at equilibrium, the same value V;* = V5 := V* of data each, while the
free provider covers a total data value Vj. Then, if provider 1 sets his price to
p — € for a small € > 0, the market share repartition is such that when ¢ — 0,

0o = N(Vy),
01 =Ny +V*) =N (),
0o = N (V5" +2V*) = N(V + V7).

When users choosing provider 1 or 2 are not all homogeneous in their data
valuations (which is for example the case if the valuation distribution F' admits
a density), then 6; > 6,. In other words, provider 1 strictly improves his market
share (and thus his revenue) by setting his price just below the price of his
competitor. But provider 2 can make the exact same reasoning, resulting in a
price war situation.

Consequently, there can be no symmetric Nash equilibrium (i.e., a price pro-
file such that no provider can improve his revenue by a unilateral change) where
p1 = p2 > 0, despite the symmetry of the pricing game. Furthermore, the price
profile where all prices are set to 0 is not an equilibrium either: both providers
would get no revenue, which each one could strictly improve by a small price
increase as stated in Corollary 1.

Remark that this reasoning does not rule out the possibility of the pricing
game having a (non-symmetric) Nash equilibrium, however we cannot always
guarantee that such an equilibrium exists. An explanation to the existence of
stable price profiles can nevertheless still be found from game-theoretic argu-
ments, since the pricing game among providers is not played only once but
repeatedly over time. When considering repeated games (i.e., where players take
into account not only their current payoff but also a discounted sum of the future
ones), the set of Nash equilibria is indeed much larger than for their one-shot
counterpart, as evidenced by the Folk theorem [23]. The stability of prices can
then stem from the threat of being sanctioned by competitors for an (immediate-
profit) price change.



We illustrate those results when user valuations are distributed according to
an exponential law with average value 1/A = 10 monetary units. Such a distri-
bution models an unbounded continuum of valuations among the population,
where a large majority of users have limited valuations, but there exist few peo-
ple with extremely high value data to protect. The risk function considered in
our numerical computations is R;(x) =1 — e~* for each provider ¢, which mod-
els the fact that systems with no valuable data are not targeted while successful
systems are very likely to attract attacks.

In our numerical illustration, we consider here three providers: a provider 0
with performance parameter my = 0.05, that is always free: po = 0; and two
profit-oriented providers, namely 1 and 2, with respective performance values
w1 = 0.01 and w5 = 0,005. Providers protected data values and market shares are
shown in Figures 2 and 3, and the revenue of provider 2 is displayed in Figure 4.
The curves illustrate the continuity results of Proposition 3. Interestingly, we
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Fig. 2. Protected data values when provider 2 varies his price.

remark in Figure 4 that despite the discontinuity in revenue when prices cross
each other, provider 2 actually has a revenue-maximizing price pS®(p;) strictly
below the price of his competitor. That last figure shows the price war situation:
if providers engage in successive best-reply price adaptations to the competition,
then prices tend to very low values, which jeopardizes the viability of security
providers. However, a situation with strictly positive prices from both providers
could be stable in a repeated game context. Consider a price profile (p1,p2)
such that each provider obtains at least what he could obtain with an aggressive
competitor (i.e., a competitor that tries to minimize the provider revenue); when
providers value the future almost as much as the present (i.e., when the discount
factor that relates current prices to future prices is close to 1), that price profile
can be maintained as a subgame-perfect equilibrium of the repeated game [9].
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Fig. 3. Market shares when provider 2 varies his price.

5 Conclusions

The model introduced in this paper takes into account the attractiveness that
successful security systems represent to profit-minded attackers. This constitutes
a negative externality among users: their (selfish) security choices then form a
noncooperative congestion game. We have considered heterogeneity among user
valuations for data protection, which affects both the externality level and the
user cost functions. The corresponding game is therefore a weighted congestion
game with user-specific payoffs. We have studied that game for the case of a
continuum of infinitesimal users, and have proved that it admits a potential and
therefore an equilibrium, that is unique when providers submit different prices.

The study of the user selection game has helped us understand the interaction
among security providers, who have to attract customers but are then subject to
quality degradation due to more attacks, hence a trade-off. Our analysis shows
that providers will keep their prices low, and that competition may lead to price
war situations, unless providers consider long-term repeated interactions.

Future work can focus on the information asymmetry and uncertainty among
actors: we have studied the interactions in a complete information context,
whereas users may not have a perfect knowledge of the performance level of
the different providers, or of their total protected data value. Likewise, attackers
can only estimate the potential gain from targeting a given system.

Another interesting direction for future research concerns the investment
strategies that security providers should implement: indeed, improving the pro-
tection performance has a cost, that has to be compensated by the extra revenue
due to user subscription decisions. While there exist references for this kind of
problem when users are homogeneous [13], the case when users have different
weights deserves further attention.
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Managing a Peer-to-Peer Data Storage System in
Selfish Society

Patrick Maille, Laszb Toka

Abstract—We compare two possible mechanisms to manage order of 1$). However, while creating such a storage service
a peer-to-peer storage system, where participants can store jmplies owning huge memory capacities and affording the
data online on the disks of peers in order to increase data associated energy and warehouse costs, one can imagige usin

availability and accessibility. Due to the lack of incentives for th ler but t f th ?
peers to contribute to the service, we suggest that either each € smaller but numerous storage spaces or the service users

peer's use of the service be limited to her contribution level themselves, as is done in peer-to-peer file sharing systems.
(symmetric schemes), or that storage space be bought from and In a peer-to-peer storage system, the participants are at
sold to peers by a system operator that seeks to maximize profit. the same time the providers and the users of the service:

Using a noncooperative game model to take into account user o5ch particinant offers some memory capacit ossiblmfro
selfishness, we study those mechanisms with respect to the socia? P P y capacity (p ok

welfare performance measure, and give necessary and sufficien multiple IO(,:at'OnS,'n the network: part O,f her disk spape at
conditions for one scheme to socially outperform the other. home, storing device devoted to the service, ...) to protliée

service to the others, and benefits from storing her own data
onto the system. The added value of the service then comes
from the protection against failures provided by the system
from the ease of data access, from the versioning management
that may be included, and from the difference in the amount
HE “digital society” that has been soaring since thef data stored into the system versus offered to the service.
creation of the Internet implies that all kinds of digital An online storage service is valuable only if data are avail-
documents are now likely to be created, accessed, and nibditle: therefore to cope with disk failures and with partrits
from several types of devices. Therefore, an appropriage syisconnecting their disk from the system, data replicatastm
tem for storing the data of a user should offer various sesyic be spread over several (sufficiently reliable) peers toantae
such as versioning, ease of access, protection againstedetihat data are not lost and are almost always available; the
failures, and short transfer time to a given device. data replication rate then depends on the reliability of the
In that context, the possibility of storing data online a@se participants. To work properly, a peer-to-peer storagevoikt
as a promising solution. Indeed, having access to the letertherefore needs that participants offer a sufficient patheir
becomes easier and easier, with the multiplication of Wildisk space to the system, and remain online often enough.
hotspots, the development of WIMAX and third generatioRlowever, both of those requirements imply costs (or at least
wireless networks, and the appearance of other access modesstraints) for participants, who may be reluctant to tevo
such as multi-hop networks that work in an ad-hoc fashion gome of their storage capacity to the system instead of using
reach an access point. Let us also highlight the high rise ipfor their own needs.
available transmission rates in access networks, whiattersn  In this paper, we consider that users behave selfishly, i.e.
transfer times reasonable, even for large files. Finallyinen are only sensitive to the quality of service they experience
storage systems are able to cope with document versioninggardless of the effects of their actions on the other usties
and to protect data not only against user device failures Htdmework of noncooperative Game Theof{] is therefore
also against disk failures, through the use of data reglcaparticularly well-suited to study the interactions amorgrs.
stored on different disks. For a peer-to-peer storage system, it is clear that without
For those reasons, many companies now propose onl&® reward for contributing participants, selfishly benayi
data storage services, most of them offering a given storagsers will only benefit from the service without providingyan
capacity (betweer2 and 25 gigabytes) for free, with the part of itt. In other words, the only Nash equilibrium of the
possibility of extending that quota to a higher value for &fix noncooperative game is the situation where the systemlbctua
price per year (the price per year per gigabyte being of tli®es not exist due to the lack of offering peers.

o ) . The work presented in this paper focuses on the incentives
TEFI’_'E'\é%",'j 'ér:{ggntgle 2?er%aertg:n|;Of@t,;gr\?éﬁé,sggggg gggsgﬂ;gjmrgd'ﬁhat can be used to make participants contribute to thersyste
Cedex, FRANCE. E-mail: patrick.maille@telecom-bretagne.eu i.e. the changes that can be brought to the game to modify its
22 o s e, ELOD S A G PARNCE a2 edllra, Wihle he economic aspects of peer-o-peer
the Department of Télecommunipcations gnd Media ’InformaticsdaBast f}'le sharing networks have already been. extensively studied
University of Technology and Economics, 2 Magyar adk krt, 1117 (See [3], [4], [5], [6] and references therein), there ar@to
Budapest, HUNGARY. E-mail: toka@eurecom.fr
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knowledge no references on the economics of peer-to-peer Il. MODEL
storage networks. Now, the economic models developed t&r
peer-to-peer file sharing systems do not apply to peer¢o-pe "
storage services: in file sharing systems, when a peer @wvid In a peer-to-peer storage system the availability of theesito
some files to the community, she adds value to the systél@ta is considered as the most important factor in user's
for all users since they all can access the data she propog@®reciation. As the storage disks are users’ propertye the
in that sense the resource offered to the system is a pul@i€ no direct means to guarantee that a given user diskgtorin
good_ On the contrary, in a peer-to_peer Storage System ﬂ']épeCIfIC file will be online 100% of the time. To ensure
memory space offered by a peer is a private good: it can @ata availability, the system can introduce several taalsh
shared among different users but each part is then devoted@$odata replication and coding [14]. We suppose here that
only one user. Therefore the economic implications of thodee system detecting that a peer has gone offline triggers a
systems are necessarily different. recovery of the data stored in that peer from the replicas in

The existing literature on peer-to-peer storage systeif® system, and a new storage of those data into other peers.
main|y focuses on Security’ re||ab|||ty and technical fbdw Likewise, when a peer comes back online, then new data will
issues [7], [8], [9], whereas the incentive aspect receivé@§ transferred into her offered storage space, indepegdent
little attention. Only solutions that do not imply financiaWhat and whose data she was storing before. Such a scheme
transactions are considered in current works, therefore igopurely reactive (actions are taken when a user deparure i
create some incentives to participate, the counter payfoent detected). One could also imagine using proactive appesach
providing service is usually the service in question as wefr @ combination of both, to smoothe the incurred traffic [15]
This approach finally leads to a scheme where every peerThis data protection mechanism implies data transfers, and
should contribute to the system in terms of service at ledbgerefore nonmonetary costs due to resource consumption
as much as she benefits from others [10], [11]. We call su¢BPU, bandwidth utilization, etc.). A peéris concerned by
a mechanism imposing the contribution of each peer to eq[ﬁbose data transfers in two situations: when she comes back
her use of the system symmetricscheme. online after an offline period (new data load), and when other

In this paper, we also investigate solutions based on mdeers enter and leave the system (upload traffic if user
etary exchanges: users can “buy” storage space for a fix@ares replicates of the leaving user’'s data, downloadidraf
unit price, and “sell” their own memory space to the systeff{hen useri has to store more data). The mean data transfer
at another unit price. It is known from economic theory thassociated to the first situation is thus proportional to the
when those unit prices are fixed by the supply and demafthount of capacityC; she offers to the system, and to
curves (as in a perfect market [12]), then user selfish ckoidée mean number of online-offline cycles per unit of time:
lead to a socially efficient situation. However, it is motieely  denoting byt?" (resp.t2™) the mean duration of online (resp.
here that the system be managed by a profit-maximizing ent@ffline) periods of uset, the corresponding mean amount of
that fixes prices so as to maximize revenue. That entity theata transferred is then proportional & /(2" + t2"). The
acts as the leader of a Stackelberg game [1]. mean amount of data transferred to and from usper unit

The main question addressed in this paper is whether itdktime in the second situation is proportional to the wegght
socially better to impose a symmetric scheme or to let a profiby the offered capacity) meagm of peer status changes per
maximizing monopoly set prices. The performance measu#git of time?. This term appears only at those peers who offer
we consider is social welfare, i.e. the total value that tt$orage space (proportionally to their offered capacitgsithe
system has for all participants. Under some assumptions @igbability that user be concerned by a peer's departure is
the peers utility functions, we derive a necessary and geific proportional toC;), and only during the time they are online
condition for symmetry-based systems to outperform regenyit is therefore also proportional to the mean availabilitfy
oriented management. We obtain that user heterogenettg teHseri, m; := t"/(t2" + ¢")).
to favor pricing-based schemes that are more flexible, andConsequently, the transfer cost perceived by usdor
above a given user heterogeneity threshold even a monopdHfering capacityC; with the mean availabilityr; expresses
managed system will be socially better than a system imgosifi;m; (6:;/t3" + v: /i), whered; and~; are parameters that reflect
symmetry. The results presented here are a generalizatiorthe user characteristics such as sensitivity, access biditgw
our preliminary work [13] that did not consider incentives tor hardware profile.
stay online and where the only source of heterogeneity came
from the price sensitivities. B. User preferences

This paper is organized as follows. Section Il introduces’
the model we consider for user preferences, and for the twoWe describe the preferences of a usgein the user set
incentive mechanisms studied in this paper, namely synymetélenoted byZ by a utility function, that reflects the benefit
based and profit oriented price-based schemes. In Sectionofi using the service by storing an amoufit of data in the
we define the social welfare performance measure and cosiistem, the cost of offering storage spacg := =,C; for
pute its value for those two types of schemes. We compare
them in Section IV to determine the management scheme th?ﬁActuaIIy peeri should only be sensitive to the status change rate of
. . . . all other peers but hers. However we consider here a system avivery
is best suited to the society, and present our ConCIUS'OnSIé@e number of users, so that taking the mean of the change oaéz all
Section V. participants but one is equivalent to considering all pgréints.

Content availability management and associated costs
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other users, and the monetary transactions, if any. We stigge 1) Symmetric scheme¥Ve follow here the ideas suggested
to use a separable additive function. in the literature for schemes without pricing. As evokedha t
Definition 1: The utility U; of a useri € T is of the form introduction, the principle of those schemes is that usees a
invited to contribute to, at least as much as they take from, t
U, (Cf, Cy, 1o, t?ﬁ7€i) = other users. The availability of the peer is therefore chdck
s on - (e.g. at randomly chosen times) to ensure that = =,C;
Vi(C7) — 0i(Cimi) — Cimy (6:/t5" + vat) —ei, (1) exceeds the peer's service USg. ?
=Pi(Ci,t3"19") We assume in this paper that this verification is technically
feasible. Determining whether and how it can be done remains
an active topic of research and is beyond the scope of this
%aper, since we only focus here on incentives.

2) Payment-based schemé#fe consider a simple payment-
ased mechanism where users can “buy” storage space in the
system for a unit price® (per byte and per unit of time) and
“sell” some of their (time-average available) disk capaéir
unit pricep®.

The (possibly negative) amount that usés charged is then

where

e V;(C?¥) is useri's valuation of the storage service, i.e. th
price she is willing to pay to store an amoufif of data

in the systeri We assume thdk;(-) is positive, continuously b
differentiable, increasing and concave in its argumenrd,that

V;(0) = 0 (no service yields no value).

e P,(C;, 19" ™) is the overall non-monetary cost of user
for offering capacityC; to the system with mean online anda
offline durations r(gnspectively equal t§" and 9, i.e. with

availability m; = w“tW It consists of two distinct costs: e =p°C; —p°Cy.

« an opportunity cos®; (C;m;) of offering storage capacity In this paper, we assume that prices are set by the system
for other users (during online periods) instead of usingperator so as to maximize her revenue, knowing a priori the
it for her own needs§ whereO;(-) is assumed positive, reactions of the users. The operator can thus drive the matco
continuously differentiable, increasing and strictly €onof the game to the most profitable situation for herself, and
vex, and such thaD;(0) = 0 (no contribution brings no in this sense, she acts as the leader of a Stackelberg (or
cost); leader-follower) game [1]. In a real implementation of the

« data transfer cost&;m; (0;/t{" + ;i) due to the data mechanism, the operator may not perfectly know the user
protection mechanism implemented by the system @gactions, but an iterativétonnement of prices can converge
described in the previous subsection. to those profit-maximizing prices.

e ¢; is the monetary price paid by useérThis term is0 in
case of a symmetric scheme, and otherwise equals the pigeyser behavior related to availability
difference between the charge for storing her data into theIn the game we study, a peére I has four strategic
system and the remuneration for offering her disk space. variables. namelv her o?flered’- and stored(s capacitios
Remark that we implicitly say that the storage space nec- ' y i o - capacilies,
picitly say U ge sp and her mean onlineg® and offline t°f period durations.
essary to safely store some data in the system equals the pize. ¢ Lo .
o . . . Equivalently, we can also consider that the four strategic
of those data. This is done without loss of generality, tgkmvariables areCs, 2.4 and o, From (1), whenC® and
into account the redundancy facteradded by the system ., are fixed tlh’e Ejtyilifty7 of eaéh.user is in(,:reasingtlﬁ‘l so
in users’ cost function: a user considered to offer spacet%, ' ‘!
store an amount’; of data actually devotes more of her disk{f)n

will be set by user to a maximum value. We denote by
space £C;) to the service. Likewise, prices are then per unit that maximum value, which is only limited by uncontrolled
of “protected data”.

events (power black-out, accidents, hardware failure3,teat
may force the user off the network.

Notice that this selfish decision is profitable to the whole
network: longer online periods mean fewer data protection
transfers and therefore smaller costs for the system (the pa

Users selfishly choose strategies that maximize theitytilirameters in (1) being small). Remark also that sing’é does
We assume here that apart frafif and Cy, each usei can not appear in (1), there remain only two decision variables,
also decide about her behavior related to availability.his t namelyCs andC¢ (that equalsC;#2"/ (9" + 2™)). From now
subsection, we describe the two types of incentive mechemniswe will therefore writeP;(C¢) instead ofP;(C;, 19", tgff), and
that we intend to compare in this paper. Both schemes mg@jll also use the notation
imply the existence of a central authority or clearanceiserv in on ~
to supervise the peers behavior and/or manage payments: as Pt =0/ + il 2
the model aims to give hints for commercial applications,
do not try to avoid such a centralized system control.

C. Incentive schemes for cooperation

W that the transfer costs simply writépmin,

SWe assume here that data replication ensures a given alitjladn that E. User supply and demand functions
this availability does not appear in the utility function. Supply and demand functions are classically used in eco-
We implicitly assume here that the opportunity cost dependis @m the . 12 d ively derived f h | it
mean capacity offered over time, since during offline peribgsuser can use nomics [12], and are reSp(_aC“Ve y er“_/e rom t_ e valuag
the disk space for other purposes than the service. consumers and cost functions of providers. Notice howéeer t
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particularity here that peers can be consumers and pravider
at the same time. if ey

Definition 2: For a usei € Z, we callsupply functior(resp.
demand functionthe functions;(-) (resp.d;(-)) such that for
allpe Ry,

(i

utility U;

quantity
9

si(p) = inf{g=0: P{(q) = p},
di(p) = inf{g >0:V{(q) <p}, o

whereg’ stands for the derivative function gf and with the
conventioninf () = +oo.

For a givenp > 0, s;(p) (resp.d;(p)) is the amount of min " - max
storage capacity that usémwould choose to sell (resp. buy) ‘
if she were paid (resp. charged) a unit pricéor it.

For the sake of simplicity, our main results in the following:ig. 1. Reactions to prices and utility of a uset 7 under Assumption A.
consider a particular form of supply and demand functions
described in the assumption below.

Assumption A:For all i € Z, the supply and demand
functions of useri are affine. More precisely, there ems%
nonnegative values;, b;, and p;"** such that

unit price

Definition 3: We callsocial welfare(or welfare) and denote
W the sum of the utilities of all agents in the system:

min W V CS CO 5
sip) = alp— P ® 2 Wil ) ®
di — b max _ ]+ 4 ) ] ) )

(p) lpi AR “) Notice that no prices appear in (5), since all system agents
wherep®® is given in (2),7F := max(0, z), and we assume are considered, including the operator that receives a@sgiv
that max; p™i* < min; pax, payments, if any, and whose utility is her revenue. The

This actually corresponds to quadratic functions for theperator being a member of the society, all money it excheinge
valuation and opportunity cost (with denoting themin): with the users stays within the system and therefore does not
9 influence social welfare.
1C¢
Ol(czo) = - ; )
Q; . .
S 1 (C A bypinax)? DR A gl A. Optimal value of social welfare
(CF) = n\ 2 Thp (CF A bipi™) ) The optimal situation (in terms of social welfare) that the
. . . . system can attain corresponds to the maximization problem
Unde: Assump'?:qn A, z; gserls entirely described by four maxcs co 3oz Vi(C3) — PA(CY), subject to the feasibility
parameters (see Figure 1): constraintsC? > 0, C; > 0 for Vi and )", C? > 5. C?.

« two price thresholds, namejy™" andp;"*, that respec-  Thjs classical convex optimization problem can be solved by

tively represent the minimum value of the unit prige the | agrangian method: jf* andC* are the (unique) solutions
such that user sells some of her disk space and thgf the demand-supply equation

maximum value of the unit pricg® such that she buys

some storage space, Cri= Y st =) di(p"), (6)
« two price sensitivities:; and b;, that respectively corre- i i

spond to the increase of sold capacity with the unit pricteen the maximum social welfare is attained whep =

p° > p"™ and the decrease of bought storage space with(p*), and C? = s, (p*) for all i € Z. Under Assumption
the unit pricep® < p;"**. A, the optimal social welfaréV* is then
Consequently, the total supply functigh:= >, _;s; is a 2 5
(piecewise affine) nondecreasing convex function on ther-nt Zb ( i ) —ai (P —pn ) )
val [min; p®, max; p*], and is affine orfmax; pi®, +00).
Likewise, the total demand functioD := 3 _,d; This maximal valueW* as well as the so-called “shadow

is nonincreasing, affine orf0, min; pi***] and convex on price” p* are illustrated in Figure 2 displayed in Subsec-
[min; p**, max; pi***], as illustrated in Figure 2 displayedtion Ill-C. Remark that this optimal situation can be até&in
in subsection I1I-C. with a payment-based scheme whefe= p* = p*.

lll. SOCIAL WELFARE PERFORMANCE OF INCENTIVE  B. Performance of symmetric schemes

MECHANISMS
Under a symmetry-based management scheme, each user

In this section we introduce the performance measure Uﬁe@hoosesco and C¥ so as to maximizé/;(Cs) — P;(C?),
in this paper to compare incentive schemes, and study msevagub]ect toC" > C#. As P,;(-) is increasing inC#, it is in
for the social optimum and the outcomes of the two incentivéch user's best interest to choose a strategy @ljth= C3.
schemes that are the object of this paper. Useri then maximizes her utility at the poiit; = C? = C7
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where V/(Cy) = P/(Cy), as illustrated in Figure 1. UnderRemark that this straightforwardly imply thatax; pit <
Assumption A, this corresponds to every user “exchanging® < min, p®*, so under Assumptions A and B, (8) holds as
capacityC; = * +b (pmax — pin) at thevirtual unit price noticed in the previous subsection.

aipliniu_"_blp;ndx . ) i
p; = =~ Compared to the socially optimal situa-

tion, each and every user losg&* — p;)?(a; + b;) of utility

if max; pPi® < p* < min; p®*. In that case, the welfare loss

of the system is Maximal
a; + b; E welfare W*

* L i * %\ 2
W= — Wsym = Z D) (p - pt) . (8) o i . Operator's
‘ = - A profit
Remark thap* = a;+ib)p1 is then the weighted mean 3
of p¥, therefore the %ss of welfare only depends on the User welfare
heterogeneity of usergs;. In particular, in the case when all Cc*2

users have the samg, then symmetric management schemes
maximize social welfare.

hS]

——
max; (p;jnin) po P I‘HdX)

p mlnb(p

C. Performance of profit-oriented pricing schemes
unit price

We now study a pricing mechanism where the system
operator strives to extract the maximum profit out of theig. 2. Total supplyS and demandD functions, maximum social welfare
business by playing on prices andp°. Knowing that each and surplus repartition with a revenue-driven monopoly urdgsumption A.
user: will sell s;(p°) and buyd;(p®), the operator faces the
following maximization problem.

max ( Zd —p° Zsi (p0)> , 9)
subject top® > 0, po > 0 and the feasibility constraint
> 5i(p%) 2 225 di(p).

Let us examine the best choices for such a profit-driven
monopoly. Figure 2 plots two curves: the total supply=
> ;s and the total demand = . d; as functions of the
unit price p. First remark thatp® and p* must be chosen
such thatS(p°) = D(p®): otherwise it is always possible for

quantity

*

the operator to decreagé (if S(p°) > D(p®)) or increase max; (p7™) - p min; (py"*) P
p* (if S(p°) < D(p*)) to strictly improve its revenue. The unit price
operator revenue with such prices is then the area of the

rectangle displayed in the left hand side of Figure 2, embedd ' 3 !lustration of the proof of Proposition 1.

within a zone whose area is the maximum value of social
welfare. While p° > max; p™® and p* < min; p®*, the We can now quantify the performance of pricing mecha-
largest revenue is attained whef{p®) = D(p®) = C*/2. nisms designed to maximize revenue.
However we are not guaranteed that sychand p* indeed Proposition 1: Under Assumptions A and B, a profit-
verify p° > max; p® and p° < min; p"®*, nor are we oriented pricing yields a social welfai&,,,,,, such that (with
assured that such a choice yields the maximum revenue (tb&tgiven in (6)):
maximum might actually be attained wiflf < max; p™® or 1 1 1
. 2
ps > min; p;nax). W — Winon = =C* ( + 7)
To be able to predict the choices of the profit-oriented 8 i 2ibi
monopoly, we therefore make the following assumption re- Proof: We first establish that the monopoly chooses the
garding user price thresholds, that fixes those two points. profit-maximizing unit pricegp® and p® such thatS(p°) =
Assumption B:The repartition of price thresholgé*® and D(p*) = C*/2, wherep* is the welfare-maximizing price

(12)

p™a* is such that given in (6). To do so, we compute an upper bound of the rev-
min enue that can be attained when choosing the prices in the non-
min p +In1n2pz . . i
mapr < — (10) linear part ofS or D. Since both functions are convex, we can
P + max; piax upper bound them by their cords ¢gmin; pi*, max; pi*]
mmpi’lax > L (11) for the supply function, and ofmin; pi*®*, max; p®X] for

. 2 the demand function. We extend these segments until the
wherep* = M—H’”’Z from (6). Moreover user profile vertical linep = p* to form two triangles (with the abscissa
valuesa; (resp. E) of all usersi ¢ Z are independent andaxis). Under Assumption B, the largest rectangle embedded

identically distributed, and; andb; are independent. in each triangle is indeed embedded in the triangle formed by
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extending the affine parts 6fand D, as illustrated in Figure 3. Proposition 3: Under Assumptions A and C, symmetric
Therefore the sum of their areas is smaller than the reveraghemes socially outperform profit-oriented pricing mecha
yielded by the prices verifying(p°) = D(p®) = S(p*)/2, nisms if and only if

which are thus the profit-maximizing prices.
1 1 Z 1 - § (14)
Zi a; Z b; L4+ bl 4

As illustrated in Figure 2, the differend&™* —WW,,,,,, is then
simply the area of the hatched triangle above the horizontal

B Moreover, if the couplesa;, b;) are independently chosen for
all users and identically distributed, then when the nundfer

line C*/2, which gives (12).

IV. ' WHICH MANAGEMENT TO PREFER? users tends to infinity, (14) writes
In this section we compare the outcomes of the two practical E[f(a,b)] 3 1
schemes, i.e symmetric and payment-based schemes. From (8)7 > —, with f: (z,y) » ——.  (15)
and (12) we immediately have the following result. f (Efal, E[b]) 1z +1/y

Proposition 2: Under Assumptions A and B, symmetric Since the functionf is strictly concave, from Jensen’s
schemes socially outperform profit-oriented pricing mechiequality the left-hand term of (15) is always smaller than

nisms if and only if 1, and decreases as the dispersiori@gb) increases. Remark
1, 1 1 , that when(a,b) are deterministic then the left-hand term of
ZC* <Z P S ) Z (a; +b;) (p* —pi)7, (15) equalsl and symmetric schemes are better than profit-
' oriented ones, as we remarked in subsection IlI-B.
I b, pma Let us have a look at (15) for two simple examples of

where C* and p* are given in (6), ang; = “%

NN . itbi *distributions for(a, b), assuming that andb are independent
That condition is equivalent to ‘ (a,0) 9 P

variables.
e Uniform distribution If a (resp.b) is uniformly distributed

1 * min max * * *\2
1 (P -2 aup] ><Z Bipi™ —p ) 22 @i (Pl =) over [0, ] (1eSp.[0, bynas),

| | ‘ b I By 2/ 1 1
with the weights for al € 7 : a; := Z“—a Bi = T and T o — o + — Gmax + Dmax

it i f(E[CL], E[bD 3 Amax bmax
Wi 1= Zaz+bib ) 5
v s @itbi . ) b bz,
Proof: Relation (13) comes after some algebra, using the _ Smax In(1 + —55) — 8% n(1 + Zma")) (16)
equalitieSp — ZZ wzp;k and C* = ZZ a1(p p;nln) — max Amax Amax max
> bi(p —p*). B This expression is minimum when,.. = buax, iNn Which case

Proposmon 2 combines the four user heterogeneity factoisequals8(1 —In(2))/3 ~ 0.82. Consequently inequality (15)
namely the price thresholdg®, p™2* and price sensitivities always holds.
a,b, to determine the best mechanism in terms of soci@lExponential distributionlf a (resp.b) follows an exponential
welfare. Whereas the right-hand term of (13) is the variarice distributions with parametet,, (resp.u), i.e. P(a > z) =
the p} with weightsw;, the left-hand term is hard to interprete=#«*, then we obtain after some calculation

We thus suggest to have a look at the particular cases where

oo ; X L E[f(a,b)] 3 to 1
user heterogeneity lies entirely on prices sensitivitiesg. on R EBD > 1 & a<< —< —
price thresholds). f(Ela], E[t]) o

where « ~ 0.179 is the smallest positive root of —

A. Homogeneous price thresholds (fjf)s (1—224-2x1n(x))—3/4. In that case, either a symmetric

or a profit oriented mechanism is socially preferable dejend
We consider here that users only differ by their pric P yp g

sensitivitiesa; andb,. That simplified model has been studie n the relative values gf, and .
in a previous work [13], we therefore recall the main results
and refer the interested reader to [13] for details. B. Homogeneous price sensitivities

ASSUmptIOﬂ C:All users: € Z have the same pl'lce thresh- We now consider the case where the pr|ce threshpﬂdg
olds pj™ andp}"**. Without loss of generality (via a changeand pmax can be user specific, but the price sensitivities
of abscissa in Figure 2), we can therefore assume that  andp, are identical for every user.

VieZ, phin=0 and pmex = pmex, Assumption D:All users hgve the same price sensitivity of
supply (resp. demand), i.&i € Z, a; = a and b, =
Notice that under Assumptions A and C, Assumption B. Moreover, the couplegp™®, max) are independent and

always holds. It can then be proved (see [13]) that identically distributed among users, apf™® is independent
of pi"* for all 7 € Z.
Wsym = (Zla + Z}m) > [%}r%]W*, In that case, we establish that one mechanism is always
Winon = 3W*. o preferable to the other.

R . ) ) Proposition 4: Under Assumptions A, B and D, manage-
This yields the following comparison (which can also bghent mechanisms based on symmetry are always socially
directly obtained from Proposition 2 after some algebra). petter than profit-oriented pricing mechanisms.
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tives in a peer-to-peer storage system. Using a game theairet; 4 r. Rodrigues and B. Liskov, “High availability in DHTErasure coding
model to describe selfish reactions of all system actorgguse vs.replication,” inProc. of 4th International Workshop on Peer-to-Peer
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the availability and reliability are particularly importaissues
in storage systems, the model also aimed to reduce churn.
By comparing the social welfare level at the outcome in the
two cases, under some assumptions on user preferences we
exhibited a necessary and sufficient condition for a type cf
management to be preferable to the other: it appears théit pre
oriented payment-based schemes may be socially better tt
symmetric ones under some specific circumstances, namely
the heterogeneity among user profiles is high.

There are different ways to extend the results we hav
obtained. First of all, in reality the perceived utility ofuser
should not only depend on the amount of stored data and t|
associated availability, but also on the rapidity to acthese
data. Therefore the available bandwidth of a storage space
offerer should be taken into account in addition to the armhoun
of space proposed. Another interesting direction wouldde t
consider demand and supply functions that are not affine, k
can have any form, or eventually to carry out experiments 1
estimate the form of those functions. Finally, since a mor
complete and realistic model may not be solvable analyyical
a simulation testbed could be built in order to study th
behaviour of a peer-to-peer storage system in a more compl
setting and eventually exhibit other phenomena that are
captured by our model.
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Abstract

Wireless users have the opportunity to choose between heterogeneous ac-
cess modes, such as 3G, WiFi or WiMAX for instance, which operate with
different distance ranges. Due to the increasing commercial interest in ac-
cess networks, those technologies are often managed by competing providers.
The goal of this paper is to study the price war occuring in the case of two
providers, with one provider operating in a sub-area of the other. A typi-
cal example is that of a WiFi operator against a WiMAX one, WiFi being
operated in the smaller area. Using a simple model, we discuss how, for
fixed prices, (elastic) demand is split among providers, and then characterize
the Nash equilibria for the price war. We derive the conditions on provider
capacities and coverage areas under which providers share demand on the
common area. A striking additional result is that among the Nash equilib-
ria, the one for which providers set the largest price corresponds to the case
when the competitive environment does not bring any loss in terms of social

welfare with respect to the socially optimal situation: at equilibrium, the
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overall utility of the system is maximized. The price of stability is one.

Key words:  Wireless networks, Pricing, Competition, Game theory

1. Introduction

1.1. Context

Broadband access networks are becoming prominent in nowadays life,
with various applications such as Internet access, wired or wireless telephony,
television... One of the main trends is the convergence of all those services
in a single network. At the same time, personal devices such as laptops
or cellular phones are reliant on ubiquitous connectivity: there is now the
possibility to access the network by different means in terms of provider and
technology. Each user may have the opportunity to choose his access mode
depending on the service availability first, and then the feasible quality of
service (QoS), pondered by the corresponding access charge. Among the

numerous network access technologies, we can mention

e cable modem, fiber optic links and digital subscriber line (xDSL), that

require fixed access from houses or offices,

e 3G (for third generation) wireless that may be accessed from most

inhabited areas,

e WiFi (for Wireless Fidelity) technology, that has been developed by
working group IEEE 802.11 to provide wireless access from local area

networks or hotspots [1],



e WiIMAX [2, 3] (for Worldwide Interoperability for Microwave Access),
that has been more recently standardized by working group IEEE

802.16, in order to reach devices at further distances.

With respect to WiFi, WiMAX is a long-range system, covering many
kilometers, while WiFi typically covers tens of meters, but WiMAX and
WiFi also provide different Quality of Service (QoS).

Apart from this diversity in access technologies, another trend in net-
working is the transition from monopolies to oligopolies. Since the Internet
has moved from an academic network to a commercial one with providers
fighting for customers by choosing the appropriate access price, competition
issues in Internet access are highly relevant. Providers have to charge for
access as a return on investment and want to maximize their profits. On the
other hand, they have to take care of prices of competitors, since users can
find a better combination of QoS and price with a competitor, and change
providers. This kind of interaction is typical of non-cooperative game theory
[4], and one usually tries to look for a Nash equilibrium, representing here
a state where no provider can increase his revenue by an unilateral price

change.

1.2. Goal

In this paper, we consider two providers in competition for customers.
Users are assumed non-atomic, in the sense that their individual actions
have no influence on the QoS of others. They are charged a fixed price per
sent packet, so that the average price per served packet is the packet price

charged divided by the probability of successful transmission. This way, a



congestion cost is imposed thanks to the loss probability. Indeed, losses are
frequently an issue in wireless networks, such as when dealing with WiFi for
instance. Total demand, in terms of effective throughput, is assumed to be
a decreasing function of the average price per served packet, that we call
the perceived price. Each customer chooses the provider with the best -i.e.,
cheapest- perceived price. This results in a customer distribution equilibrium
satisfying the Wardrop principle. That principle is widely used in transporta-
tion theory, an area closely related to telecommunications [5], and states in
our context that within an area of competition between providers, the per-
ceived price has to be the same at both providers provided they attract
some demand; otherwise the highest charged users would have an interest
in switching to the cheapest provider. The providers (which will be called
provider 1 and provider 2) are assumed to have fixed (but possibly different)
capacities, and operate in different areas. We assume that provider 2 oper-
ates in a sub-domain of provider 1’s access area. Provider 1 could typically
represent a WiMAX operator while the other proposes WiFi access. WiMAX
can reach customers at a much longer distance than WiFi, and therefore runs
a larger coverage area. We can then think of a WiMAX provider enduring
competition on a fraction only of his customers, since the other part is not

reachable from his competitor. The questions we aim at answering are:

e What is the strategy of each provider in terms of price setting, knowing
what the user distribution would be (the Wardrop equilibrium) for any

given couple of prices?

e Shall the (WiMAX) provider compete for demand on the common mar-

ket, or shall he just focus on revenue on the monopolistic area to de-

4



termine his price so that all users in the common area could prefer to

go to the (WiFi) competitor?

e Is there a (Nash) equilibrium in the price war? If it is the case, is it

unique?

e What is the price of anarchy due to non-cooperation? The price of
anarchy is a measure of the loss of efficiency due to actors’ selfishness.
This loss has been defined in [6] as the worst-case ratio comparing the
global efficiency measure (that has to be chosen) at an outcome of the
noncooperative game played among actors, to the optimal value of that
efficiency measure. Similarly, what is the price of stability, measuring
the loss of efficiency when the best Nash equilibrium is reached [7] (i.e.,
if we consider the socially optimal situation such that no actor will

defect)?

1.5. Related work

Our work uses game theory to model competition among providers. Game
theory [4] is a powerful tool for representing the interactions of selfish actors,
and has been quite recently introduced in telecommunication networks; see
[8] for a survey on the different types of problems that can be encountered.
More specifically, our goal is to study pricing issues. Pricing [9, 10, 11]
has been used in telecommunications to cope with congestion due to more
and more demanding applications and an increasing number of customers;
here typically, game theory is the natural tool to describe the interplay of

selfish customers in front of a given pricing scheme. Providers use pricing



to better control demand, differentiate services for different QoS-requiring
users/applications, and/or provide return on investment.

On the other hand, most of the studies investigate the case of a single
provider, a monopoly, and it is only recently that modeling the competition
among providers has been introduced in networking. Competition may dis-
rupt the monopoly-case behavior of some schemes such as the very promising
Paris Metro Pricing (PMP) scheme, consisting in separating the network into
disjoint networks served in the same manner but with different access prices.
In that case, there is no guarantee that the QoS will be better at a subnet-
work than at another, but it is expected that most expensive ones will be
less congested due to the higher price. It is shown in [12] that such a simple
and attractive scheme to differentiate service actually does not allow service
differentiation under competition, since at equilibrium no provider has an
interest in offering several classes. Other competition models, with less com-
plexity than ours, have been studied. For example, [13] models competitive
providers playing both on price and on a QoS parameter, but demand is there
driven by an arbitrary function which does not depend on price and QoS at
competitors and therefore does not cover the fact that users could switch
to more attractive providers, if any. The Wardrop’s principle we consider
here precisely encompasses that aspect. [14] considers on the other hand a
Wardrop equilibrium among users, but QoS does not depend on demand, a
simplifying assumption we do not make here. In wireless networks, compe-
tition has been analyzed by several works in the case of a shared spectrum,
in order to lead to a more efficient utilization than with potentially unused

fixed licenses. For instance, [15] uses a more specific model than ours and



shows that competition may increase users’ acceptance probability for of-
fered service. In [16], competition among selfish wireless providers is also
considered, but their strategy space is only on the power of the pilot signals
of their base stations,and does not include any pricing activity, a lever that
should require attention. [17] studies the case where an operator can lease
part of the bandwidth he owns from his license; a learning automaton is used
to converge to an equilibrium, while in our model a direct proof of existence
and uniqueness of an equilibrium is obtained. In a more general context, [18]
studies competition in the case of uncertainty on demand, whereas in our
case demand repartition among providers is obtained through a (determin-
istic) equilibrium among users. In [19], the pricing competition between a
WiIiMAX and a WiFi community is investigated, but the externality is cov-
erage instead of QoS here: the more customers the WiFi community has,
the more connectivity it has. A model more closely related to ours is in
[20], where atomic users can choose betwen two technologies operating on
different ranges, typically a WAN and WiFi hotspots. Using a stochastic
geometric model for the locations of customers and providers’ access points
and a greedy algorithm for the decision about which technology to use, mul-
tiple equilibria are found for a final selection. WAN and WiFi competition is
analyzed in an asymptotic scenario where the service zones of WAN provider
are much larger than those of WiFi access providers. Our model is different
from the fact that users are assumed non-atomic. This drives to an analyti-
cal characterization of the equilibrium. Moreover, no asymptotic scenario is
required for the analysis and we are able to precisely determine when both

providers will attract customers in the common area.



Studying competition for customers when demand is distributed accord-
ing to Wardrop’s principle, was considered in [21, 22, 23], where the QoS
externality is the expected delay, while it is the loss probability here, which
seems more relevant for some wireless contexts. The price of anarchy, mea-
suring the loss of efficiency due to competition with respect to cooperation,
is determined, for fixed demand in [21] and random demand but linear delay
in [23]; we do look at the price of anarchy too (that is unbounded here),
but we also have a look at the price of stability and prove it equals one, i.e.,
competition can lead the system to the socially optimal situation. Moreover,
we consider a more comprehensive model, by including the fact that part of
customers are not accessible from one of the providers, thus competition is
only on one part of demand. On the other hand, setting a price too high
would also reduce (elastic) demand in the part where the WiMAX provider
has a monopoly.

Note that competition can also occur in interdomain or multihop net-
works, where selfish providers need to send their traffic through competitors’
networks to ensure end-to-end delivery, and pricing is a mean to produce
such incentives [24, 25, 26]. The goal is different in this paper because we
only look at direct competition for users between providers.

We have studied competition among providers in a previous work [27] us-
ing also loss probability as the externality, but for a specific network topology
where all users have the choice among all providers. That could represent
competition among access providers using the same technology, say WiFi, at
a given hotspot or hotzone.

In this paper, we intend to model the competition in heterogeneous net-



works, i.e. for providers using different wireless technologies. Those tech-
nologies correspond to different coverage areas, and it therefore results in a
model drastically different from the one studied in [27]. Indeed, the math-
ematical characterization of the user equilibrium changes completely since
the different coverage zones have to be taken into account. Consequently,
the higher level game played on prices by competing providers is much more
complicated to study and all the required proofs are of different nature. On
the other hand, we believe that studying the heterogeneousness we introduce
here is a primal need, because it is a very important aspect of nowadays

wireless networks.

1.4. Organization of the paper

The paper is organized as follows. Section 2 presents the mathemati-
cal model we will use to represent provider competition in heterogeneous
networks, while Section 3 defines our social welfare measure as the sum
of utilities of all actors (customers plus providers) and compute its maxi-
mum value; this will provide a reference to investigate the loss of efficiency
due to competition. Section 4 discusses how demand is split -according to
Wardrop’s principle- between providers in both zones, the common one and
the one where provider 1 is a monopoly. Section 5 then shows what the
Nash equilibria are for the pricing game between providers, with an explicit
characterization depending on the proportion of demand that is common. It
is also shown that with social welfare as a global performance measure, the
price of stability is one, meaning that there is no loss of efficiency by intro-
ducing competition when using the “best” Nash equilibrium. An argument is

provided in favor of that particular equilibrium. The price of anarchy, when
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comparing social welfare at the optimal value and at the worst Nash equi-
librium, is also computed. Finally, Section 6 concludes and gives directions

for future research.

2. Model

2.1. Network topology and perceived prices

Consider two providers, denoted by 1 and 2, with provider 2 operating in a

subdomain of provider 1, as illustrated in Figure 1. This is a typical situation

Prov. 1: WIMAX

A

I:I zone A I:I zone B

Figure 1: The competition framework

of a WiFi provider operating on smaller distances -tens of meters- than a
WiMAX one -covering many kilometers-. As a consequence, competition
only occurs in the domain of operator 2, while operator 1 has a monopoly
in the remaining area. But operator 1 having a unique price, competition
influences the optimal price in the monopoly area. As illustrated in Figure 1,

we partition the total domain in

e zone A, the domain where only provider 1 operates, and

e zone B, the domain where both providers operate.

10



In order to analyze the outcome of competition, we consider a model
where time is discretized, divided into slots. Provider i (i € {1,2}) is as-
sumed to be able to serve C; packets (or units, seen as a continuous number)
per slot. Congestion is experienced at provider i if demand exceeds capac-
ity, and demand in excess is lost, lost packets being chosen uniformly over
the set of submitted ones. Formally, let d; be the total demand at provider
i. Then the number of packets served is min(d;, C;), meaning that packets
are actually served with probability min(C;/d;, 1), i.e., packets are eventually
served after a random time following a geometric distribution with parameter
min(C;/d;, 1). Following an idea first introduced in [28], prices are per sub-
mitted packet rather than received one in order to prevent users from sending
as many packets as possible, which would maximize their chance to be served.
Charging on sent packets instead of successfully transmitted ones may seem
unrealistic. However, that mechanism can be seen as a volume-based pricing
scheme, with a congestion-dependent charge. Somewhat equivalently, it can
also be seen as a consequence of the more frequently used time-based charg-
ing with a fixed price per time unit. Indeed, when congestion occurs on a
network 7 and packets are lost, having to send them again multiplies the total
transfer time (and thus the price paid) by max(1,d;/C;), the mean number
of transmissions per packet. If each packet sent to provider ¢ is charged p;,

the expected price p; to successfully send a packet is therefore given by

which will from now be called the perceived price per served traffic unit at
provider i. Figure 2 plots that perceived price p; depending on the demand d;:

P; is constant while provider ¢ is not saturated, and increases linearly when

11



demand exceeds capacity C;. Demand for provider 1 is decomposed into d; 4,
Price p;

Pi

Di

C; Demand d;

Figure 2: Perceived price at provider ¢ versus demand d;.

the demand in zone A, and d; g, the demand in zone B, with d; = dy 4 +d; p.
Remark that our work does not deal with customer mobility: we assume that
the (wireless) users do not move as soon as connected, a situation typical of
most current WiFi users. Therefore coverage is not an issue for customers.
In a given zone z € { A, B} where the subset of operating service providers
is Z¢ C {1, 2}, the perceived price can be defined as
p* = minp;.

This models the fact that users are only sensitive to the lowest perceived

price available, since they choose the least expensive network.

2.2. User demand and valuation

In this paper, we assume that users are sensitive to the perceived price, in
the sense that they reduce their demand when the perceived price increases.

We model that effect using an aggregated demand function D(-).

12



Definition 1. If the perceived price p were the same on the whole domain,
then the total demand is a function D(-) of that perceived price p. Let us
denote by [0, pmax) the support of D.

The demand function D is assumed to be continuous and strictly decreasing
on its support, with D(pmax) = 0 and possibly pmax = +00, meaning that

there is demand starvation when price is sufficiently high.

In other words, D(p) represents the number of users/packets having a
willingness to pay larger than or equal to p. To deal with the case where
there actually is competition, we assume that there is not enough resource
to satisfy all demand, i.e., D(0) > C} + Cb.

A useful function in the rest of the paper is the marginal valuation func-

tion, that is the generalized inverse of the demand function.

Definition 2. The maximum unit price at which a given quantity of traf-
fic units can be sold is called the marginal valuation for that quantity. The
marginal valuation is thus the application v : g — min{p : D(p) < q}, with
the convention min () = 0.

The sum of the marginal valuations of the q units of users with largest
willingness-to-pay is denoted by V(q), and V(-) is called the global valua-

tion function. Formally,

13



Notice that v is a nonincreasing function since D is nonincreasing. It is

easy to see that
D(q) if ¢ € (0,D(0))
U(@) =4 Pmax  ifg=0 (2)
0 if ¢ > D(0).
Consequently, the valuation function V' is nondecreasing and concave. V(q)

4

measures the “value” that the service has for the whole population, since it
is the total price that the ¢ units of demand with highest marginal valuation
(i.e., those that actually accept to pay the unit price v(q)) are willing to pay
to be served.

Since perceived prices on both zones may be different, we introduce a
new parameter (namely, the proportion of the population covered by zone

B) to express separately the demand in each zone, still using the aggregated

demand function D.

Definition 3. Let us denote by « the proportion of the population in zone
B. We consider that users’ willingness-to-pay across sub-domains A and B
are equidistributed. Therefore, total demand in zone A (resp., zone B) is
(1—a)D(pa) (resp., aD(pg) if the perceived price on that zone is pa (resp.,
PB)-

If users are uniformly distributed over the domain, « is simply the proportion
of the surface covered by provider 2 with respect to provider 1, but it can be
more general if we assume a non-uniform repartition.

Most of our results hold under the following assumption on the influence

of price on demand.
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Assumption A. Demand function D is differentiable, and price elasticity

D' (p)p
D(p)

min (0 (125) v (%)),

The price elasticity of demand measures the percentage change in demanded

of demand — is strictly larger than 1 for all p € [P, pmax), with p <

quantity implied by a percentage change in perceived price. Values larger
than 1 (leading to relatively elastic demand in economic terms) correspond
to a quite high reactivity to a perceived price change.

Under Assumption A, the function p — pD(p) is strictly decreasing on
[D, Pmax); this is a typical assumption in telecommunications (p = 0 is often
considered, our assumption here is weaker), confirmed by operators'. This
property will be used in this paper to characterize the Nash equilibrium of
the pricing game.

Assumption A can be interpreted as follows: if all users in zone B always
choose provider 2 (or equivalently, if both zones were disjoint), then both
providers have an interest in setting a price such that all of their capacity is
used. Indeed, otherwise the revenue of provider ¢ covering a proportion «; of
the population is a;p; D(p;), which is strictly decreasing in p;, thus provider

1 should decrease its price to maximize its revenue.

2.3. Methodology

Our analysis of the pricing game is decomposed into three steps:

1. We first study how, for fixed prices p; (i € {1,2}), total demand is split

among providers. This is described and discussed in Section 4 in terms

IFrom discussions at Orange Labs.
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of a Wardrop equilibrium. The output, also called user equilibrium,
consists in a demand distribution d := (d; 4, d1 5, d2). Notice that we
do have to consider the two different zones, each one impacting the
other, when computing that equilibrium. As we will see, we may end

up with different perceived prices on the two different zones.

. Knowing how demand is distributed for fixed prices, each provider i €

{1,2} tries to maximize his revenue

Ri<p1>p2) = pid;

by playing with the price charged to customers. The strategy of a
provider has an impact on the demand distribution, and therefore on
the revenue of the other. In Section 5 we determine the Nash equilibria
for the price game. Recall here the definition of a Nash equilibrium

when applied to our problem

Definition 4. A Nash equilibrium is a price vector p* := (p}, p5) such
that no provider can increase his own benefit by unilaterally changing

his access price, i.e., Vp > 0,

Ri(py,p3) > Ri(p, p3) and Ry(py,p5) > Ra(py,p)-

. In the same section, we show that among all the Nash equilibria, there

is one corresponding to the socially-optimal situation, so that there is
no loss of efficiency due to competition (the price of stability is one).
We actually argue that this equilibrium is the most likely if (even if
negligible and not counted here) management costs are involved. We
also compute the price of anarchy if the worst Nash equilibrium, in

terms of social welfare, is chosen.
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3. Social welfare and optimal value

We define here social welfare (SW) as the sum of utilities of all agents
(customers plus providers) in our specific context, and then study the optimal
value that can be obtained.

If we consider only zone B, v(q) is the price a user would pay to buy the
« X g-th unit since only a proportion « of the population is in that zone. A
customer buying the g-th unit of resource in zone B is therefore willing to
pay v(g/a) to be served. If total demand in zone B is dy g + da, then the
total price that users in zone B are willing to pay is

/I:Bﬂb v(z/a)dr = oV (—dl’B(j d2> :
However, the demand d; g + d» might not totally be served due to capacity
limitations. Consequently, reasonably assuming that packet loss are inde-
pendent of user willingness-to-pay, the value that the service has to zone B
users should include the average transmission success probability in zone B:

that overall value is then

d1,B7T1+d27T2 (dl’B—’_dQ)
aV ,

dl,B + dQ (e
where m = min(l, dl;ﬁ) and my := min (1, g—;) are the transmission

success probabilities with provider 1 and provider 2, respectively. Similarly,

the total value that the service has for zone A users is

(1 — )V (fll—f‘) |

—

leading to the following definition of social welfare.
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Definition 5. For a demand configuration (dy a,dy g, dz), social welfare (sum

of utilities of all actors) is

d d d dip+d
SW(dya,dy 5,ds) = m1(1 — @)V ( LA ) 4+ HLBTL T 0272y (ﬂ) ,

1—a dl,B + d2 (%
(3)

) and Ty = min (1 @>

where m; := min (1 a

C1
> di,p+di A

Remark that social welfare depends only on (dj 4, d; 5, d2), but not on
prices paid by users since SW is the sum of the utilities of all actors: cus-
tomers (with their willingness to pay minus price paid) and providers (with
the revenue they get from prices).

From Definition 5, maximizing social welfare can be formally written as

max SW(dLA, dl,B7 dg) (4)

s.t. dl,A Z Oudl,B Z O,dQ Z 0.
We now solve that optimization problem.

Proposition 1. The maximal value SW* of social welfare is

V(Cl + CQ) Zf OéCl Z (1 — Oé)CQ,
(1-a)V (&) +aV(2) otherwise.

l—«

SW=

The proof is provided in Appendix A.

4. Demand distribution

Let us now describe more clearly how demand distributes itself among
providers. As in several other works where the number of users is large and

no user has a significant weight with respect to the others [29, 30], we assume
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that users are infinitely small: their choices do not individually affect the
demand levels (and therefore the perceived costs) of the different providers.
Games involving infinitesimal users are called nonatomic games [31]. Under
that nonatomicity assumption, an equilibrium among users follows Wardrop’s
principle [5] taken from road transportation: demand is distributed in such
a way that all users choose the available provider with the least perceived
price, and none if this perceived price is too expensive. That principle is

formalized below.

Definition 6. A Wardrop (or user) equilibrium is a triple (dy a,d1 p,ds)
that verifies the following system, where p; stands for the perceived price at

provider i € {1,2}.

diqa+d
p1 = pirmax (1,%) (5)
1
d
D2 = prmax (Lé) (6)

| C, - )
di, 4 min (1; m) = (1-a)D(p) (7)

Ch

dypmin (1, — 4
bB ( dia+dip

>—|—d2min(1,6’2/d2) = aD(min(p;,p2)) (8)

]51>]52 = dl,BZO (9)

D <p2 = dQ =0. (10)

We now give the interpretations for those relations. (5) and (6) are sim-

ply (1) applied to provider 1 and 2, respectively. Relations (7) and (8) link
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demand (in terms of effective throughput, hence the multiplications by the
success probabilities) to perceived prices in zones A and B. In zone B,
where 100a% of the population is, the perceived price is p? = min(py, o).
The other users (a proportion 100(1 — «)%) are in zone A, with perceived
price p* = p;. As suggested in the definition of perceived prices per zone,
the min in the right-hand side of (8) reflects the fact that users in zone B
choose the cheapest provider (only provider 1 is available in zone A). Finally,
relations (9) and (10) also represent user choices in zone B: if one provider
is strictly more expensive than the other, then he gets no demand in that

zone. An example of the situation faced by users is illustrated in Figure 3.

To see how things happen in each zone, we artificially consider that demand

L)

p p

A

p1
P2

Perceived prices
Perceived prices

_ q ; :q
d1,ap1/P1 G d1,Bp1/P1 + d2p2 /P2 Cr+ G
Served quantities Served quantities

Figure 3: Demand repartition in zones A (left) and B (right).

is fixed in the other zone. In zone A, while demand d; 4 < Cy — d; g, then
from (5) the perceived price is p; = p;. Then when dy 4 > Cy — di g we
get py = pl%‘ In that case, losses occur, so that for a fixed d; g,

the perceived price to actually get a service rate ¢ on zone A (i.e., because

20



provider 1 is saturated, the total quantity served, C}, is decomposed into

Cy = q + digp1/p1 among the two zones) is p = p; gifq. At a Wardrop

equilibrium, from (7) in zone A the pair (d; 4, p1) is the (unique) intersection

. . d
point of the functions ¢ + p; max <1, qu) and g — v (ﬁ)

In zone B, both providers are involved and users first choose the cheapest
provider (here, provider 2) until it is saturated, then they continue choosing
it, increasing the perceived price due to losses, until both providers have

the same perceived price. Then some demand is served by provider 1 at a

unit price p;, until it gets saturated. Afterwards, if d; 4 is fixed, then the

dy A
C1+C2—q"

perceived price in zone B to be served at a rate g is p; = P = py

From (8), the pair (di g + ds, p2) is the (unique) intersection point of that
demand-price relation with the function ¢ — v(g/a). In the example of
Figure 3, we have dy > C5 but py < py, thus dy 5 = 0 (i.e. all users in zone B
choose provider 2 because demand is fulfilled in that zone before perceived
price at provider 2 reaches p;, the price at provider 1).

The difficulty of the Wardrop equilibrium is that both zones have to be
combined: the demand d; 4 in zone A must correspond to the values of d;
and dy in zone B and vice-versa.

The following proposition gives insightful results about the existence and

characterization of a Wardrop equilibrium.

Proposition 2. For every price profile (p1, ps) with strictly positive prices,
there exists at least a Wardrop equilibrium. Moreover, the corresponding

perceiwved prices (P, P2) are unique.

The proof is given in Appendix B.
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Remark 1. The uniqueness of perceived prices at a Wardrop equilibrium
leads in most cases to a uniqueness of demands. Actually from (7) and (8),
di.a and dy gp1/D1 + dapa /P2 are unique. From (5) and (6), if p1 > p1 or
Do > po then demands are unique. Also, (9) and (10) imply that demands
are also unique if p1 # pa. Therefore the only cases when demands might
not be unique are when py = p1 = pas = pa. Moreover, if diy + dy = C; + Cs
then demands are also unique (proof by contradiction: either dy = Cy and
dy = Csy, or from (1) one provider i € {1,2} has p; > p;). This will actually
be the case for the Nash equilibrium of the pricing game: we will end up with

di + dy = C1 + Cy, and a unique Wardrop equilibrium.

We will see in the next section that even in a competitive context, sit-
uations with p; > P can occur. In that case, all customers in zone B join
provider 2, but the revenue that provider 1 gets from zone A exceeds what

he could obtain by entering the price war on zone B.

5. Price war and Nash equilibrium

Knowing the above user equilibrium, we can discuss the pricing game
between the two providers. Provider ¢ € {1, 2} tries to maximize his revenue
R;(p1,p2) = pid; by playing with his price. Again, a price change modifies
the Wardrop equilibrium, therefore the revenue of the competitor.

We give here a simple lemma regarding providers revenues.

Lemma 1. For each provider i, i = 1,2, we have at a Wardrop equilibrium
R; < piCi, and
di > C; & R; = p;C;. (11)
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As a consequence, we also have p; > p; = R; = p;C;.

Proof: The lemma immediately follows from (5), (6) and the expressions of
the revenues R; = p;d;. ]

We now show our main result, characterizing the set of Nash equilibria.

Proposition 3. Under Assumption A, in the price war between providers
there is a set of Nash equilibria (0,pi] x (0,p3] for the price profile (p1,p2),
all yielding the same revenues Ry = piCy and R5 = p5Cs. This set 1is

characterized as follows.

o If -G %, that set of Nash equilibria is such that

l-a —
Cl C’2
Py U(l—oz>_p2 U(q) (12)

We then have dy p = 0, meaning that zone B s left to provider 2 by

provider 1.
o If £ > & the set of Nash equilibria (0,p;] x (0,p3] is such that
pi=p; =p" =v(Ci+C). (13)

In that case, zone B is shared by the providers.

The proof is given in Appendix C.

(O]

Remark 2. The assumption ;= <

% means that the capacity per unit of
surface for (the smaller-range) provider 2 is larger than that in the remaining
area for provider 1. This can happen for fized Cy and Cy if the proportion o of

the common zone is small enough. As a consequence, at a Nash equilibrium,
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it is better for provider 1 to disregard potential revenue from zone B, and
all users there go to the cheaper provider 2. We therefore end up with two
monopolies in the different zones. On the other hand, if the assumption is
not verified, zone B is too important for provider 1, and the price war is

played. Both providers then share the area.

Remark 3. Among all the Nash equilibria, all yielding the same revenues,
the price profile (pt,ps) is the one for which demand is the smallest, because
price is the highest. We claim that it is the most likely situation since there
is in this case less demand to manage, therefore less management costs, even
if those costs are assumed negligible and not considered here. In the next
proposition, we actually show that this equilibrium exactly corresponds to the

socially-optimal situation.

Corollary 4. In this system, the Nash equilibrium (p},p3) corresponds to the
socially-optimal situation. As a consequence, the price of stability, defined
as the best-case ratio comparing social welfare at the Nash equilibrium to the

optimal value, s equal to one.

Proof: This corollary is a direct consequence of the Nash equilibrium (p7, p3)
demand repartition, that exactly corresponds to the socially optimum one
computed in Section 3. O

However, if we consider any Nash equilibrium, then the performance of the

system can be arbitrarily bad with respect to the socially optimal situation.

Corollary 5. In this system, the price of anarchy is unbounded. Indeed,
social welfare tends to 0 when the prices fized by providers tend to 0 (that

situation being a Nash equilibrium of the pricing game).

24



Proof: As seen in the proof of Proposition 3, when prices (p;,p2) set by
providers are sufficiently small then (p;, po) is a Nash equilibrium, and p; = p;}
for pf given in (12)-(13). From (5)-(6) and (7), this means that demands
dy 4 and dy tend to infinity. Now remark that due to the concavity and

increasingness of V|

lim V(z)/x = lim v(x) =0,

T—00 T—00

where the last equality is a consequence of D being bounded for strictly
positive prices.
Consequently, using d;m; < C; in the social welfare expression, we have

when prices tend to 0:

1
SW < aV ( di.a ) +(C1 + Cy) a V<d17B i dQ)a (14)

dl,A 1—a d17B+d2 Q
=0 o
which concludes the proof. [l

6. Conclusion

In this paper, we have studied a pricing game between two wireless access
providers, one of the two (say, with WiFi technology) operating only in a
sub-area of the other (say, with WiMAX technology). Demand is driven
by the perceived price, being the price charged per packet sent divided by
the probability to be served (i.e. the average price per served unit). Users
are assumed to choose the cheapest available provider, or none if both are
too expensive. We have explained how demand is distributed according to
Wardrop’s principle. Knowing this distribution, providers play a pricing

game in order to maximize their revenue. We have characterized explicitly
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all Nash equilibria for that game. Moreover, if the capacity per user offered
in the WiFi hotzone exceeds the capacity per user of the WiMAX access in
the remaining zone, then the WiMAX provider leaves the common area to
the WiFi provider and only takes care of the region where he is the only
provider available. Otherwise, the providers share the common area. A last
contribution is to study whether competition brings a loss in terms of social
welfare with respect to the cooperative case. We have shown that the price
of stability (i.e., when looking at the Nash equilibrium yielding the largest
welfare) equals one, and remarked that this situation is actually a likely one.

As directions for future research, we plan to look at several issues. First,
the case of more than two providers would be interesting to study, but much
more complex. Adding demand uncertainty, and/or other externalities than
loss probability such as delay [22], to the model could highlight more complex
provider strategies and increase the price of stability. Also, considering that
providers can not only play with their price but also with their capacity or
the area they can reach would be of interest: in wireless networks, this could
typically mean playing with the transmission power of the antennas (or base
stations), similarly to [33]. Those points would help understand better the

providers behavior in a competitive wireless network environment.
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A. Proof of Proposition 1

Proof: We are looking for nonnegative values (dj 4,d; g, d5) that maxi-
mize the objective function SW(d; 4, di g, d2) given in (3). To do so, we prove

two intermediate results.

a) We can take d5 = (5, since SW is nondecreasing in dy if dy < Cy, and
nonincreasing if do > Cs.
Indeed, remark that only the second term in the sum in (3) depends on

ds, so we only focus on that term. Remark also that m; does not depend on

dy, while my = min(1, Cy/dy).

o If dy > Cy then my = (C5/dy, so that the second term of SW is

dy,pm1+C2 dy,p+dz
di,p+da a

). The valuation function V' being concave with
V(0) =0, z +— V(z)/z is nonincreasing, which implies SW being non-

increasing in ds.

e If dy < (5 then the second term of SW is d;f;;j?v <d1’3a+d2), which

is a product of two terms that are nondecreasing in d,, since m; < 1

and V' is nondecreasing.
b) We can also take dj 4 + dj 5 = C1:

o If dy a4+di g < Cy then m; = 1, so that only the first term in (3) depends
on dy 4. Thus SW is nondecreasing due to the nondecreasingness of V,

and consequently we can consider that dj 4 +dj p > C1.

o If dya+dyp > Cy, then m = G with dy = dy 4 +dy 5. We then define
B = dcll’l“‘, so that d; 4 = fBdy and dy g = (1 — )d;. The objective
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function SW can then be written

4 Bdy (1 —=pB)Cy + doms (1= pB)di + dy
d_lv<1—a>+ (1= B)di +do av( o )’

(1—-a)

where both terms in the sum are nonincreasing in d; because V is

concave and V(0) = 0.

As a result, we can find some nonnegative values (dj 4, d] g, d5) maximiz-
ing SW, and that are such that d5 = Cy and dj 4 + dj 5 = C}. Remark that
m = my = 1 in that case. There just remains one parameter to find, say dj 5
(since dj 4 = C1 —dj ) to obtain the maximum value of social welfare. That

value is thus the solution of the problem

max f()

Yy
st. 0<y<C(y,

where f(y) == (1 — )V (M) +aV (%) is differentiable. The marginal

l—«a

valuation function v being strictly decreasing, f'(y) = v (%) — v(%)

verifies

o fl(y) >0 St > 21 and

° f’(y) <0< Ci—y < Cz+y'

11—« «

Using the constraints over y, function f reaches its maximum at y =
max (0, aC; — (1 — a)Cy).
We therefore have proved the proposition, by just inserting the values in

the expression of social welfare. O
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B. Proof of Proposition 2

Proof: A very general proof of the existence of a Nash equilibrium in
nonatomic games (what we call here a Wardrop equilibrium) was provided
by Schmeidler [32]. Therefore a solution to the system (5)-(10) exists.

We now establish the uniqueness of perceived prices at a user equilibrium.

We will use the fact that (5) and (6) respectively imply

. ( C ) _ DN
mn(l,—— | = —
dya+dip D1

and min (1,@> = ]?
do D2

Assume two user equilibria (dy 4, d;1 g, d2) and (cﬂleA, JLB, JQ) with different
perceived prices (p1, p2) and (py, p2) exist for a given price profile (py, p2), and
suppose that p; > p;. Then (5) implies that

dlA +d13 —C'1>d1,4—+d13 . (15)
D D1 P1 D1

On the other hand, (7) yields? dy A L < dy A , therefore (15) gives
dy B— > —d1 B- (16)
Y4 4!
Thus Jl, g > 0, and from (9) we have p; < ps. Now applying (8) twice gives
dy B - + d2 aD(py) < aD(p1) < aD(min(p, p2)) = di B - + d2
D1 P2 D1 P2
Relation (16) then yields

d2 < dg < 027 (].7)
P2 D2

2Notice that D(p;) > 0, otherwise one can check that we would get a~l17A = dNLB =0,a

contradiction with (15). Therefore D is strictly decreasing on [p1, 1] and D(p1) < D(p1).
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where the second inequality comes from (6). This implies that dy > 0, and
thus py < py from (10). Summarizing our results we get py < p1 < p1 < Po,
thus py > pp. From (6) this means dy > Cy and therefore JQ% = (s, a
contradiction with (17). Therefore the perceived price p; is unique.
Likewise, knowing that p; = p;, assume py > po. Then from (6) we get

dy = ng—z. Therefore dy > 0, and (10) implies ps < p; = py, thus

D2 < P1- (18)

Now applying (8) we obtain?

- 1 ~ Do - _ o 1 2
dy 52t + 22 = aD(f) < aD(ps) < aD(min(py, p)) = dy pot + dy2,
b1 b2 h b2
~— ~—~

=Cs <C>

therefore dy p > 0, and thus p; < py from (9), which is a contradiction

with (18) and proves the uniqueness of p,. O

C. Proof of Proposition 3

We distinguish the two cases that appeared when computing the welfare

maximizing situation.

C.1. Case aCy < (1 —a)Cy

Lemma 2. Consider that Assumption A holds, and assume that aCy < (1—
a)Cy. For any price py > 0, any price py € (0,p3] ensures provider 2 a

revenue Ry = p5Cy, while any other price yields a strictly lower revenue.

3 Again, since dy > 0, from (8) we are in the zone where D is strictly positive, thus

strictly decreasing.
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Proof: We consider a strictly positive price p; and a price ps € (0, p3], and

we proceed in several steps to prove that Ry = p5Ch.

1. We have p; > p5: if not, (5) and (7) would imply
Cy 2 diact = (1= )D(p) > (1= )D(p3) > (1 = @)D(p}) = Cu,
1
a contradiction.

2. Also, ps > p3: otherwise from step 1 and (9) we would have d; 5 = 0,
and (8) and (6) would give

p _ #
Cy > dzp—Z = aD(p2) > aD(p;) = Cy,
2
another contradiction.

3. But on the other hand, p» < pi: otherwise we would have py > po,
and thus dayps/ps = Cy from (6). Then (10) would yield p; > po, and

applying (8) would give
s +Cr = aD(ps) < aD(p) = G,
1

another contradiction. As a consequence of this and of previous result,
D2 = p5.
4. Finally, Ry = p5C5: we use results from the previous steps, and distin-

guish two cases.

e if p; = p}, then adding (7) and (8) gives

it = D)+ (1= D) 2 Gt Cy
\,.1/ \,.2/
<Cj from (5)  <C4 from (6)

thus all inequalities are equalities, and in particular dops = p5Cs.
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e if p; > p} then (9) and (8) directly give pads = p35Cs.
Now we prove that any price ps > p3 corresponds to a revenue Ry < p3Ch.
From (10):
e either dy = 0, and therefore Ry = 0;
e or py < py, which from (8) implies that
dapa/Pa < aD(pa) < aD(p2) < aD(p;) = Cs,
and from (6) yields po = pe. Then applying (8) again, we have dy <
Oé.D(p2>, and
Ry < apaD(p2) < apyD(p3) = prCh,

where the last inequality comes from Assumption A. This concludes

the proof.

U

Lemma 3. Consider that Assumption A holds. For any fized price ps €
(0,p3], any price p; € (0,pi] ensures provider 1 a revenue Ry = p{Cy, while

any other price yields a strictly lower revenue.

Proof: Fix py € (0,p3]. As seen in the proof of Lemma 2 we have p, = p} and
daps /P2 = Cy whatever the value of p;, which from (10) gives ps < pp, and
from (8) implies that d; p = 0. As a result, the total demand for provider 1
is in zone A, and is given by (7). Then,

e If provider 1 sets p; < pi, then (5) and (7) give

¢ > dl% = (1 - a)D(p1), (19)
(1—a)D(p7)
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thus p; > pf. But actually p; = p}, otherwise (5) and (7) would give
Cr=di = (1= ) D(p) < (1= ) D(p}) = Ci,
a contradiction. As a result, from (19) we have Ry = p1dy = p;C}.
e If provider 1 sets p; > pf, then p; > pi from (5), and (7) yields
= (1= a)D(p) > (1= a) D) = Cs

thus from (5), dy < C} and p; = p;. As a result, (5) implies
dipr = (1 = a)p1D(p1) < (1 — a)piD(p7) = piCh,

where the inequality comes from Assumption A. O
The fact that any price (p1,p2) with p; € (0,pf],7 = 1,2 is a Nash

equilibrium of the price game is a direct consequence of Lemmas 2 and 3.

C.1.1. Case aCy > (1 — a)Cy

Recall that in that case we have

G < D) =Cy+Cy < 101

a —a

(20)

Lemma 4. Consider that Assumption A holds. All price profiles (p1,p2) €
(0,p*]* form a Nash equilibrium. Those profiles are the only Nash equilibria
of the pricing game, and the corresponding revenue for each providert = 1,2

1s R, = p*C;.
Proof: The proof follows three steps:

1. We first prove that when both providers set a price below p* then each

provider k gets a revenue p*C.
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2. Then we show that if only one provider j sets a price p; > p* he gets
a strictly smaller revenue, while his opponent ¢ gets at least the same
revenue p*Cj.

3. Finally, we prove that if both providers were to set a price strictly
above p*, then at least one provider ¢ would obtain strictly less than
p*C;, and thus from the previous point he would be better off reducing

his price below p*.

Step 1. Consider a price profile (py,p2) with pr € (0,p*],k = 1,2. Then
adding (7) and (8) gives

42+ &2 > De),
P1 P2
N—— N——

<Cj from (5) <Cs3 from (6)

thus p; > p*, due to the nonincreasingness of D. Now, we also have py > p*,

otherwise (9) would imply d; p = 0, and (6) and (8) would give

Cy > dy 2 = aD(p) > aD() > Cs
2
a contradiction. Now we prove that we actually have p; = py = p*. Assume

p1 > p*: then dipy/pr = Cy from (5), and adding (7) and (8) would give

Ch + dy2 < D(p*) = Cy + s,

D2
thus daps/ps < Co, and ps = py from (6). Since py < p* and py > p*, we
would have py = p*. But then (10) and (7) would imply

Ci=(1—=a)D(p) <1 —a)D(p") < C,
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a contradiction. We therefore have p; = p*, which implies ps < p* (oth-
erwise (10) and (6) would lead to a contradiction). Summarizing, we have

p1 = p2 = p*. Adding again (7) and (8) now gives

<Ci from (5) <Cs from (6)

implying dip1/p* = C; and dops/p* = Cs, which gives dypr = p*Cy for
k = 1,2 and establishes the first step of the proof.

Step 2. Now consider a provider i setting p; € (0, p*], while his opponent j
sets a price p; > p*. Then we prove that R; < p*C; and R; > p*C;.
e If p; < pj, then using (9) or (10), and adding (7) and (8), we have

Di _
di— = D(pi).
Di
~—
<C; from (1)

Thus p; > v(C;) > p* > p;, and therefore from Lemma 1, R; = p;C; >
p*C;. To study R; we distinguish two cases.

— Case i = 1: (10) directly gives Ry = 0;

— Case i = 2: (9) implies dy p = 0, and (7) yields
dipr = (1 = a)prD(pr) < (1 —a)p"D(p") < p*Ch,

where the first inequality comes from Assumption A, and the sec-

ond one from (20).
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e If p; > p;, then from (1) this implies d;p;/p; = C; and directly gives
R; > p*C;. Moreover, adding (7) and (8) we obtain

4%+ ¢, < D(py),
Dj
which gives
dip; < p;(D(p;) — Ci) < p"(D(p") — C;) = p*Cj,
where we used Assumption A and the fact that p; > p*.

This concludes the second step of the proof.

Step 3. Assume now that both providers set a price strictly above p*. We
index the providers such that p; > p; at the Wardrop equilibrium.

o If p; > p; then R; < p*C; for the same reasons as in the previous step

(Ri=0ifi=2,and R; = (1 — a)p*D(p*) < p*Cy if i = 1).

o If p; = p;, then adding (7) and (8) we have
dig +d; B = —RH_LRj =
Di bj Di

and from Assumption A we obtain

Ri+ R; = p; D(p;) < p"D(p*) = p*(C; + C),

which implies that either R; < p*C;, or R; < p*Cj.

Those three steps completely characterize the Nash equilibria of the pric-
ing game: if a provider (or both) sets his price strictly above p* then at
least one provider is strictly better off reducing his price, while when both
providers set their price below p* no provider can strictly improve his revenue

by a unilateral price change. ([l
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Price war with migrating customers

Patrick Maillé
TELECOM Bretagne
2, rue de la Chataigneraie
CS 17607
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Email: patrick.maille@telecom-bretagne.eu

Abstract—In the telecommunication world, competition among
providers to attract and keep customers is fierce. On the other
hand customers churn between providers due to better prices,
better reputation or better services. We propose in this paper
to study the price war between two providers in the case where
users’ decisions are modeled by a Markov chain, with price-
dependent transition rates. Each provider is assumed to look
for a maximized revenue, which depends on the strategy of the
competitor. Therefore, using the framework of non-cooperative
game theory, we show how the price war can be analyzed and
show the influence of various parameters.

I. INTRODUCTION

The migration of customers from a service provider to
another, a.k.a. as churn, has become a relevant phenomenon
since the liberalization of telecommunications service and the
ensuing proliferation of network operators. Churn is especially
large in mobile networks, where yearly migration rates as
high as 25% are not uncommon [1]. The migration of each
customer, to the benefit of another service provider, implies
both the loss of the stream of future revenues associated to
that customer and of the acquisition cost. Service providers
are therefore very keen on retaining their customers as well
as on attracting new ones. In doing so they can rely both on
preventive and on reactive strategies. An example of the latter
is given by unfair practices such as the malicious introduction
of delays in the migration process [2] [3]. Preventive strategies
rely instead on the identification of the factors having a
major influence on the churning decision (the churn deter-
minants) [4] [5] and on successive actions on those factors.
Among the identified churn determinants, price plays the
most relevant role. Price always appears as a major factor:
in the context of mobile number portability (a mechanism
allowing to switch provider with minimal discontinuity, since
the telephone number is retained), price is stated as a key
element in spurring churn [6]. Another example is provided
in [7], where retention and attrition phenomena are studied in
an experimental setting by proposing different pricing plans
to test customers. We can then expect that providers may
compete for retaining customers by acting primarily on price.
In this paper we propose a model for the competition among
service providers based on price, the competition being here
limited to two service providers. To our knowledge, it is
the first time that such a competition model is introduced
in telecommunications to model the price war. While most

Maurizio Naldi
Universita di Roma Tor Vergata
Dip. di Informatica Sistemi Produzione
Via del Politecnico 1
00133 Roma, Italy
Email: naldi@disp.uniroma?2.it

Bruno Tuffin
INRIA Rennes - Bretagne Atlantique
Campus Universitaire de Beaulieu
35042 Rennes Cedex, France

Email: Bruno.Tuffin@inria.fr

research efforts on telecommunication pricing are concerned
with congestion externality for usage-based pricing [8], here
we focus more on subscription-fee based pricing, where users
are charged for the amount of time they stay with a provider,
regardless of their usage (e.g., the Internet subscription fee
incorporated in most of the current pricing packages). Our
model makes use of a Markov chain to mimic the churn be-
haviour of a customer in terms of prices and other parameters.
Basically, the user can be with any of the providers or none
of them if not satisfied with their combination of price and
services. The per-user revenue of each provider can then be
easily computed from steady-state probabilities, considering a
single user without loss of generality. Indeed, assuming that
customers behave independently and according to the same
Markov chain, the expected revenue of providers is exactly
the expected revenue per customer times the total population.
Those state probabilities depending on both prices, so are the
revenues of providers. As a consequence, the natural frame-
work for analyzing the competition between providers seeking
to maximize their revenue is non-cooperative game theory. We
show how to solve this game, and illustrate the influence of
parameters such as impact of other churn determinants, and
(social or financial) cost for not getting any service due to
excessive prices.

The paper is organized as follows. Section II presents the
Markov chain model representing the user behaviour and
computes the associated steady-state probabilities. Section III
explains in full generality why non-cooperative come into play
and how it can be solved, either analytically or numerically.
Section IV then shows how, in a simplified setting, the game
can be solved analytically. Section V on the other hand makes
use of a description of rates issued from logit models. In
this case, a numerical analysis is performed. In addition, we
investigate the sensitivity of the resulting equilibria to the
degree of asymmetry between the two providers in attracting
customers and to the relevance of the price factor for the
customers. Finally, Section VI describes our conclusions.

II. MARKOV CHAIN MODEL OF USERS’ BEHAVIOR
We assume that the behavior of a customer is represented
by the continuous time Markov chain' that is depicted in

'We therefore implicitely assume that all events leading to a state change
occur after an exponentially distributed time.



—2a «

Ao(p1,p2)  —(Ao(p1, p2) + A2(p1, p2))
Xoo(p1,p2) X1 (p1,p2)

(07
A12(p1, p2)

—(A20(p1,p2) + Ao1(p1,p2))

Figure 2: Infinitesimal generator of the Markov chain

Figure 12. Here state 1 means that the customer is with
provider 1, state 2 that he is with provider 2 and state O that
he does not use any service. The parameter « is a constant
rate independent of prices. Remark on the other hand that
other rates will be considered in the numerical section, but
the resulting steady-state probabilities will be computed in the
same way. The resulting infinitesimal generator () is given in

A2 (Pl , p2)
10 (P1 y p2) o
« A20(p1, P
A21 (p1 , pz)

Figure 1: Continuous time Markov chain model of the cus-
tomer’s switching behaviour

Figure 2. From standard Markov chain analysis, the steady-
state probabilities for each of the three states grouped in the
row vector m = (7;)i=o,...,2 exist and are given by the solution
of equations

2
mQ =0, Zm =1.
i=0

If

c = a@2(p1,p2) + 2X21(p1,p2) + A1o(p1,p2) + A20(p1,p2))
+A10(p1,p2)A21(P1; p2) + A20(p1, p2) A12(p1, p2)
+A10(p1, p2)A20(p1, P2),

we have

A1o(p1,p2) X21 (p1,p2) + Ao(p1, p2) A20(p1, p2)

™o =
C
+>\12(p1,p2)>\20(l>17p2)
C
— (A20(p1,p2) + 2Ma2(p1,p2)) @
C
= a(Mo(p1,p2) + 2X21(p1,p2))

C

2Remark that other distributions for sojourn times can be used as well. In
that case the model requires to be handled by simulation, while here steady-
state probabilities can be computed analytically and as a consequence the
game is solved using simple numerical analysis tools.

III. NON-COOPERATIVE GAME FROM THE PROVIDERS’
SIDE

The previous section describes the behaviour of a customer
as a function of prices set by providers. The question is now to
define the best pricing strategy for each provider knowing that
behaviour. We therefore have a so-called Stackelberg game [9],
with leaders (the providers) choosing their prices knowing the
consequences they would have on users’ behaviour, and the
followers (the users) whose reaction is a direct consequence
of providers’prices. This means that providers play first, but
using backward induction, they anticipate the resulting strategy
of end users who actually make the last move.

It is important to stress that our model, considering a single
customer in front of two providers, is sufficient if assuming
that each user has a behaviour independent of others’. The case
of N users can then indeed be easily derived by multiplying
the expected revenue by N (thanks to the independence).

In the first step of the Stackelberg game, each provider tries
to maximize its revenue. There is a trade-off to be analyzed
between the fact that increasing the price will increase the
revenue per customer, but on the other hand potentially reduce
the number of customers (i.e., the probability of having the
user as customer in our case). The revenue per customer R;
for provider i € {1,2} is therefore expressed formally as the
price charged multiplied by the probability that this customers
is indeed with provider i, i.e., R; = p;m; Vi € {1,2}, or more
exactly using the expressions for the steady-state probabilities
of the Markov chain:

a (A20(p1,p2) + 2M12(p1, p2))

Rl(pl7p2) = D1 .
a (Mo(p1,p2) + 21 (p1,
Ry(p1,p2) = Dpo (A1o(p1,p2) - 21(p1 pz)).

From those expressions, it is clear that the revenue of a
provider depends on the price strategy of the concurrent.
Indeed, steady-state probabilities are functions of rates which
themselves depend on both prices. As a consequence, this
fits the framework of non-cooperative game theory [9]. Each
provider strives to find its best strategy, i.e., its price maximiz-
ing its revenue, which can be modified by the strategy of the
competitor. The solution concept is that of a Nash equilibrium:
a Nash equilibrium is a price profile (p},p3) such that no
provider can unilaterally increase its revenue, i.e.,

Ri(p3,p5)
Ra(p1,p3)

.
max R1(p1,p5)

.
max Ra(py,p2)-



In general the existence of a Nash equilibrium cannot be en-
sured without assumptions, nor its uniqueness when existence
is shown. In the case where rate functions are simple enough in
terms of prices, we may find the form of the Nash equilibria
analytically (see next section). Otherwise, the computations
can be performed numerically using the following algorithm.
We define the best response of each provider as a function of
the strategy of its opponent by

BRI (pg) =
BR2 (pl) =

arg max Ry (p1, p2) and
p120
R .
arg max 2(p1,p2)

In this setting, a Nash equilibrium is just a point (p}, p3) such
that BR;(p5) = p7 and BRy(p}) = p; (if best responses
are not unique, it means that pj in the set of best responses
when provider’s price is p3, and reciprocally). Algorithm 1
describes how to algorithmically and graphically determine
Nash equilibria (if any)

Alg. 1 Graphically finding the Nash equilibria of the game
Input: transition rates of the Markov chain in Figure 1, as
functions of prices p; and ps.

1) For all possible values of py > 0, find the set BRy (p2)
of p; values maximizing R (p1, p2)-

2) For all possible values of p; > 0, find the set BRy(p;)
of po values maximizing Ry (p1, p2)-

3) On a same graphic, plot the best response functions
p1 = BRi(p2) and pa = BRa(p:1), as illustrated
Figure 3.

4) The set of Nash equilibria is the (possibly empty) set
of intersection points of those functions.

Two practical remarks can be made:

« Instead of assuming the set [0, c0) for each price, we will
limit ourselves to [0, pqz] since customers are unlikely
to come to the provider if price is too high.

e When analytical derivation cannot be performed and
solved to determine the best response functions, only a
finite number of values can be tried in practice in each
case, and the best responses determined at these points,
and the solution investigated on the corresponding lattice.

IV. ANALYSIS FOR SPECIFIC BUT REALISTIC RATES

This section is dedicated to the case where rates of the
Markov chain are simple, but realistic enough, to derive analyt-
ical expressions for the Nash equilibria. We more specifically
assume that

A0 (p1 ,P2) b1
A2o(p1,p2) = p2
A2(p1,p2) = (pi/p2
Ao1(p1,p2) = po/p1,

with ¢ a strictly positive real number. Expressions for A\;o and
Agg mean that a customer is more likely to leave a provider

b2

51 BR2(p1)
4 BR(p2)
3

2

1

0 » D1

0 1 2 3 4 )

Figure 3: Graphical determination of Nash equilibria. Two
solutions here (circled points).

for no service if its price is high, and depend linearly (and
only) on the price at the incumbent provider. Values for A5
and \15 mean that swapping between providers depend on the
ratios of prices. The insertion of parameter a is to introduce
some asymmetry, because provider 1 may have a better (worse)
reputation and it is therefore less (more) likely to be left for

provider 2 when ¢ <1 (¢ > 1).
In that case, we end up, after simple computations, with

apsp (p1 +2)
+ D)p2pi + (1 + a)p1p3 + pips + 2Copi
apipa(p2 + 2¢)
+ 1)p2pi + (1 + a)pip3 + pips + 2Capi
In order to determine the existence of a Nash equlhbrlum

we compute the derlvatlves Usmg D = 2ap3+(a+1)psp? +
(1 + a)p1p3 + p?p2 + 2¢ap?, we have

R, =

20p3 + (a
Ry

20p3 + (a

Ry o2 [PH(L = a)pd +2(a + Opa + 4a)
op1 P2 D2
Jr171(7401125) + (—4ap?) |
D2
ORy  _ ap? P3(=2¢(1 + a)p1 + (e = Opi — 4¢a)
dp2 ! D2
L p2(4Capd) + (4% apt) |
D2

Note that (p; = 0,p2 = 0) is always a solution of the
system ‘?)Rl =0 and ’?,)—I;; = 0, and a Nash equilibrium. On
the other hand, equating the numerators to zero, any solution
with (p1,p2) # (0,0), i.e., any non-degenerate strictly positive
and finite Nash equilibrium, then solves the system of second

degree equations

PH((1 = a)ps + 2(a + Op2 + 4Ca)
+p1(—4ap2) ( 4ap2) = 0 (1)

P3(=2¢(1 + a)p1 + (= O)pf — 4Ca)
+pa(4Cap?) + (4C2ozp1) = 0. (2



The unique strictly positive solution of this system is given by
a (= +(+a?C—a?)
Cad —202( — a? + 3Ca — a?

o (=2 +(+a?*(—a?)
P2 = 23§2a—§2—420z2—20z2(+a3’ S
provided those values are positive. At most one Nash equilib-
rium with strictly positive prices is possible in that case.

o= -2 3

V. NUMERICAL RESULTS
A. Churn rates and prices in the literature

In Section II the transition rates that mark the passage from
a provider to the other are shown to depend on the prices
offered by the providers and Section IV illustrates that, in
very simplified cases, the Nash equilibrium can be obtained
analytically, though not easily. In order to adopt a model
as close as possible to reality, we briefly review the related
literature on the mathematical relationship between churn rates
and prices in this sub-section, that which will be adopted
during our numerical analysis.

Significant efforts have been spent to identify the most
relevant factors in determining churn (often named churn
determinants). In order to model the relationship between
prices and churn rates in a quantitative fashion both parametric
and non-parametric approaches have been proposed in the
literature. Among the non-parametric approaches we can cite
[10], where neural networks and decision trees are employed,
and [11] where a novel evolutionary learning algorithm is
proposed. Since we need a closed form relationship here
we are more interested in parametric approaches. The most
widespread model adopted in the literature to represent that
relationship is the logit model, which employs a logistic
probability distribution function [12] [13] [14]. The argument
of the logistic function is a linear function of a number
of churn determinants. The most general expression of the
probability that a user churns in the next period (e.g., a year
as in [12]) is then

1
1+e I’
where I is the logit factor, in turn given by

&)

I[Dchum =

I= Z Bi X, (6)
=1

where X;, ¢ = 1,...,n are the explanatory variables (churn
determinants) and 3;, ¢ = 1,...,n, are the coefficients
representing the relative importance of those determinants. In
this paper we have focussed on the price factor, so that we
can group the impact of the other churn determinants in the
overall term +, arriving at the simpler expression

1

1+ 76*57’1/172 (7)

IP)chum =

for the probability that in the specified period the user switches
from Provider 1 to Provider 2. We may employ that expression
for a time period of any duration, so we can adopt it in the

Markov chain model described in Section II. We note that,
according to expression (7), there is a non zero probability,
namely Py = ﬁ that the user switches provider due to
the ensemble of other dissatisfaction factors, even when the
service offered by the losing provider is free.

B. Transition rates

The transition rates that we assume now are chosen to reflect
the conclusions of the previous subsection. However, the data
and conclusions drawn from the literature do not provide us
with a complete description of all the transition rates we need,
in particular the state where users do not subscribe to the
service is not encompassed in previous results. Moreover, the
literature considers discretized time, whereas we focus here
on a continuous-time model.

That latter difficulty is addressed here by assuming that
time periods considered in Subsection V-A, are short with
respect to the mean sojourn time in a given state. This implies
that the discrete time transition probabilities are approximately
the continuous-time transition rates multiplied by the period
duration. Consequently, we would like to consider transition
rates from state ¢ € {1,2} to state j € {1,2} \ {i} of the
form W7 where x > 0 represents the inverse of
the period duration. Since /3 represents the user sensitivity to
prices, we consider it is the same for the different states of
the model. However, such an expression would imply that all
transition rates be in an interval [x/(1 + ;), ] regardless of
the price values. This is not realistic, since it would imply that
a provider could ensure an arbitrarily large revenue by setting
a very large price. We therefore need that the transition rates
to a provider % tend to O and/or that the rates from provider
1 tend to oo, when p; — oco. To that end, we slightly modify
the previous expression, and take transition rates of the form

il — B eBri/pi (8)

Aij(pirpj) = W v

We introduce asymmetry among providers through the pa-
rameter -y;: as explained before, this parameter encompasses
the reasons other than price (e.g., Quality of Service, reputa-
tion, ...), why a user should leave state 3.

We propose to address the former difficulty (no hints regard-
ing the transitions to/from our state 0) by assuming that being
in state 0 corresponds to perceiving a cost po, that reflects
the inconvenience for not benefitting from the service. We
therefore treat state O as the two other states, but considering
po as a fixed value instead of a strategic variable. As a result,
the transition rate we assume from any state ¢ € {0, 1,2} to
state j € {0,1,2} \ {¢} is given by (8).

The model parameters that we consider are then:

« the user sensitivity to price 3,

« the likeliness ~y; to stay in current state ¢, ¢ = 0,1, 2,

« the inverse of period duration x (this parameter should

not play a role in our model, since by a time unit change
we can assume x = 1),

o the user perceived cost py for not benefitting from the

service.



C. Numerical analysis of the game

In this subsection, we suggest to study the game while
considering the previous expressions of the transition rates.
The dependence of those rates on provider prices are too
complicated to solve the problem analytically, therefore we
perform here a numerical study. Unless otherwise stated, the
parameter values considered in this section are the following:
po=1k=1,8=05v =17 =27 = 1. We will refer
to this set of parameter values as S.

Figure 4 plots the steady-state revenue R; of provider 1
when its price p; varies, for different values of the opponent
price py. We remark that the revenue of provider 1 is first

0.5 T

Provider 1 revenue R

Provider 1 price p1

Figure 4: Provider 1 revenue versus p; for fixed po.

increasing, then decreasing in p;. However, this is not always
the case: for some parameter values, the revenue of a provider
as a function of its price may have two local maxima, and
depending on the opponent’s price, the first or the second local
optimum is a global one. This is exemplified in Figure 5 for
2 = 7 and the other parameter values in S. Nevertheless, it
appears that the revenue of provider 1 tends to 0 as its price
tends to infinity, which implies that there exists a finite price
p1 maximizing R;. That revenue-maximizing price constitutes
the best reply of provider 1 to the price set by provider 2.
As explained in Section III, plotting the best-reply curves
of both providers on the same graph highlights the Nash
equilibria of the game. Those curves are shown in Figure 6
for the parameter values in S. Figure 6 shows that there
are two Nash equilibria of the game, namely (0,0) and
p* ~ (2.29,2.84). However, we notice that (0,0) is not a
satisfying situation, since it brings no revenue to the providers,
and moreover it is not a stable Nash equilibrium: if any of the
two providers slightly deviates from that situation by setting a
strictly positive price, then successive best replies lead to the
other (stable) Nash equilibrium p*. We will consequently focus
on that equilibrium in the following, when it exists. Indeed,
notice that as the example of Figure 5 illustrates, the best
reply correspondence pa — BRj(p2) may not be continuous

0.5
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Figure 5: Provider 1 revenue versus p; for fixed p; and v =7
(other parameters taken from 5).
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Figure 6: Best-reply curves of both providers.

due to the fact that the global maximum can switch from
one local maximum to the other. Figure 7 plots the best-
reply correspondences with the same parameter values as for
Figure 5. Interestingly, for that set of value there are two stable
Nash equilibrium: one around (p;,p2) = (0.14,0.7) and the
other one near (p1,p2) = (2,3.9). Nevertheless, those cases
were rarely met in our numerical computations, and were not
met with the “reasonable” values that we used.

D. Influence of the parameter pg

In Subsection V-B we have interpreted py as the user
perceived cost for not benefitting from the service. When
the service in question concerns a rapidly time-evolving sec-
tor such as telecommunications, it is very likely that this
perceived cost pg changes. For example, Internet access or
cellular telephony are now almost priceless services for many
users, because those tools are extensively used and becoming
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mandatory for regular business. This was not the case at the
very beginning of those technologies. On the other hand,
some services/technologies can lose value because they get
abandoned or can be replaced by other ones. Services with
higher importance/impact can therefore be modeled by a larger
Po

For those reasons, we investigate now the effect of the no-
service cost pg on the outcomes of the game. We assume that
the variations of py are on a longer time scale than the game
on prices and user behavior, so that we still compute the Nash
equilibrium of the pricing game as described in the previous
subsection.

Figure 8 plots the Nash equilibrium prices (pf,p3) versus
po, while the corresponding user repartition at steady-state is
plotted in Figure 9. We remark that the steady-state distribu-
tion (again, at Nash equilibrium depending on pg) is almost

constant when pg varies, and equilibrium prices increase close
to linearly with pg. Therefore, if providers are aware of an
increase in pg, they should raise their prices correspondingly
to benefit from the increased value of the service. Interestingly,
this price increase compensates the service value increase from
the point of view of the users, since the proportion of users
choosing the service or not is unchanged.
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Figure 9: User repartition at Nash equilibrium when the no-
service cost pg varies.

E. Influence of the price sensitivity (3

We study here the effect of the parameter 3, that repre-
sented users’ sensitivities to price differences between the
different states of the Markov chain. When § increases, we
expect providers to decrease their prices so as to attract more
efficiently a maximum of customers. The Nash equilibrium
prices (p7,p3) when S varies are shown in Figure 10. We
give the corresponding user repartition and provider revenues
in Figure 11 and 12, respectively. It appears that when the
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Figure 10: Nash equilibrium prices when [ varies.
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price sensitivity exceeds a given threshold (that is around
0.85), providers engage in a price war that makes their price
tend to 0, and they finally get no revenue from providing the
service. This benefits users who all end up with one of the two
providers. Below that threshold, an increased price sensitivity
already implies a provider price reduction, and a revenue
decrease for them. Remark also that provider 2, being more
attractive than its opponent (since 2 > <, in our parameter
values), takes benefit of that advantage by setting higher prices.

E Influence of the asymmetry between providers

In our model, providers only differ for their parameter ;,
that reflects the user likeliness to stay with him: from (8), a
larger ; means lower transition rates to the other states of
the Markov chain. That asymmetry between providers may
for example come from users being more reluctant to leave

the incumbent operator than another one, because they trust
less the newly-arrived operators in terms of honesty and/or
QoS. Therefore, those parameters ; may vary due to word
of mouth, advertisement, and are consequently difficult to
evaluate.

We therefore investigate here the influence of the asymmetry
in providers’ 7; value. To do so, we fix all values but v
from the parameter set S, and make o vary. We assume that
provider 2 is the one with an advantage, i.e. 72 > ;. In
Figures 13, 14, and 15, we respectively plot the Nash prices,
user repartition and provider revenues versus 1/7, (therefore
abscissa also gives the ratio 71 /~2). Notice that the curves are
only given for the values of 1/42 > 0.18, because for values
below that threshold the game may have several stable Nash
equilibria (as in the case shown in Figure 7) and we cannot
predict which one will be chosen. Nevertheless, those extreme
values may seem unrealistic, since they mean an asymmetry
magnitude larger than 5.
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Figure 13: Nash equilibrium prices when 1/~5 varies.

We remark that provider 2 takes benefit from his advantage
by setting a higher price than his opponent, while still having
more customers. That difference in price and user repartition
increases with the game asymmetry, and vanishes when the
game becomes symmetric, i.e. when 7, tends to 1.

VI. CONCLUSIONS AND FUTURE WORK

In this paper, we have presented a competition game model,
where providers take into account the user churn behavior to
determine the price they fix for the service, so as to maximize
their steady-state revenue. Through a numerical analysis, we
remarked that the game has a Nash equilibrium, that might not
be unique if the asymmetry between providers is very large.
When providers are not too different in terms of attractivity
or reputation, we investigate the effect of user sensitivity to
prices (that is seen to exacerbate the price war), and the effect
of an increase in the need for the service (that is observed to
benefit only to providers).
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One interesting direction for future work is to have a
different approach as to the considered time scales. In this
paper, we have considered several time scales: at the smallest
time scale users are assumed to react to prices, while those
prices are fixed at a larger time scale, reasoning on the user
behavior steady-state outcome. Finally, the value of the service
may vary at an even larger time scale. Those assumptions
can be justified, but it would also be interesting to relax
them, for example by considering the user dynamics within
the pricing game: an incumbent provider may start the game
with more customers than his opponent, and may therefore be
better off beginning with a large price since not all users will
immediately churn to the opponent. Likewise, the competitor
may have an incentive to start with low prices so as to attract
customers, before possibly raising its price.
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SUMMARY

With the development of new technologies in a competitive context, infrastructure investment and licence
purchase as well as existing technology maintenance are crucial questions for current and emerging operators.
This paper presents a three-level game analyzing this problem. At the highest level, the operators decide on
which technologies to invest, given that some may already own licences or infrastructures. We limit ourselves
to the realistic case where technologies are 3G, WiFi and WiMAX. At the intermediate level, with that set of
operated technologies fixed, operators determine their service price. Finally, at the lowest level, customers choose
their provider depending on the best combination of price and available quality of service. At each level, the
best decision of actors depends on the actions of others, the interactions hence requiring to be studied as a
(noncooperative) game. The model is analyzed by backward induction, meaning that decisions at a level depend on
the equilibria reached at the lower levels. Different real-life cost scenarios are studied. Our model aims at helping
both the operators to make their final decision on technological investments, and the regulator to determine a
proper licence fee range for a better competition among providers. Copyright © 2008 John Wiley & Sons, Ltd.

KEY WORDS: Network pricing, Nash equilibrium, Wardrop equilibrium, technological game, telecommunica-
tion investments

1. INTRODUCTION

Telecommunications are becoming omnipresent, with all kinds of services, telephony, television, web
browsing, email, etc., now available on the same terminals. Similarly, due to the market liberalization,
customers may choose among different providers, their choice being based on different parameters
such as price, quality of service (QoS), coverage or used technology for instance. Those providers are
therefore competitors, fighting to attract customers in order to maximize their revenue. In this context,
providers need to carefully determine not only the access price they will impose, but also on which set
of technologies to operate. Basically when talking about wireless providers, the choice is among 3G,
WiFi and WiMAX (or LTE).
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We will assume in this paper that customers have at their disposal terminals supporting multiple
interfaces, and the technology used is the one providing the best combination of price and QoS meaning
that there is no coverage issue (all technologies can be potentially used by all customers). Our goal is
to model, understand and propose to operators strategical choices in terms of technology investment,
as well as to suggest rules that a regulator could apply to induce a more efficient competition (from a
global or a user perspective). Examples of questions we aim at answering are:

* is it worth for an operator paying a licence and an infrastructure for being present in a new
technology? Will the return on investment be sufficient? That question is typical of what
operators ask themselves with regard to the implementation of WiMAX [2] or LTE.

* Does this investment help to attract more customers, or is it just at the expense of other
technologies already implemented? This has to be studied in a competitive environment, given
that other operators may make similar strategic moves. Some operators may already be present
on some technologies, and therefore their costs are limited; this potential heterogeneity has also
to be taken into account.

* Why investing on a technology where a competitor is installed and dominant? The total cost has
to be pondered with the revenue from customers. A regulator, in order to break such dominant
positions, may decide to compensate that unbalance through the licence fees. An illustration
comes from the third generation wireless licences in France, where the regulator wants to open
an additional licence to increase competition, this new licence being offered at a lower cost than
the initial ones. Our paper helps understanding the range of licence fees allowing a candidate to
enter the market and make benefits.

We introduce a model made of three levels of game, corresponding to three different time scales.
At the lowest level, given fixed operated technologies and service costs, customers spread themselves
among available operators in order to get the “best” combination of price and QoS, where the QoS
(or the congestion) they get depends on the choice of the other users. To simplify the analysis, users
are assumed infinitesimal. As a consequence, the (selfish) decision of a single individual does not
have any influence on the system behavior. The equilibrium analysis is therefore provided by the so-
called Wardrop’s principle [3] coming from transportation theory: at equilibrium, all providers with a
positive demand have the same perceived combination of price and QoS, otherwise customers would
switch to the “best”. When choosing their price at the intermediate level, providers can anticipate what
the resulting equilibrium (and therefore their revenue) would be for a given price profile, i.e., for given
and fixed prices for all providers, which induces a pricing game among providers at this second level.
The general framework is here again that of non-cooperative game theory, and the equilibrium notion
is now that of Nash equilibrium with atomic players [4]. Finally, at the largest time scale, providers
can decide which technologies to operate. In order to make that decision, they have to compute what
their revenue would be at the equilibrium or equilibria (if any) of the lower-level pricing game, and
compare it with their costs. That choice, which also depends on the strategy of competitors, will be
made in order to reach again a Nash equilibrium for this “technology game”. While there exist papers
on the first two levels of game (see the literature review subsection below), we are not aware of any
other paper analyzing the technological game, especially when using the results of the two other levels.
This paper seems to be the first in that important direction of modeling and understanding the complete
chain of provider strategies. We additionally illustrate the interest of our methodology by modeling
practical situations of competition and technology investment arising in France.

Copyright © 2008 John Wiley & Sons, Ltd. Int. J. Network Mgmt 2008; 00:1-6
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1.1. Literature review

Several papers can be found on the two lower levels of game, i.e., the game among users to find the
best provider and the pricing game among providers [5, 6, 7, 8, 9, 10]. In [5], Acemoglu and Ozdaglar
consider infinitesimal users choosing a provider so as to minimize their perceived price, that is the
sum of a congestion cost and a financial charge. When an equilibrium on prices exists (and the authors
show it does when congestion costs are linear), then competition is proved to lead to an overall social
welfare not too far from the optimal one. Our model can be seen as a variation of theirs, by considering
some technologies where the resource is shared among operators, and imposing operators to set a
unique price for all the technologies they implement. The main extension though comes from the third
level of game where providers can choose the operated technologies, and from the associated real-
life scenarios. Another model in [6] describes several retailers periodically selling product units and
competing on the initial fill rate (i.e., the fraction of available items to be sold), the periodical retail
price and the stock-policy they choose. The authors show that an equilibrium on those parameters
can be deduced from another equilibrium of a single-period game on prices and fill rates only. For
some demand expressions, it is also shown that such equilibria exist. In our context, product units can
be interpreted as data units or packets, and fill rates are supposed constant. Our model makes use of
Wardrop principle to define the customer equilibrium, while attraction models are considered in [6];
above all, no technological game is considered there due to the different focus.

A model for the two lower levels of game has been again proposed in [7, 8], similarly to ours; but
congestion is modeled there by losses instead of delay, and the higher-level technological game is still
not considered. In [10], a two-sided competition model is proposed. Users choose operators offering
the highest utility in term of price and QoS too, but two populations, with different sensitivity to the two
parameters are considered. Providers offer different QoS because they operate on different frequency
bands, an aspect which can be covered by our model. A new aspect is that some bandwidth can be sold
to ad-hoc networks, serving as secondary users. The equilibrium on prices is searched numerically by
means of a learning algorithm, but there again, no technological game is considered.

There is to our knowledge no other paper dealing with the technology game, especially using the
result of the pricing game. But other multilevel games exist, the most notable ones being [11] and [12].
Though, [11] rather models the interactions among Internet service providers and content providers,
while we rather aim at investigating which technologies a provider should implement, given the
potential revenue and the potential infrastructure and licence costs. On the other hand, [12] considers
investments to improve the quality of service, but not to implement a new technology. Moreover, that
paper mixes the investment and the pricing decisions into a single game level, while we separate here
those choices due to different time scales. We have not seen elsewhere that kind of study in a similar
competitive context. We also provide typical and real-life competition situations of providers already
installed but which could try to extend their technological range to increase their revenue.

1.2. Organization

This paper is organized as follows. In Section 2, we present the basic model that will be used: the user
behavior, the set of providers and available technologies, and the three levels of game. The lowest level
of game, that is the competition among users looking for the network with the best combination of price
and QoS, is analyzed in Section 3; the equilibrium is characterized, and existence and uniqueness are
discussed. Section 4 analyzes the pricing game for fixed technologies, anticipating what the reaction
of users would be. The third level of game, the game on technologies, is described in Section 5. This
game makes use of the revenues at the pricing-game level, and pastes the infrastructure and licence

Copyright © 2008 John Wiley & Sons, Ltd. Int. J. Network Mgmt 2008; 00:1-6
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costs. We show how this can be solved. Section 6 on the other hand considers practical situations of
competition, and illustrates which equilibria can be found. Real-life scenarios are considered, typical
of competition encountered in France, and we show how the model can help to propose relevant
technological investment strategies for providers, but also to propose ranges of licence costs for the
regulators towards a better use or sharing of the resource. We finally conclude and give directions for
future research activities in Section 7.

2. THE MODEL

We describe in this section the definitions and assumptions on the model, as well as the three levels of
game that will be analyzed later on. We assume that we have aset A" = {1, ..., N'} of telecommunication
providers trying to maximize their revenue. Each provider 7 € A/ has to decide which set of technologies
S; it will operate, and the access price p; per unit of flow that a customer needs to pay if using her
network. The set of technologies S; is to be chosen within a set 7 of available technologies. In our
practical scenarii, considering wireless operators, this set will be

T = {3G, WiMAX, WiFi}.

This set 7 of technologies is partitioned into two subsets 7, and 7. For a technology in 7,, each
operating provider owns a licence and a part of the radio spectrum, using it alone. In other words,
congestion on this technology depends only on the level of demand the operator experiences on her
own network. On the other hand, for a technology in 7, the spectrum is shared by the customers of the
competing providers, so that congestion depends not only on the level of demand at the provider, but
also on demand coming from competitors using this technology. Basically, we will consider

Tp» = {3G, WIMAX} and 7, = {WiFi}.

We assume that the price p; charged by provider ¢ € A is independent of the technology used
by customers. In other words, provider ¢ fixes a price for network access that is the same for all the
technologies she operates. We moreover assume that users have terminals with multiple interfaces,
allowing them to use any technology, and that they can sense the available QoS. The choice of the
technology is left to the user terminal, that will (selfishly) choose a couple (provider, technology)
offering the best combination of price and QoS.

Users are modeled by the aggregate level of flow demand d; ; experienced at technology ¢ € 7 by
provider 7 € N. Users are seen as infinitesimal (also said non-atomic), so that the action of a single user
is considered having no impact, contrary to that of an (infinite) set of users. This kind of assumption is
usual in the related transportation theory where a car has no influence on congestion, but where a flow
of cars rather has to be dealt with. We call d the vector of all flow demands.

QoS is modeled by a congestion cost function ¢; ; of d;; for owned-spectrum technology ¢ (i.e.,
t € T,) operated by provider 4, and {; of total demand }’; d; ; for shared-spectrum technology ¢ (i.e.,
t € Ts). Those functions are assumed strictly increasing -more demand implies more congestion-,
continuous and non-negative.

User behavior is modeled in the following way. We assume that each user tries to minimize her
perceived price p; ¢, that is for technology ¢ and provider ¢ defined by

pi+ gi,t(di,t) if te 7;,

pi+£t (Zdjvt) if t€7;.
J

pie(d) = ey

Copyright © 2008 John Wiley & Sons, Ltd. Int. J. Network Mgmt 2008; 00:1-6
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This means that the perceived price is a linear combination of a monetary cost (the price charged) and a
QoS cost (the congestion level). Any other combination form could be considered, but we follow here
the representation proposed in [5, 13]. Our model is actually an extension of the one in [13], where
i) different technologies can be operated by a single provider, and ii) some can also be shared. This
addition is for introducing the technological game which is not addressed in [5, 13]. We will see in the
next section how demand is distributed at equilibrium, which will result in a system perceived price p,
common to all technologies that do get some demand.

We also assume that total user demand d = Zﬁl Ytes; diyt is a continuous function D(-) of the
perceived price p, strictly decreasing on its support and with lim,_,. D(p) = 0. D(p) represents
the total amount of traffic that users would want to transmit at a fixed perceived unit price p, it
may encompass (cumulated) individual demand variations with respect to price, and/or (cumulated)
individual decisions to abandon the service. In addition, we call v the inverse function of D on its
support.

The system is characterized by three different time scales, resulting in three different levels of game:

* at the shortest time scale, for fixed prices and sets of offered technologies, users choose their
provider and technology in order to minimize their perceived price. This drives to a user
equilibrium situation (d;,);. where for all technologies with positive demand, the perceived
price is the same, other technologies having larger perceived prices (otherwise some users would
have an interest to change to a cheaper option).

* At the intermediate time scale, providers compete for customers by playing with prices for fixed
sets of implemented technologies. The goal of each provider 7 is to maximize her revenue

Ri= Y pid;,, (2
teS;
playing on price p; and making use of what the user equilibrium d* = (d;,); would be for a
given price profile. Since the revenue of a provider depends on the price strategy of competitors
(through the user equilibrium), this is analyzed using non-cooperative game theory.
* At the larger time scale, providers have to choose which technologies to invest on. This is again
analyzed thanks to non-cooperative game theory, using the equilibrium situation (p;)i<;<n of
the intermediate level.The goal is here again to optimize

Bi= ) (pid;,—cit)
teS;
(where c; ; represents the licence and infrastructure costs to provider ¢ to operate on technology
t), by playing with the set S;.

3. FIRST LEVEL OF GAME: COMPETITION AMONG USERS

To study our three-level game, we first need to determine how user demand is distributed among
providers. Access prices are assumed fixed in this section, those prices only being changed at a
larger time scale. Following our non-atomicity assumption about users, the equilibrium is driven by
Wardrop’s principle [3] coming from transportation theory: at a user equilibrium the perceived price
at each provider getting some demand is the same, otherwise, if one is larger than another, then her
customers would prefer to change and go to the cheapest. Some providers may also be too expensive,
with an access price larger than the perceived price of competitors, and therefore get no demand.

Copyright © 2008 John Wiley & Sons, Ltd. Int. J. Network Mgmt 2008; 00:1-6
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Wardrop’s principle can be formalized as follows. Consider a technology configuration S =
(S1,...,Sn) and a price configuration (p1,...,pn). A Wardrop (or user) equilibrium is a family
(di t)ien ies; of positive real numbers such that

pi+li(di,) if teT,
Vie NoVEES: Din =1 p, + £, >, diy) if teT;
jiteS;
VieN,VteS; dj, >0 = piy= jej{fner:Sj (Pj,r) ®
2o & o= Dl gping (i)

The first equality presents the perceived price at each couple (operator, technology), separating the
case where the technology is owned by the operator (in 7,) and the case where it is shared (in 7;). The
second equality states that users choose the cheapest option in terms of perceived price, and that the
perceived price at providers getting demand is necessarily the same - otherwise, again, some customers
would have an interest in churning - . Finally, the last equality states that total demand, i.e., sum of
demands at each network, is the demand function at the perceived price.

Remark that this kind of nonatomic game played among users falls into the widely-studied set of
routing games [14, 15, 16]. Indeed, the user problem can be interpreted as finding a route (i.e., a pair
provider-technology) to reach the global internet, while congestion effects occur. Several powerful
results exist for that kind of games, that we apply to prove existence of a user equilibrium for our
particular problem, and uniqueness of perceived prices.

Proposition 3.1. There always exists a user equilibrium. Moreover, the corresponding perceived price
at each provider-technology pair (i,t) is unique.

Proof: For strictly positive prices (p;):enr, the existence of a Wardrop equilibrium directly comes
from Theorem 5.4 in [15], where existence is ensured when perceived price functions are strictly
positive, which is the case when providers set strictly positive prices. Just a few extra verifications are
needed for the specific case where some providers set their price to 0: by choosing € > 0 and replacing
;.1(z) by ; 4(x) = max(e, £; +(x)) for all provider i with p; = 0, we know that a solution of the
system (3) with modified perceived price functions exists. But when ¢ tends to 0, the corresponding
perceived price p = 'e/r\I/lins (Pi,r) does not tend to O since all congestion cost functions are strictly

T i

)

increasing, and demand is continuous and strictly positive at price 0. As a result, € can be chosen
sufficiently small such that for a Wardrop equilibrium with modified cost functions, modified and
original cost functions coincide, which means the original system (3) has a solution.

We now focus on uniqueness. For a Wardrop equilibrium, we denote by p the common perceived
price of all options (i.e., pairs provider-technology) that get positive demand. Assume there exist two
Wardrop equilibria d and d with different perceived prices, say p and p, and assume without loss
of generality that p > p. Since the demand function is strictly decreasing on its support, then total
demand for d is strictly smaller than for d. This implies that either total demand on one of the shared
technologies, or demand on one proprietary technology of a provider, is strictly smaller for d than for
d. But following Wardrop’s principle, this would mean that the corresponding cost for that technology
is the minimal cost p for d, that is strictly larger (due to congestion cost increasingness) than for d,
itself being larger than p, a contradiction. As a result, the perceived price p for options with demand is
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unique, and we necessarily have for each provider-technology pair (i, t):

teTy = Dis=max(p,p;+Li(0))
teTs = DPie=pi+max(p-p,.£(0)),

where p, = min{p;,t € S;}. All perceived prices are unique, which concludes the proof. |
In general, the Wardrop equilibrium is not unique, as illustrated by the following example.

Example 3.1. Consider a situation where two providers operate the same shared technology, with a
linear congestion function {(d) = d and a demand function D(p) = [2 - p]*. If p1 = pa = 1, then
any demand profile (dyi,dz) = (z, % - x) with x € [0, %] is a solution to system (3), i.e., a Wardrop
equilibrium.

Though, one can assume that when a shared technology is charged exactly the same price by several
providers, the total demand splits among those providers according to some predefined proportions.
This can for example be interpreted as inner preferences of users, involving reputation effects for
example: if the perceived prices were to be the same, users have a propensity to follow those
preferences, and therefore to distribute accordingly among providers. This is formalized in the
following assumption.

Assumption 3.1. Define a weight w; > 0 associated to each provider i € N, characterizing her
reputation among the user population. If for a technology t € T, there is a set N; of providers with
the same minimal price, the total demand d; on t is shared such that
. w;
VieN; dip=dp——.

ZjGNf, w.?
A strict priority among providers, which would correspond to a limit case of the previous formulation,
could also be considered. We can then establish a uniqueness property for the Wardrop equilibrium
demand distribution.

Proposition 3.2. Under Assumption 3.1, for any price profile, the Wardrop equilibrium is unique.

Proof: From Proposition 3.1, all perceived prices are unique at a Wardrop equilibrium, as well as the
common price perceived by all users p = mitns Di¢. Then for ¢ € AV, the conditions in (3) imply that
1N ,1€0;
* ift € S; is such that p; , > p, then d; ; = 0,
«if iy =pforateS;n T, thend;, = ;1 (p-p:),
s if p; 4 =pforateS; nTs,then from Assumption 3.1, d; ; = £;* (p - pl)zj\“[iw
JjeNy

In all possible cases, demand d; ; is uniquely determined. [ ]

4. INTERMEDIATE LEVEL: THE PRICING GAME AMONG OPERATORS

For the rest of this paper, we assume that Assumption 3.1 holds. Now, for a fixed profile of implemented
technologies (S, ...,Sn), the operators need to choose at the intermediate level the price they will
charge to users. They act strategically, in the sense that for any price profile p = (p1,...,pn) they
predict the corresponding (unique) Wardrop equilibrium discussed in the previous subsection, noted
here (d; :(P))1<i<n, tes; -
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Figure 1. Curves of best-reply prices for Example 4.1.

Each provider i € A tries to maximize her revenue

Ri(p) = pi Z d; +(p),
teS;

defined as the product of the price charged and the total demand at provider i.

The equilibrium notion in this case is the so-called Nash equilibrium, which is a price profile p*
such that no provider, acting selfishly, can increase her revenue by an unilateral deviation. Formally, a
Nash equilibrium is a price profile p* such that Vi € AV,

Vp; >0 Ri(p;;p%;) > Ri(pi;pZ;)

where (p;; p*;) is vector p* with price p; of operator ¢ replaced by p;.
A Nash equilibrium does not necessarily exist, as illustrated by the following example.

Example 4.1. Consider a scenario with two providers proposing both an owned-spectrum technology,
and such that demand and congestion cost functions are defined by

D(z) = [4-=]"

1 1
£1(dy) G-d)y 5
1 1
ly(d2) G-dy 3

Then there is no Nash equilibrium for the pricing game. To illustrate this, Figure 1 displays the
best response curves of providers (i.e., prices maximizing their revenue) in terms of the price of the
competitor. A Nash equilibrium should be an intersection point of those two curves. Here, there is no
intersection point, due to a discontinuity in Player 2’s best response at around py = 0.39. This comes
from the fact that the revenue curve of Player 2 has two local maxima for a given p1, and the global
maximum switches from one to the other. This transition is illustrated in Figure 2.

Though, in all practical scenarios that will be investigated in Section 6, when both operators propose
owned spectrum technologies, a unique Nash equilibrium exists and is non null.
In the rest of this section, we characterize some properties of a Nash equilibrium, when it exists.
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Figure 2. Provider 1 revenue as a function of prices of both providers.

Proposition 4.1. Under Assumption 3.1, at a Nash equilibrium with strictly positive prices, each
technology in T (i.e., shared-spectrum) is used by at most a single operator.

Proof: To establish the proposition, we apply a result from [17], where a model similar to ours is
used, but no shared technologies are involved. In that paper, Hayrapetyan, Tardos, and Wexler establish
that the Wardrop equilibrium repartition is continuous in the price profile. In our case, each shared
technology ¢ € T, can be seen as a single option (i.e., regardless of the provider chosen) with a charge
price p, = min{p;,¢ € S;}, and a congestion cost £;(X; d;). Since min{p;,t € S;} is continuous
in the price profile, then so is the total flow on each shared technologies, as well as flows on each
owned-spectrum technology ¢ € 7.

Suppose that there exists a Nash equilibrium with a shared-spectrum technology ¢ € 7 for which at
least two providers have a positive demand.

Remark first that in that case, the providers have declared the same price p. Indeed, from (3) the
perceived price at those providers are necessarily the same due to the fact that they have a positive
demand, and the congestion cost is the same for both providers on that shared technology.

Let us consider a provider ¢ that does not obtain all the demand on technology t at the Wardrop
equilibrium, i.e., d7, < ¥ .5, d;, = di . Then consider that operator decreasing her price by a small
amount € > 0. Consequently, by a small decrease of one’s price, provider ¢ would only slightly affect
demand on her owned-spectrum technologies, but will be the only cheapest provider on technology
t, and thus get all demand (itself being slightly modified) on that technology. Likewise, if provider ¢
operates on other shared technologies, her demand does not decrease on those. Therefore, when € tends
to 0, the change in revenue for provider ¢ tends to a value that is at least p; (d; - d;t), which is strictly
positive. Provider ¢ can then choose € small enough to strictly improve her revenue, which contradicts
the price profile being a Nash equilibrium. |

A Nash equilibrium of the pricing game does not always exist. However, when there is one, the
prices set by providers satisfy a relation similar to the ones proved in [12, 13].

Proposition 4.2. Assume Assumption 3.1 holds and that, on its support, the demand function D is
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concave and differentiable with bounded differential function D'. Further assume that all congestion
functions ¢y and {; 4 are such that £;(0) = £;; = 0, i.e., no congestion means no cost. Then at any
Nash equilibrium (p7,...,py ) of the pricing game, with corresponding demands (d ;)1<i<N tes, and
perceived price p, we have

*
* d’L

Di

+ i “

= - ,
Zkes, € (di ) (quti ZtGSj W) - D'(p)
where d := Y.s, di, is the total demand of provider i and d* := Y. d; is the overall demand.

Remark that the right-hand side of (4) can be completely expressed in terms of demands, since p is the
solution of D(p) = d.

The proof is provided in the Appendix.

5. THIRD LEVEL OF GAME: COMPETITION ON TECHNOLOGIES

At an even larger time scale, providers have to decide which technologies to operate. Here again, their
decisions will depend on the anticipation about what their revenue would be at the equilibrium of the
intermediate level, for any profile S = (S1,...,Sn) of strategies implemented by the operators. The
goal is therefore for each provider i to determine the combination of technologies S; ¢ 7 which will
maximize her revenue, taking into account the implementation (infrastructure plus licence) costs.
Formally, each provider can choose her (finite) subset of technologies, resulting in a
(multidimensional) matrix of revenues (R1(S),..., RN(S))scr~. Similarly, let ¢; ; represent the
licence and infrastructure costs to provider ¢ to operate on technology ¢. For simplicity of the
presentation, those costs are assumed additive, such that the cost of implementing S; for 7 is };cs, ¢3¢
but one can without any added complexity consider a general cost function ¢;(S;). Those costs ¢; ; can
be highly asymmetric because some providers may already own an infrastructure, or a part of it, and/or
a licence, when it is required. The goal of each provider i is at this time scale also to maximize her net

benefit
Bi(8)=Ri(S)- ) cip= . (pidi, —ciy),
teS; teS;
given that competitors proceed similarly. The equilibrium notion is here again that of a Nash
equilibrium, which is a profile $* of implemented technologies, such that no provider can improve
her benefit by changing unilaterally her set of technologies:

Vie{l,...,N},VS;cT, B;y(S")<B;i(S;;S%;)

where (S;;S¥;) is vector S* with S replaced by S;. Note that the set of strategies is finite here instead
of continuous in the previous section.

In the next section, we consider specific situations and analyze the existence and uniqueness of an
equilibrium, which cannot be guaranteed in general. We will consider the situation of N = 2 providers
in competition. We will therefore end up with two matrices:

¢ a matrix of revenues from subscribers
R:=(R(S), R2(S))31,52c7’
giving for each combination of technology choices, the respective revenues of the two providers

at the equilibrium of the pricing game, obtained from Section 4;
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¢ and a cost matrix
C= (Cl (8)3 CQ(S))Sl,SQCT '

From those two matrices, the net benefit matrix
R-C=(Ri(S) - c1(8), R2(S) — 2(5)) s, 507

is deduced. A Nash equilibrium, if any, is then an element of that last matrix such that the first
coordinate R; — ¢ is maximal over the lines, and the second coordinate Ro — co is maximal over
the columns.

If in general, we may have several and non-symmetric Nash equilibria, one of them may be more
relevant, be it from users point of view, or regarding the overall wealth generated by the resources
(here, the radio spectrum). We therefore introduce corresponding measures, that can be computed for
each technology profile.

Define the valuation function V' as the total money that customers are ready to spend in order to buy
q flow units, i.e.,

V(g) = foqv(q)dq, 5)

where v is the generalized inverse of the demand function D, i.e., v(q) = min{p : D(p) < ¢}. Define
also the user welfare as the difference between the money customers are ready to spend, and the total
price they actually pay to buy ¢ flow units,

UW =V(q) -v(q) xq.
As a last definition, we call social welfare, noted SW, the sum of utilities of all actors in the game:

* customers, with aggregate utility represented by the user welfare,
* providers, with utility R; — ¢; for provider j,
* and licence sellers and infrastructure sellers, with respective total revenues Rjs and Rjs

Hence,
N
SW = UW +Ri+Ris+ Y (Rj—c;)
j=1
N
= UW+ZRJ',
j=1

the last equality coming from Ry + R;s = Z§V=1 c; because revenues of licence and infrastructure sellers
are exactly the sum of costs of providers. From the customers point of view (resp. from the point of view
of the society as a whole: users, providers, licence seller, infrastructure sellers) the most interesting
Nash equilibrium is the one maximizing user welfare (resp. social welfare).

6. PRACTICAL EXAMPLES
We now apply our model to some particular contexts of telecommunication operator competition. In
the case of the competition among french wireless providers in 2010, we present a technology choice

analysis with a WiMAX deployment option for two operators.
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Figure 3. Curves of best-reply prices when both players propose the WiMAX technology.

6.1. Intermediate level pricing game

We first focus on the game on prices at the intermediate level, ignoring for the moment the licence and
infrastructure costs. Formally, we build the revenue matrix R defined in the previous section.

We assume that a set of users is positioned in a bounded predefined zone, and that all users have a
terminal with multiple interfaces. We have in mind a specific zone covered by a 3G UMTS base station
in France. There are approximately 10* such zones on the French territory. We additionally assume
that the zone is covered by a WiFi 802.11g access point and a single 802.16e (WiMAX) base station.
We only consider downlink for convenience and choose realistic values of demand and capacities:

» 28 Mb/s per operator for 3G [18];
* 40 Mb/s, still in downlink, for WiMAX technology [19];
¢ 25 Mb/s for WiFi [20].

We moreover assume the demand function D to be linear on its support, given by (in Mb/s)
D(p) = [300 - 3p]",

with p in €/month. Hence no user is willing to pay more than 100 € monthly to benefit from the
service. In our numerical computations, the congestion function ¢; ; of a couple demand-technology
(4,t) is supposed to be the average waiting time of a M/M/1 queue of parameters (d; ;,C; ) if the
technology ¢ belongs to the set 7,,, and of parameters (3 ;.s, d;,, C;) if t belongs to 7. Recall that the
average waiting time of an M/M/1 queue with parameters (A, ) is 1/(p—A) = 1/p.

To illustrate how those Nash equilibria are found, consider for instance the case where the two
operators decide to propose only a WiMAX access to the users. Figure 3 displays the best responses
(i.e., prices maximizing their revenue) of providers in terms of the price of the other. A Nash
equilibrium is an intersection point of those two curves. One can check that there exists a single
non-null intersection point between the two curves, here approximately equal to (72.5,72.5). For the
practical examples studied in this paper, we proceeded numerically to compute best-replies of both
providers, and find the Nash equilibria on prices (actually, we always found either one unique Nash
equilibrium, or no equilibrium at all).

Table I displays the monthly revenues in euros of both operators at the Nash price profile, for every
technology profile. On each element of the table, the first number is the revenue of Provider 1, while the
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1\2 (%] 3G WiMAX 3G,WiMAX WiFi WiFi,3G WiFi,WiMAX | WiFi,3G,WiMAX
%] 0;0 0;2470 0;3379 0;5081 0;2228 0;4220 0;4921 0;6193
3G 247050 | 220052220 | 2090;3022 1843;4506 2241;1985 | 1970;3752 1859;4367 1623;5415
WIMAX 3379;0 | 3022;2090 | 2864;2864 2489;4240 3061;1887 | 2689;3545 2532;4112 2192;5043
3G,WiMAX 5081;0 | 4506;1843 | 4240;2489 3638;3638 4572;1666 | 3957;3079 3691;3538 3092;4232
WiFi 2228;0 | 1985;2241 | 1887;3061 1666;4572 0;0 - - -
WiFi,3G 42200 | 3752;1970 | 3545;2689 3079;3957 - - - -
WiFi,WiMAX 4921;0 | 4367;1859 | 4112;2532 3538;3691 - - - -
WiFi,3G,WiMAX | 6193;0 | 5415;1623 | 5043;2192 4232;3092 - - - -
Table I. Revenues matrix (from users) for providers depending on the implemented technologies.
1\2 %) 3G WIiMAX | 3G,WiMAX | WiFi | WiFi,3G | WiFi,WiMAX | WiFi,3G,WiMAX
%] 0.0 74 182 662 54 384 600 1396
3G 74 486 726 1442 408 938 1262 2282
WIMAX 182 726 975 1785 662 1368 1755 2709
3G.WiMAX 662 1442 1785 2799 1368 2305 2799 4087
WiFi 54 408 662 1368 103 - - -
WiFi.3G 384 938 1368 2305 - - - -
WiFi.WIMAX 600 1262 1755 2799 - - - -
WiFi.3G.WiMAX | 1395 | 2282 2709 4087 - - - -

Table II. User welfare depending on the implemented technologies.

second is the revenue of Provider 2. We can notice a direct consequence of Proposition 4.1: when both
operators choose to implement the WiFi technology, then if a Nash exists (which is when they operate
WiFi only), then they both end up with a null revenue. The price equilibrium is when both providers
set their price to 0: from that situation, no provider can unilaterally change her price and get a strictly
positive revenue, since setting a strictly positive price implies that all users on the shared technology
-here thus, all the demand- go to the competitor. In all other cases where the operators implement WiFi
but at least one provider operates another technology, no Nash equilibrium actually exists, because at
the only possibility (0,0), any provider operating an unshared technology could increase her price and
make profit on that technology. We thus end up with the “~” symbol in Table I to represent that no
Nash equilibrium exists.

Best responses of providers, in terms of technology sets, are displayed in bold in the Table. A Nash
equilibrium is therefore easily spotted as cells with both numbers on bold. If we considered the game
on technologies without any implementation cost, we would then have two possible (and symmetric)
Nash equilibria, ({WiFi, 3G, WiMAX}, {3G, WiMAX}) and ({3G, WiMAX}, {WiFi, 3G, WiMAX}).

We now aim at investigating for different scenarios the outcome of the game on technologies, as well
as the selection of those equilibria from a user and social welfare optimization point of view.

6.2. Symmetric game

Consider again, as well as in the rest of the paper, a zone covered by a single base station, for a period
of one month. Estimated infrastructure plus licence costs, if any, are therefore also divided by the 10%
zones in France and by the duration in months of the licence rights. As presented in Section 5, we define
a cost per zone and per month at provider 7 for technology ¢ and a cost matrix (c1(S1), c2(S2)) s, s,c7 -
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1\2 %] 3G WIiMAX | 3G,WiMAX | WiFi | WiFi,3G | WiFi,WIMAX | WiFi,3G,WiMAX
(%) 0 2544 3561 5742 2282 4604 5521 7588
3G 2544 | 4886 5838 7791 4634 6660 7488 9320
WiMAX 3561 | 5838 6703 8514 5610 7602 8399 9944
3G.WiMAX 5743 | 7791 8514 10075 7606 9341 10028 11411
WiFi 2282 | 4634 5610 7606 103 - - -
WiFi.3G 4604 | 6660 7602 9341 - - - -
WiFi.WiMAX 5521 | 7488 8399 10028 - - - -
WiFi.3G.WiMAX | 7588 | 9320 9944 11411 - - - -
Table III. Social welfare depending on the implemented technologies.
1\2 (%] 3G WIiMAX 3G,WiMAX WiFi WiFi,3G WiFi,WiMAX | WiFi,3G,WiMAX
[%) 0,0 0,762 0;2555 0;2549 0;2178 0;2462 0;4047 0;3611
3G 762;0 492;512 382;2198 135;1974 533;1935 262;1994 151;3493 -85;2833
WiMAX 2555;0 | 2198;382 | 2040;2040 1665;1708 2237;1837 1865;1787 1708;3238 1368;2461
3G,WiMAX 2549;0 1974;135 1708;1665 1106;1106 2040;1616 1425;1321 1159;2664 560;1650
WiFi 2178;0 | 1935:;533 1837;2237 1616;2040 -50;-50 -50;-1758 -50;-874 -50;-2582
WiFi,3G 2462;0 1994262 1787;1865 1321;1425 -1758;-50 -1758;-1758 -1758;-874 -1758;-2582
WiFi,WIMAX 40470 | 3493;151 3238;1708 2664;1159 -874;-50 -874;-1758 -874;-874 -874;-2582
WiFi,3G,WIMAX | 3611;0 | 2833;-85 2461;1368 1650;560 -2582;-50 -2582;-1758 -2582;-874 -2582;-2582

Table IV. Benefits matrix for the symmetric game.

In this symmetric game, we consider two incoming providers without any wireless infrastructure

paying the same infrastructure and licence costs. A total 3G licence of 649 M€ [21] needs to be paid to
the regulation authority, and 3G infrastructure of 1.4B€ (value inspired from [22]) has to be purchased,
both monthly paid over 10 years. Hence, the licence cost (resp. the infrastructure cost) is then evaluated
to 541 € (resp. 1167 €) per month and per zone, giving ¢; 3G = c2,36 = 1708 €. We also assume that a
licence costs 649 M€ for WiMAX and the infrastructure costs 340 M€ (inspired from [23]), yielding
C1,wiMAX = C2.wiMax = 941 + 283 = 824 €. We assume that every WiFi access point is renewed each
year and is bought at the average price of 600 € per year. In France, since only a declaration to the
regulation authority, negligible taxes an no licence purchase are necessary to deploy and use a WiFi
infrastructure [24, 25], we then choose ci wiri = c2,wiri = 50 €.

The resulting benefits matrix (revenue matrix minus cost matrix) is displayed in Table IV. It
can be readily checked that there exists two Nash equilibria, ({WiFi,WIMAX},{WiMAX}) and
{WiMAX},{WiFi,WiIMAX}).

In that case, we remark in Table I'V that there are two Nash equilibria, ({ WiFi, WIMAX},{ WiMAX})
and ({WiMAX},{WiFi,WiMAX?}). With respect to the previous situation, 3G is actually too expensive
with the proposed licence cost to be implemented . Since those Nash equilibria on technologies are
symmetric, user and social welfare values are the same and no preference can be defined.

6.3. A WiFi-positionned provider against a 3G one

Consider a WiFi-installed provider, named Provider 1, wishing to extend her position against a 3G-
installed provider, noted Provider 2. We suppose that Provider 1 already owns a complete WiFi
infrastructure over the 10* zones (basically like the provider called Free in France) and that Provider 2
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1\2 %] 3G WIiMAX 3G,WiMAX WiFi WiFi,3G WiFi,WIMAX | WiFi,3G,WiMAX
%] 0;0 0;1929 0;2555 0;3716 0;2178 0;3629 0;4047 0;4778
3G 1437;0 | 1167;1679 | 1057;2198 810;3141 1208;1935 | 937;3161 826;3493 590;4000
WiMAX 2555;0 | 2198;1549 | 2040;2040 1665;2875 2237;1837 | 1865;2954 1708;3238 1368;3628
3G,WiMAX 3224;0 | 2649;1302 | 2383;1665 1781;2273 2715;1616 | 2100:;2488 1834;2664 1235;2817
WiFi 2228;0 | 1985;1700 | 1887;2237 1666;3207 0;-50 - - -
WiFi,3G 3187;0 | 2719;1429 | 2512;1865 2046;2592 - - - -
WiFi,WIMAX 4097;0 | 3543;1318 | 3288;1708 2714:;2326 - - - -
WiFi,3G,WiMAX | 4336;0 | 3558;1082 | 3186;1368 2375;1727 - - - -

Table V. Benefits matrix for the WiFi-3G game.

similarily owns a complete 3G infrastructure over the same zones (Bouygues Telecom for instance).
Bouygues Telecom already owning an infrastructure, only its licence cost of 649 M€ accounts, giving
2,36 = 541 €. The cost of the fourth licence in France (the one Free is buying) is fixed to 240 M€ [21],
and of the new infrastructure estimated at 1.0 B€ (value inspired from [22]), so that ¢; 36 = 1033 € per
month and per site. For WiFi, we choose c1 wiri = 0 € and c2 wiri = 50 € to illustrate the better position
of Provider 1, while WiMAX costs are the same as in the previous subsection (that technology being a
new one). The benefits matrix is given in Table V, with again best responses highlighted in bold. For this
game, there are two non symetric Nash equilibria. The first one is ({WiFi, WIMAX},{3G,WiMAX}):
each operator chooses the technology on which she is already present, and additionally goes to the
new WiMAX technology. The second Nash equilibrium is ({WiMAX},{WiFi,3G,WiMAX}) and
corresponds to a situation where Provider 2 proposes all technologies and Provider 1 only proposes
the WIMAX technology. Again, it is better not to fight on (the low-cost) WiFi.

Since the ({WiFi,WiIMAX},{3G,WiMAX}) results in a computed social welfare SW = 10028, and
the ({WIMAX},{WiFi,3G,WiMAX}) equilibrium yields SW = 9944, the first one would be better-
suited in terms of social welfare. Similarily, user welfare values are respectively 2799 and 2709, the
first equilibrium is more advised from the users point of view too.

It is possible to vary the Nash equilibria set by changing licences prices. Indeed, obtaining a Nash
equilibrium with 3G implemented by Provider 1 requires the cost ¢; 3 to be reduced to 900 € (the
situation ({WiMAX},{ WiMAX,WiFi,3G})) is not an equilibrium anymore if this cost is reduced even
more). This would mean a licence fee of 67 € (or equivalently a global 3G licence selling price
of 80 M€). In that case, the situation ({3G,WiMAX},{WiFi,3G,WiMAX}) would be a third Nash
equilibrium of the technological game: Provider 1 would focus on licenced technologies, giving up
on WiFi. Social welfare and user welfare values are in this case respectively equal to 11411 and 4087.
Those values are the maximal ones that can be attained, as could be expected: it is indeed in the interest
of the community to use the maximum of resources (i.e., all the radio spectrum), and this also benefits
to users since more available resources correspond to a harder competition for customers and less
congestion.

6.4. A single technology-positionned provider against a dominant one

This kind of game would for instance correspond in France to Free (strongly established in the Internet
and WiFi networks), named Provider 1 again, against Orange, named Provider 2, already positionned
on almost all technologies, except WiMAX, for which we keep the costs of previous subsections.
The 3G costs are also considered the same as in the previous subsection, but WiFi costs are here
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1\2 %] 3G WIiMAX 3G,WiMAX WiFi WiFi,3G WiFi,WIMAX | WiFi,3G,WiMAX
%] 0;0 0;1929 0;2555 0;3716 0;2228 0;3679 0;4097 0;4828
3G 1437;0 | 1167;1679 | 1057;2198 810;3141 1208;1985 | 937;3211 826;3543 590; 4050
WiMAX 2555;0 | 2198;1549 | 2040;2040 1665;2875 2237;1887 | 1865;3004 1708;3288 1368;3678
3G,WiMAX 3224;0 | 2649;1302 | 2383;1665 1781;2273 2715;1666 | 2100:;2538 1834;2714 1235;2867
WiFi 2228;0 | 1985;1700 | 1887;2237 1666;3207 0;0 - - -
WiFi,3G 3187;0 | 2719;1429 | 2512;1865 2046;2592 - - - -
WiFi,WIMAX 4097;0 | 3543;1318 | 3288;1708 2714:;2326 - - - -
WiFi,3G,WiMAX | 4336;0 | 3558;1082 | 3186;1368 2375;1727 - - - -

Table VI. Benefits matrix for the WiFi-Dominant game.

c1,wiri = C2,wiri = 0 € due to the past presence of both providers on this technology. The results of
the technological game are displayed in Table VI. One can see here that, again, two Nash equilibria
exist and are the same as those of the previous game in part 6.3, with user and social welfare equal to
2799 and 10028 for the first equilibrium, and 2709 and 9944 for the second one. That is, the existence
of the WiFi infrastructure for Provider 2 does not affect the Nash equilibria. Hence, we deduce that
the impact of the WiFi infrastructure cost is negligible compared to the 3G and WiMAX licence and
infrastructure costs. Similarly, if the monthly cost per site for 3G gets as low as 694 €, then Provider 1
could keep operating WiFi, since the situation ({WiFi,3G,WiMAX},{3G,WiMAX}) would arise as a
technological Nash equilibrium. In that case, the monthly licence cost would be equal to 153 € (the
total licence price would be equal to 184M<). The social welfare and user welfare values are in this
case respectively 11411 and 4087. Hence reducing the 3G costs would be beneficial, since this last
Nash equilibrium yields larger user and social welfare values.

6.5. A 3G technology-positioned provider against an omnipresent one

This last scenario corresponds in France to Bouygues Telecom (Provider 1, operator only owning
a 3G infrastructure), against SFR (Provider 2, owning a 3G and WiFi infrastructure). The WiMAX
infrastructure and licence costs are again assumed to be the same as before for both operators. In
addition, the WiFi infrastructure cost is assumed to be equal to 50 €per month. The 3G licence cost
is also equal to 541 €, given that both licences are supposed equal to 649 M€and paid over 10 years.
We can notice on Table VII that there exist two symmetric Nash equilibria on technologies which are
({WiFi, 3G, WiMAX},{3G,WiMAX}) and ({3G, WiMAX},{WiFi, 3G,WiMAX}). Both providers
have an interest to invest in the WiMAX technology and to keep their 3G infrastructure active. This
conclusion contrasts with the one opposing a 3G operator to a dominant one depicted in Table VI.
Since the found Nash equilibria maximize the user and social welfare values among every technology
combinations of operators, no new interesting Nash equilibrium on technologies would come from a
3G licence price variation.

7. CONCLUSION

In this paper, we have presented a three-level competition model on technology investments among
wireless telecommunications service providers. Each level corresponds to a different time scale. At a
first level, users choose the couple operator-technology offering them the best compromise between
congestion and price per flow unit, where total demand is supposed elastic. Some demand can be
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1\2 %] 3G WIiMAX 3G,WiMAX WiFi WiFi,3G WiFi,WIMAX | WiFi,3G,WiMAX
%] 0;0 0;1929 0;2555 0;3716 0;2178 0;3629 0;4047 0;4778

3G 1929;0 | 1659;1679 | 1549;2198 1302;3141 1700;1935 | 1429;3161 1318 ;3493 1082;4000

WiMAX 2555;0 | 2198;1549 | 2040;2040 1665;2875 2237;1837 | 1865;2954 1708;3238 1368;3628

3G,WiMAX 3716;0 | 3141;1302 | 2875;1665 2273;2273 3207;1616 | 2592;2488 2326;2664 1727;2817
WiFi 2228;0 | 1985;1700 | 1887;2237 1666;3207 0;-50 - - -
WiFi,3G 3679;0 | 3211;1429 | 3004;1865 2538;2592 - - - -
WiFi,WIMAX 4097;0 | 3543;1318 | 3288;1708 2714;2326 - - - -
WiFi,3G,WiMAX | 4828;0 | 4050;1082 | 3678;1368 2867:1727 - - - -

Table VII. Benefits matrix for the 3G-Dominant game.

possibly be shared among providers under a predefined rule based on their reputation. At a second level,
operators choose their price per flow unit maximizing their revenue at the obtained flow distribution,
such that no one would have an incentive to change it. At a third level, operators choose the technology
combination maximizing their revenue, which is based on the price and flow distribution of the previous
levels and the infrastructure and licence costs. We illustrate our model with a simple competition study
among french wireless operators, where considered technologies are 3G, WiMAX and WiFi. Hence,
given some initial infrastructure or licence price reduction, it has been shown in the four scenarios
opposing two operators that it is in their interest to invest in the WiMAX infrastructure. A licence cost
reduction can be necessary in some cases, because this reduction can generate a new equilibrium on
technologies maximizing the social welfare.

The work presented in the paper can be extended in several ways. A first possibility is to adapt the
model to an unshared technology zone covered by several shared technology subzones under similar
flow equilibrium constraints. A second way to model this is to modify the model such that some
smooth increase of a minimal perceived price does not jeopardize the whole corresponding demand
and to analyze the existence of price equilibrium in the case where technologies are shared. Finally,
customers may not have multiple interfaces, i.e., they may not be able to choose among all technologies.
This heterogeneity could be taken into account.
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APPENDIX: Proof of Proposition 4.2

Proof: First, if a Nash equilibrium exists, then from Proposition 4.1, there are no shared-spectrum
technologies for which more than one provider obtain some demand. But at a Nash equilibrium, any
shared-spectrum technology ¢ € 7 gets some demand: if this were false, this would mean that all
operators of ¢ have a price above p and thus get no revenue, while they could obtain a strictly positive
revenue by choosing a price strictly below p.

Consequently, at a Nash equilibrium each shared-spectrum technology is effectively operated (i.e.,
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with strictly positive demand) by exactly one provider, that is the cheapest one among the operators
of that technology. As a result, infinitesimal price variations from providers do not change the identity
of the cheapest ones on shared-spectrum technologies. A consequence is that in a vicinity of the Nash
price profile (p7,...,px ), each shared-spectrum technology behaves exactly as if is were an owned-
spectrum technology of its cheapest operator.

We can therefore apply Proposition 2 of [13], where all links (in our context, technologies) are owned
by providers, but only the property of Nash equilibria being local maxima of revenues is used. That
property can also be used in our model, considering all technologies as (locally) owned-spectrum ones.

The only difference from [13] is that we allow here providers to operate on several technologies.
However, since they declare a unique price and demand distributes itself according to a Wardrop
equilibrium, then all technologies for a provider have the exact same perceived cost (this should hold
only for technologies with demand, but here all technologies get demand since ¢; ;(0) = 0 forall ¢ € S,),
and therefore the same congestion cost ¢; ;(d; ;). If a provider gets a total demand d; = ¥;cs, di,;, We
refer to that common value of the congestion cost by ¢;(d;), which should satisfy:

Vd; > 0, Ci(di) = Lig(ze) VEeS; (6)
sit. x>0, Z Ty =d;. @)
teS;

Now consider an infinitesimal variation of € from an initial d; > 0. We denote by ¢; the corresponding
variation of z;, for each ¢ € S;. From (6), we have for all t € S;, €;(d; + &) = £; (2 + &;). Since the
functions ¢; ; are strictly increasing and concave, ¢, = O(¢), and moreover x; > 0 and ¢; ; () > 0.
Thus,

él(dl + E) = éi’t(.’lft + Et) = gi,t (J}t) + Etg,,i’t(l’t) + O(Et)
Ci(dy) + el (24) + 0(e),

Li(dite)=ti(di)
Z;)t(:ct)

Y e =(Li(di+e) = £i(di)) Y,

1
teS; teS; €;7t(xt)

and therefore €, = +0(¢). Then (7) yields

+o(e) =¢,

which implies that ¢; is differentiable, with derivative

1

ti(d;) = ®)

1
Ztesi IZNen)

As a result, from the provider point of view, the set of technologies S; behaves exactly as a unique
technology that would have a congestion cost function ¢;. Moreover, since ; ; is convex for all ¢, so is
;. Proposition 4.2 is then directly obtained by plugging (8) into the Proposition 2 of [13]. |

REFERENCES

1. P. Maillé, B. Tuffin, and J.-M. Vigne. Economics of technological games among telecommunication service providers.
Submitted, available at http://www.rennes.enst-bretagne.fr/~pmaille/papiers/tech_submit.
pdf, 2010.

2. IEEE 802.16-2004. IEEE Standard for Local and Metropolitan Area Networks - Part 16: Air Interface for Fixed Broadband
Wireless Access Systems, October 2004.

Copyright © 2008 John Wiley & Sons, Ltd. Int. J. Network Mgmt 2008; 00:1-6
Prepared using nemauth.cls



[T R SN ON]

10.
11.
12.

13.
14.

15.

16.
. A. Hayrapetyan, E. Tardos, and T. Wexler. A network pricing game for selfish traffic. In Proc. of ACM SIGACT-SIGOPS

18.
19.

. Wikipédia. WiFi. http://fr.wikipedia.org/wiki/Wi-Fi.
21.

22.

24.

25.

GAMES AMONG WIRELESS TELECOMMUNICATIONS SERVICE PROVIDERS 19

. J.G. Wardrop. Some theoretical aspects of road traffic research. Proc. of the Institute of Civil Engineers, 1:325-378, 1952.
. M.J. Osborne and A. Rubenstein. A Course on Game Theory. MIT Press, 1994.
. D. Acemoglu and A. Ozdaglar. Competition and efficiency in congested markets. Mathematics of Operations Research,

2006.

. F. Bernstein and A. Federgruen. A general equilibrium model for industries with price and service competition.

Management Science, 52(6):868-886, 2004.

. P. Maillé and B. Tuffin. Analysis of price competition in a slotted resource allocation game. In Proc. of IEEE INFOCOM

2008, Phoenix, AZ, USA, April 2008.

. P. Maillé and B. Tuffin. Price war with partial spectrum sharing for competitive wireless service providers. In Proceedings

of IEEE Globecom, December 2009.

. M.H. Manshaei, J. Freudiger, M. Felegyhazi, P. Marbach, and J.P. Hubaux. On wireless social community networks. In

Proc. of IEEE INFOCOM, Phoenix, AZ, USA, Apr 2008.

Y. Xing, R. Chandramouli, and C. Cordeiro. Price dynamics in competitive agile spectrum access markets. Selected Areas
in Communications, IEEE Journal on, 25(3):613-621, April 2007.

P. Njoroge, A. Ozdaglar, N. Stier-Moses, and G. Weintraub. Competition, market coverage, and quality choice in
interconnected platforms. In Proceedings of the Workshop on the Economics of Networked Systems (NetEcon), 2009.

R. Johari, G. Y. Weintraub, and B. Van Roy. Investment and market structure in industries with congestion. Operations
Research, submitted.

A. Ozdaglar. Price competition with elastic traffic. Networks, 52(3):141-155, 2008.

M. Beckmann, C. B. McGuire, and C. B. Winsten. Studies in the economics of transportation. Yale University Press, New
Heaven, Connecticut, 1956.

H.Z. Aashtiani and T.L. Magnanti. Equilibria on a congested transportation network. SIAM Journal of Algebraic and
Discrete Methods, 2:213-226, 1981.

T. Roughgarden. Selfish Routing and the Price of Anarchy. MIT Press, 2005.

Symposium on Principles of Distributed Computing (PODC), 2005.

O01NetPro. Le débit sur le réseau 3G d’Orange passe a 14 mb/s, January 2010. http://pro.0lnet.com/
editorial/511553/1le-debit-sur-le-reseau-3g-dorange-passe—a-1l4-mbits—-s/.

Wireless design mag. WiMAX 101 : the Evolution of WiMAX, 2010. http://www.wirelessdesignmag.com.

Mobinaute. 4eme licence 3G : Orange fait pression aupres du gouverne-
ment pour ralentir son attribution, October 2009. http://www.mobinaute.com/
304016-4eme-licence-3g-orange-pression-aupres-gouvernement-ralentir—attribution.
html.

Capital. Mobiles : comment Free compte faire baisser les prix, May 2009. http://www.capital.fr/enquetes/
strategie/mobiles-comment—-free-compte-faire-baisser-les-prix-380294.

. Wimaxday. Worldmax launches mobile WiMAX network, June 2008. http://www.wimaxday.net/site/2008/

06/17/worldmax—launches-mobile-wimax—-network.

O1NetPro. Le Wi-Fi devient officiellement une activité commerciale, May 2007. http://pro.0lnet.com/
editorial/348616/le-wi-fi-devient-officiellement-une-activite-commerciale/.

Arcep. Décision no. 2007-0408 de 1’autorité de régulation des communications électroniques et des postes en date du 26
avril 2007 mettant fin au régime d’expérimentation de réseaux ouverts au public utilisant la technologie rlan, April 2007.

Copyright © 2008 John Wiley & Sons, Ltd. Int. J. Network Mgmt 2008; 00:1-6
Prepared using nemauth.cls



226 APPENDIX B. MAIN PUBLICATIONS EVOKED IN CHAPTER 3



Appendix C

Main publications evoked in
Chapter 4

227



228 APPENDIX C. MAIN PUBLICATIONS EVOKED IN CHAPTER 4



Influence of search neutrality on the economics of
advertisement-financed content

PIERRE COUCHENEY, Université de Versailles / PRiSM
GIUSEPPE D'ACQU|STO, Universita di Roma Tor Vergata
PATRICK MAILLE, Institut Mines-Telecom / Telecom Bretagne
MAURIZIO NALDI, Universita di Roma Tor Vergata

BRUNO TUFFIN, Inria

The search neutrality debate questions the ranking methods by search engines. We analyze the issue when
content providers offer content for free, but get revenues from advertising. We investigate the non-cooperative
game among competing content providers under different ranking policies. When the search engine is not
involved with high-quality content providers, it should adopt neutral ranking, maximizing also user quality-
of-experience. If the search engine controls high-quality content, favoring its ranking and adding advertise-
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1. INTRODUCTION

Search engines are the dominant way to access content on the web, exerting a strong in-
fluence on what people see and read on the Internet. Early on, the possibility that, either
by accident or by deliberate choice, such influence turns into bias has been noted and
whistleblowed against [Introna and Nissenbaum 2000]. Actually, the structure of the mar-
ket of search engines raised the issue of a strong concentration as early as in 2001, when
the Hirschman-Herfindahl concentration index (HHI) was 0.116 [Sheu and Carley 2001].
The low barriers for new entrants observed in [Gandal 2001] have turned into the present
extremely strong dominance of Google [Telang et al. 2004], with an HHI well above 0.6.
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The present near-monopoly structure of that market further strengthens concerns about
the capability to influence operators located elsewhere in the value chain.

Search engines’ business model is based on advertising [Levene 2011], with both organic
and sponsored links. Slots are assigned to sponsored links through auctions [Maillé et al.
2012] and to organic ones through a proprietary ranking mechanism, based on the relevance
of the linked webpage for the user’s query. However, when ranking organic links, the search
engine may use metrics related to its own interest, inducing an unfair result for some links,
ranking them below where they should be and making them rarely reached by users.

Ranking criteria are crucial for the business model of all the stakeholders: search en-
gines, content providers, and advertisers. Content providers wish to improve their ranking
among organic links, e.g. through search engine optimization techniques without affecting
the quality of the displayed content [Berman and Katona 2013]. Quality is a main driver
for users’ choices, in the competition between organic and sponsored links [White 2013],
but among sponsored links as well [Chen and He 2011; Athey and Ellison 2011], though
being influenced by the ranking strategy of the search engine. Search engines may use that
influence to their own advantage, distorting both users’ choices and the market structure.
Acting as intermediaries between buyers and sellers, they can divert their users from their
preferred websites to websites for which the search engine has a vested interest [Hagiu and
Jullien 2011]: a non-neutral behaviour, which raises the issue of search neutrality.

A parallel can be made with the issue of net neutrality [D’Acquisto et al. 2012], where
network providers may unduly discriminate among the service/content providers that use
their network. Search neutrality is considered as the next frontier even if net neutrality
should prevail [Odlyzko 2009]. Critics of the search neutrality approach have cast doubts
about the capability of measures to lead to neutral search results and really protect users
against the abuse perpetrated by websites [Grimmelmann 2010], and have even promoted
search bias as the product of the competitive process, and the presence of vertical integration
(the search engine favouring its own content) as a generally efficient and pro-competitive
practice [Manne and Wright 2011]. But the search engine’s ranking strategy may adversely
affect the market position of content providers, and the debate on search neutrality should
consider the impact of a non neutral behavior on the content providers’ revenues.

In this paper, we define a model to analyze the influence of search neutrality on the
distribution of free content (funded by advertising revenues). A neutral search engine should
rank the results of a search based on the relevance of contents for users, i.e., their quality
of experience (QoE), which is negatively affected by advertising. On the other hand, a non-
neutral SE would display results based on the potential revenue from CPs (such a model
encompasses both cases where the search engine favors its own content and where it receives
payment from CPs to favor their content). Our objective is to investigate the consequences
(as to user QoE, content provider and search engine revenue) of the presence of a regulation
imposing search neutrality. We focus on the competition among content providers, though
we consider the presence of competition among search engines through the possibility for
users to reduce their queries on a search engine (hence, leaving for competing search engines).
For that purpose, we define a noncooperative game among the content providers, which use
their level of advertising as a strategic leverage to maximize their revenues. Their behavior
is strongly influenced by the ranking rules applied by the search engine. The application of
rules favoring some CPs at the expense of others may strongly distort the market, especially
with a monopolistic search engine. The onset of this situation should call for a regulatory
intervention. Here we provide grounds for such a decision, examining the case where the
SE decides its own ranking criterion. We consider both the case of a monopolistic search
engine (the rate of requests to the SE being assumed independent of the QoE) and that
where that rate depends on the quality of the content providers it addresses users to. The
ranking policies we examine are based on either quality alone (the neutral approach) or
the revenues the content provider transfers to the search engine, possibly weighted through
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the quality of experience perceived by the user — representing two different non-neutral
approaches. We also consider the case of vertical integration between the search engine and
one of the content providers, which may then be favoured by its parent company. This
case has become particularly interesting: the acquisition of YouTube by Google is a major
example of vertical integration, with a search engine owning a video content provider.

To the best of our knowledge, this paper is one of the very first to try to model mathe-
matically the impact of a non-neutral search engine behavior on the Internet actors, and to
analyze it thanks to game theory. The other noticeable reference is [Coucheney et al. 2012],
but it is not focusing on the impact of advertisement as we are doing here.

The paper is organized as follows. Section 2 introduces the mathematical models for the
QoE resulting from content with advertising, the influence of ranking on the visit rate of
content providers, and the strategies of content providers. In Section 3, we analyze the case
where content providers neglect their individual influence on the success of the search engine
(the number of requests per time unit), through a non-cooperative game. We prove the
existence of a Nash equilibrium, whatever the ranking policy. Under a neutral policy, we find
that content providers with the same intrinsic quality (that in the absence of advertising) are
led to reduce their advertising level as the number of competitors grows. Content providers
with higher intrinsic quality are instead led to advertise more, getting larger revenues. If the
search engine adopts a revenue-based ranking policy, we prove that content providers are led
to set their advertising level to the maximum possible value, zeroing the quality perceived
by users, regardless of their relationship to the search engine. If the revenue-based policy is
mitigated by considering the QoE as well, vertically integrated content providers are favored,
yielding more advertising and larger revenues. Section 4 treats the case of content providers
including their effect on the request arrival rate in their strategic decision, and compares
the performance of neutral and non-neutral rankings. In that case, we prove that the Nash
equilibrium can be found as the solution of a system of polynomial equations. Under the
neutral policy, content providers with the same intrinsic quality set their advertising level
so as to halve their QoE. Under a non-neutral policy, content providers are instead led to
increase their advertising as the number of competitors grows, though their revenues decline
until being lower than in the neutral case. The conclusions are given in Section 5.

2. MODELS FOR THE BEHAVIOR OF THE STAKEHOLDERS

We consider a single search engine that has to rank different webpages hosting content
when a user performs a search. We focus on a single search engine, but we do account for
the possibility that the user selects an alternative search engine, abandoning the strictly
monopolistic market structure for SEs. Contents are controlled by different CPs, which
can play with the amount of advertisement on their webpage. In this paper, we consider a
piece of information that is searched for by a user and proposed by a set Z of CPs. In this
section, we provide models for the behavior of all the stakeholders: users, the search engine,
and content providers. A general discussion on modeling issues and interactions between
stakeholders in the field of network economics can be found in [Maillé and Tuffin 2014].

2.1. User’s quality of experience with content providers

The content delivered in response to a query may be, e.g., a video sequence, a movie, a
TV show, a document. The quality of the content delivered by CP i is @); and captures
both the case where the same content is delivered by different CPs and the case where the
contents offered in response to a query by different CPs are different. Different contents
have naturally a different quality. Even if the content is the same, the quality of CPs may
be influenced by several factors: the graphical design of the user interface, the format of
the content (e.g., a document delivered as either a pdf or a Word file), the number of
clicks needed to reach the content, the information to provide to get the content (e.g., a
registration phase), the time elapsed before accessing the content.
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Whatever the quality of the content delivered, the user experience is also affected by the
advertising included by the CP, e.g., a sequence of a few seconds before a video can be
watched. Advertisements are perceived as a nuisance by users, lowering their quality of ex-
perience, and have therefore a two-fold effect: positive on the content providers’ advertising
revenues, but negative on the QoE perceived by users. The total amount A; of advertising
introduced by CP i can be interpreted in two ways, depending on the point of view.

— For the CP: A; is proportional to the advertising revenue that the CP gets each time a
user clicks on the link.

— For users: A; corresponds to a nuisance, and advertisement is supposed to yield a loss of
QoE proportional to A;.

Through some inessential changes of unit, we consider that CP i earns A; each time its
content is accessed, and that the quality of experience V; for the user with CP i € 7 is

where @; > 0 is the intrinsic quality of the content of CP i (that experienced by the user if
there were no advertisement). We assume that V; is an intrinsic characteristic of the content
and advertisement bundle, depending neither on the decisions taken by the search engine
(e.g., its ranking criterion), nor on the user’s tastes. We also consider the relative amount
a; := A;/Q; of advertisement introduced by CP i; since we limit the advertising level to
values that give a non-negative QoE, we have A; € [0, Q;], or equivalently a; € [0, 1].

2.2. User’s choice of a search engine

We focus only on one SE in this paper, but the user may not choose that SE, e.g., if the
quality of the results provided by the SE is bad. We summarize that effect through the
average request arrival rate 8 (for the considered content) that the SE receives per time
unit. We assume that it depends on the expected QoE of the user with that SE. We use
as a proxy for the probability that the user chooses that SE among all the possible choices.

2.3. SE ranking policies and click-through-rates

While the user’s QoE is determined by both the webpage’s intrinsic quality and the amount
of advertisement, the ranking criterion influences the behavior of users, and may reduce
the visibility of CPs with good QoE. In general, most users click on one of the links in
the highest slots. Here we assume that the link clicked after a search depends only on the
ranking chosen by the SE based on the scores s = (s;);ez attributed by the SE to each CP.
The SE can adopt one of several score functions, depending on its aim. In this section, we
examine the most relevant, falling into the two classes of neutral and non neutral behavior.
Rather than addressing separately ranking and the subsequent user clicking behavior,
here we aggregate them by considering that the SE allocates the slots (possibly introducing
randomness) based on the scores s, so that the proportion of clicks on CP i is

_ S
ZjeI Sj

The average total number of clicks per search may be different from 1 (some users may
not click any link while others may try several ones), but we can however consider it equal
to 1 without loss of generality, since it can be included in the value of 8 (to be interpreted as
the number of links visited via the SE per time unit), while C; is the probability (conditional
on a link being clicked) that CP i is accessed and describes the overall behavior of the user.

C; = (1)

2.3.1. Neutral ranking behavior. Search neutrality should correspond to a situation where
QoE is the only thing that matters when ranking, without any consideration for profit. The
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resulting score, equalling the QoE, and the proportion C; of clicks on CP i from Eq. (1) are

Vi  Qi(l—a)
Zjezv}' ZjEI Q;(1 —ay)

2.3.2. Non-neutral ranking strategies. We say that the SE is non-neutral when the scores are
not the QoE values (V;);cz. In particular, we investigate the case when the ranking criterion
considers that the SE gets a share b; of the advertising revenue of each CP i € Z. Both
parties (the search engine and the content provider) know where the traffic comes from: the
SE knows how many times a specific ad was clicked; the CP knows the referral traffic, i.e.
which search engine the traffic came from (through the HTTP referer field of the HTTP
header). This is an incentive for the SE to favor CPs with a large b; and large advertising
levels. In particular, we consider two possible non-neutral ranking strategies:

si=Vi, Ci= Viel. (2)

— Revenue-based ranking, where the SE ranks CPs on the basis of the revenue it can collect
from them rather than the quality experienced by the users. The ranking adopted by the
SE impacts on the click-through-rate, and therefore on the revenues of CPs. If the search
engine receives money by content providers, it has a real interest in favoring those that
may generate more revenues. The ranking scores and the resulting click-through rate are

biQia;
2 ez biQja;°
— Weighted-QoFE ranking, where the SE modifies the neutral ranking rule, introducing a bias
to favor the CPs that provide larger revenues. The bias is modelled through the corrective
factor b; in the neutral rule (2), which may be interpreted as the share of the CP controlled

by the SE: in the search neutrality debate search engines may be accused of favoring the
contents they (partially) own. The scores and the click-through rate are

b;Qi(1 — a;)
ZjEI b;Q;(1 - a;)

si = b;V; = 0i(Qi — Ai) = 0;Qi(1 — a;), Ci = vieZ  (4)

2.4. Content providers: revenues and strategies

The expected revenues (per time unit) of a content provider i € Z are denoted by R;. Since
we are considering free content in this work, CPs’ revenues only come from advertising and
are proportional to the amount of advertisement added to their content, but also to the
number of clicks they receive per time unit, depending on the SE ranking through (1).
After deducting the fee paid to the SE, the average revenues per time unit of any CP are

R, = BC;A;(1 = b;) = BC;Q;a,(1 — b;). (5)

The revenue of a CP i depends on its strategic choice a;, but also on the amount of adver-
tising (a;) ez set by the other CPs, through the proportion of clicks C; to that CP defined
in (3). We assume that CPs are able to evaluate the strategies of their opponents by visiting
their pages, measuring the advertising level, and adapting their strategies. Here we model
those interactions among CPs as a noncooperative game [Osborne and Rubinstein 1994],
where each CP chooses its advertising load a; to maximize its revenues, and distinguish two
sub-cases, where content providers act as either price takers or price setters.

2.4.1. Price-taking content providers. The search engine market is currently dominated by
Google: the statistics for the period October 2011 - March 2012 give Google a share of
80.39% (see http://www.statowl.com/search_engine_market_share.php), with a normalized
Hirschmann-Herfindahl index of 0.66, which indicates strong dominance. In the short-term,
we can expect that this quasi-monopoly situation would remain even if the quality of the
results displayed were affected by a change in the ranking policy (from neutral to non-
neutral). In our model, this can be interpreted as the rate 8 of requests not being affected
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by the quality of the results (in fact, under a monopoly you have no choice but submit your
requests to the only search engine, whatever its quality). Actually, that rate may still vary
with the average QoE, but CPs do not consider that effect when deciding their advertising
policy. That bias can, e.g., stem from a large number of CPs (hence the individual effect
of each CP on § is small, and neglected). In that sense, CPs are price takers: they do not
consider the effect of their own actions on the global price (here, the search rate f3).

2.4.2. Price-setting content providers. In this model, content providers do anticipate the effect
of advertising strategies on the global success of the SE, embodied by 8 = S(a), where
a = (a;)iez is the advertising profile of CPs. Each CP ¢ chooses then its advertising level a;
so as to maximize

Ri = B(ai, a—i)Ci(ai, a—i)ai(1 — b;), (6)
where a_; is the profile of advertising strategies of all CPs but ¢, i.e., a = (a;, a—;).
In such a case, CPs are said to be price setters, since they are aware of their contribution
to the search rate 8, which may decrease as the amount of advertisement increases. Acting
as price setters corresponds to making strategic moves with an eye on the long term.

3. EQUILIBRIUM ADVERTISING STRATEGIES OF PRICE-TAKING CONTENT PROVIDERS

In this section, we investigate the case when CPs are price takers, i.e., they treat the total
request rate 8 as a constant when determining their advertising strategy. We study the
response of CPs to the ranking strategy of SEs as a non cooperative game. Content providers
act as the players using the level of advertising as their strategic leverage to maximize their
revenues. The game is solved by searching for a Nash equilibrium, after identifying the best
response function of each player. For each ranking policy, we will provide results for the
general case, before treating two specific situations:

— the symmetric case, where all CPs are identical;
— the duopoly case where only two CPs compete.

3.1. Neutral ranking
Since the multiplicative factor (1—b;) is constant, and § is considered as constant by CPs in
this section, the quantity that the i-th content provider intends to maximize, under neutral
ranking with the scoring function defined in (2), is the utility proportional to
Ri sz Qi(l - ai)
= a;Q;Ci = a;Q; = a;Q; )

6(1*bi) A ' leeZVj ' ZZjeIQj(lfaj)

We can establish here the existence of a (non-trivial) Nash equilibrium for the noncoop-
erative game played among CPs.

PROPOSITION 3.1. When the search engine adopts a neutral ranking (i.e., based on
relevance), there exists at least one Nash equilibrium a™? € (0,1) in the noncooperative
game played by CPs setting their advertising level, and any Nash equilibrium is such that

1/2 <1+ ¢i — /o2 + ¢ <a}'F <1, RS Z Q. (8)
jeT\iy 7'

PRrOOF. When all the other CPs set their advertising quantities, the i-th content provider
seeks the quantity a; maximizing U;, that is, its best-response to the others’ strategic choices.
The case when all competitors of CP i set their advertising level to the maximum value
a; = 1 is degenerate. In that case, C; = 1 when a; < 1, and U; = a;Q); is strictly increasing
in a;. But C; is not defined for a; = 1, hence no exact best-response exists. However, that
case is not a problem, since the strategy a; = 1 is dominated for each CP ¢, and strictly

dominated when at least one opponent j sets a; < 1. It is therefore an unlikely situation.
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We now consider the case when at least one CP j # i sets a; < 1. In that case, U; is a
continuous function of a;, as can be easily seen in (7).

We remark that U; = 0 when a; = 0 and when a; = :
as a;Q; — (Q; + ZjeI\{i} Q;(1 —a;)), that is strictly negative. As a result, U; is a strictly
concave function of a; on the interval [0, 1], and has a unique maximum that is in (0,1).

Therefore, the best response of CP i is the only solution in (0,1) of the equation

= i\ = 07 9
da; ~ 0a; |9 Qs —ay) ®)

which brings a quadratic equation in the advertising quantity

a2 -2 |1+ Z 1fa] ai +1+ Z Q (1 —a;) =0. (10)

jeT\{i} JET\{i}

The larger solution of the quadratic equation is to be discarded, since it would give a; > 1.
The smaller one is then in (0, 1), and gives us the best response function for CP i:

aPR =140 — VI + )2 — (L + 1) = 1+ — V(1 + ), (11)
. Qj
with U = Z 21(1 — ay). (12)
jern @ :

For convenience we define f(z) := 1+ x — \/z(1 + z), so that aP® = f(¢).
Differentiating f, we get for x > 0
d 2 1 1/2
f@) _ Tl - z+1/ <0 (13)

dr — 2/z(+x)  J+1/22-1/4

therefore f is strictly decreasing on RT, and thus

lim f(z) =1/2 < f(¢:) <a;™ = f(i) < f(0) = 1, Z *~ (14)

T—r 00
JET\{i }
Now let us consider a small € € (0, 1), and consider any strategy vector a in the compact
set [0,1 — ¢]'*I. From (12), ¥; > (n — 1) Qm‘“e where Qmin = minjez Q; and Qumax =
max;ez ;. From (11), the best-response of each CP i to that strategy vector equals

RS ((n -y )

Remark from (13) that the derivative of f is continuous on (0,+o00) and tends to —oco at
0, therefore we can find € small enough so that f ((n — 1) Q"““ e) < f(0) — €, using the

continuity of f. Since f(0) = 1, we obtain that the best- response correspondence

a. { (0,1 —¢* — [o,1]7

a — (Q?R)ieI

is such that f ([0,1— ¢]Il) C [0,1 — ¢]'Z]. Since G is continuous and [0,1 — €]*! is a com-
pact convex subset of RIZI| from Brouwer’s fixed point theorem, it has a fixed point that
constitutes a Nash equilibrium with strategies a; € [0,1).

The lower bound in equilibrium comes from the lower bound of Equation (14). O

ACM Transactions on Internet Technology, Vol. V, No. N, Article A, Publication date: January YYYY.



A:8 P. Coucheney et al.

Though not solvable analytically, the collection of best response functions (11) builds a
system of nonlinear equations in the a;’s, to be solved numerically.

3.1.1. Symmetric case. We can consider the symmetric case where all CPs have the same
intrinsic quality, so that @; = @ in Equation (10) and the utility for the i-th provider
becomes as follows, allowing for the game to be fully solved:

1-— a;
Zjel'(l —aj)

PROPOSITION 3.2. When the search engine adopts a neutral ranking, the noncooperative

game played by CPs setting their advertising level has the unique Nash equilibrium

Ui:ai

NE n
a;, =
2n—1
PROOF. The revenue optimization procedure leads to the equation

(1-2a;) Y (1—a;)+a;(l-a;)=0. (16)

JjET

VieI,n:=|I. (15)

This implies that for any i, k € Z, we have

(1=2a:) Y (1 —a;) +ai(l—a;) = (1—2a,) > (1 —a;) +ar(l - ax),

jez jET

which yields (ap —a;) | ag +a; — 1+ 22(1 —a;) | =0.
jez
But from Proposition 3.1, we know that at a Nash equilibrium a; > 1/2 for all j € Z, hence
the right factor is strictly positive, and a; = a: Nash equilibria are necessarily symmetric,
of the form a; = a for all i € Z. Plugging that condition into (16), we obtain a unique
equilibrium, where the optimal advertising quantity a for any provider is as in (15). O

The Nash equilibrium advertising level of (15) is a decreasing function of the number of
content providers: each content provider is led to stuff less advertisements as the competition
level (number of content providers) grows. In the limit, when the number of competitors
becomes very large, we have the optimal advertising quantity that cuts by half the QoE
with respect to the upper bound represented by intrinsic quality

Alim = lim a = —.
n—o0

In the symmetric case, the utility for each content provider is
1—-a 1

Ui = = )
an(l—a) 2n —1

while the cumulated utility of the bunch of content providers (recall that the revenue of
each provider is its utility multiplied by 5(1 — b)) is

n
U:ZUiZQn—l'

i€l

Since utilities are proportional to revenues as in Eq. (7) and can be taken as a proxy
for them, that last expression shows that the aggregated revenue shrinks as the number of
players grows: the overall utility reduces by 1/3 when there are just two providers, but by
1/2 when the number of players gets very large.
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3.1.2. Duopoly case. Another special case of interest is duopoly, where just two content
providers (with different quality) are present. In fact, the presence of high fixed costs reduc-
ing profit margins may raise barriers to the entrance of new players and favour a monopoly
or duopoly situation (a case of high fixed costs and low marginal costs is presented in [Naldi
and D’Acquisto 2008)). In this duopoly case, the best response functions (11) become

_ Q2 Q1 1
al—lfa(lfag) 1+Q21—a21]

_ Q1 Q2 1
a2—1—@(1—a1) 1+Q11a1—1]

Again, we can solve that system of nonlinear equations numerically, finding the Nash
equilibrium as the intersection (if any) between the best responses, as in Figure 1 (left). The
best-response functions for the duopoly are shown when the providers have equal intrinsic
quality and have the same shape in all the other cases we have examined. Though the curves
cross in two points, the solution leading to a; = as = 1 is to be discarded, since, as in the
proof of Proposition 3.1, there is no real best-response for CP i when the opponent j # i
sets a; = 1, with the strategy a; = 1 being dominated, and strictly dominated if a; < 1.

i —

ol 1 T ol T T

© aPR(a) - © sl

= “mor et (a) -

3 3

5] )

g o05f / 4 5 07F

& H &

2 { 2

= h - 0.6 |~

2 | ie

= 1 -

> 0 ' 1z

° \ \ \ < 0.5 \ \ \

< 0 0.5 1 < 0.5 0.6 0.7 0.8

Advertising factor az of CP 2 Advertising factor az of CP 2

(a) Best response functions (b) Nash equilibrium points

Fig. 1. Best response functions in the symmetric duopoly case (left) and locus of Nash equilibrium points
in a duopoly, both under neutral behavior

In Figure 1 (right), we see how the Nash equilibrium point moves as the differences in
quality between the two providers change. A content provider with higher intrinsic quality
can increase its advertising load. In the symmetric case (@1 = (2), we obtain the Nash
equilibrium point a1 = a2 = 2/3 from Equation (15) with n = 2.

3.1.3. Numerical study. We now go back to the general asymmetric case of n content
providers and assess the presence and characteristics of Nash equilibrium in typical sce-
narios. For that purpose, we consider two types of repartition of the intrinsic quality among
CPs: linear and geometric. Without loss of generality, we sort the CPs in decreasing order
of quality: CP 1 exhibits the largest intrinsic quality, and CP n has the lowest one. We can
define the quality of the generic i-th content provider as a function of the two bounds Q4
and Q. In the linear model, the intrinsic quality of the i-th content provider is

L@ -Qu). a7)

Qi =Q1—

n
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Fig. 2. Impact of the intrinsic quality on the game outcome (left) and utility (right), for price-taking CPs
and a neutral ranking

In the geometric model, we have instead

Q; = Qrexp (— - 11 1n(Q1/Qn)) :

n —

Note that we consider here that the share of benefits taken by the search engine is the same
for all CPs, i.e. b; =b for all i € T.

We report here the case of 5 content providers, with @1 = 0.9 and Q5 = 0.1. We use the
solution (11) to see how the intrinsic quality influences the optimal amount of advertisement.
Both in the linear and the geometric case, we find a single Nash equilibrium. The relation
between the intrinsic quality and the amount of advertising a; is shown in Figure 2: content
providers with larger intrinsic quality put more advertising, though the sensitivity is quite
small: with a ninefold increase in the intrinsic quality the advertising factor increases by
just 17.58% in the linear model and by 21.94% in the geometric one.

Utility (and therefore, the revenue of the CP) is also affected by the intrinsic quality, as
shown in Figure 2 (right). Though both trends are approximately linear, the more uneven
repartition of qualities in the geometric case leads to wider imbalances in the repartition
of utilities. While the ratio Qmax/@min of extreme intrinsic qualities is 9 in both cases, the
range of utility Upax — Umin is larger for the geometric repartition (though the high-to-low
ratio for utility is 8.63 for the linear case and just 8.41 for the geometric one)

After examining the impact of the intrinsic quality on the individual strategic decisions,
we now consider the impact on the quality perceived by users. For CP i, the introduction
of advertisement lowers its quality from the intrinsic value @; to the QoE V; = Q;(1 — a;).
In the above example, we considered a wide range for intrinsic quality values to examine if
the introduction of advertisement (which is the leverage through which content providers
seek their maximal profits) magnifies those differences in quality or levels them out.

In order to assess that impact, we employ the Herfindahl-Hirschman Index, which mea-
sures the concentration of a market among a number of competitors (i.e., the level of com-
petition) and is the most sensitive among such indicators [Naldi 2003]. Given a set of market

shares {my,ma, ..., my}, which satisfy the constraint ), ,m; = 1, the HHI is
HHI = " m?, (18)
i€T

and lies in the interval [0, 1]. Higher values of the HHI indicate a larger degree of concentra-
tion (hence a lower level of competition). Here we do not have the market shares (expressed
as fractions of the overall revenues), but we consider utility values as their proxy. In fact,
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Table I. Attraction power concentration (price-taking CPs)

Linear repartition = Geometric repartition

HHIqg 0.264 0.305
HHIy, 0.253 0.279
HHIy 0.261 0.298

utilities are proportional to revenues, the proportionality constant being equal for all com-
petitors. After normalizing the utility values to their sum, we get figures equal to the market
shares. In order to distinguish the HHI computed by using utilities from that computed using
the market shares (though they lead to the same numerical result), we use the definition

2 2
HHIU _ Z ( Ul ) — EZEI Uz 5.
e \2jer Us (Xiez Ui)

In addition to measuring the concentration of the market, we can use the HHI to measure
the attraction power due to quality. Though used typically for market shares, the HHI is
basically a concentration metric, not unlike the classical Gini index (which is used, e.g.,
to measure the distribution of wealth). For example, the HHI has been used to measure
the distribution of patents [Pilkington and Liston-Heyes 2004]. We can draw a similarity
between market shares and quality values. Let’s consider two cases at either end of a market
structure: quasi monopoly and perfect competition. In a quasi monopoly a single company
has nearly 100% of the market and its competitors have negligible market shares. The
analogous case for quality is where a SE has a quality much higher than the other SEs.
Instead, in a perfect competition, the market is divided equally among all the companies.
The analogous case for quality is where the SEs have all the same quality. In this context,
the HHI can be used to measure the degree of concentration of quality among the content
providers. If we replace the market shares in the definition (18) with quality values, we obtain
two quality-based HHI employing respectively the intrinsic and the perceived quality.

2
Q’i ZiEZ Q?
HHIG = Y - ,
° ieT (ZJEI Qj) (Xier Qi)2

2
V; e Vi

mﬂv=z:(Z V,) - Zeeli
i€l JeET "I (ZieIVi)

Larger values of HHIg mean higher imbalances in quality. By comparing HHIg (no adver-
tising) with HHIy (including advertising), we can assess the effect of advertising choices of
all content providers on quality distribution. We report the results in Table I. Under both
the linear and the geometric model, the HHI index is larger for the intrinsic quality than
for the QoE: the introduction of advertisement brings along a slight levelling of the quality
perceived by the user. In Table I, we also report the HHI (denoted by HHIy) pertaining
to market concentration. We see that the concentration is somewhat intermediate between
that of the intrinsic quality and that of the perceived quality: the repartition of utility is
less affected by the introduction of advertisement than the quality perceived by users.

3.2. Non-neutral behavior: revenue-based ranking

When the ranking is only based on the potential revenue for the SE, and scores are taken
from (3), with the position X; := b;@Q;, the utility of the content provider is given by:

1-— bl af(szl)Q o 1-— bz CLZQXE

i = BAC(1—b;) = .
Ui =pali( )=8 bi > jera;Q;b; bi Yjera;iX;
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The following proposition shows that the non-neutral behavior incentivizes CPs to in-
crease their advertising level with respect to the neutral case. That incentive is indeed
twofold, since a larger a; yields more revenue per click, but also attracts more clicks be-
cause of the non-neutral ranking (where s; increases with a;).

ProOPOSITION 3.3. If the search engine adopts a revenue-based ranking, the noncoopera-
tive game played by price-taking CPs setting their advertising level has a unique Nash equilib-
rium where each CP sets its advertising level to the mazimum possible value, a; = 1,Vi € Z.

PrOOF. We simply see that the revenue R; of a CP i € 7 is strictly increasing in a;: it
is indeed null for a; = 0, and for a; > 0 it is strictly positive with

oU; 1—b; 22ai D4 0K+ aiX;

=4 X5 >0. O
da; b; (X jez 05 X;5)?
We immediately remark that, in that case, the resulting QoE is V; = 0 for each CP 1.
1-b X?
The revenue of each CP i € Z becomes R; = f——— —>+—.
bi Zj €z X;
If all CPs transfer to the search engine the same share of their revenue, i.e. b; = b for all
2
1, then we obtain R; = (1 — b)ZQzQ Additionally, if as in Section 2.3.1 we consider the
JEL %]

symmetric case, where the n content providers have the same intrinsic quality, i.e. Q; = @,

then each CP gets a revenue R; = §(1 — b)%

Note that when S varies (increases) with the average QoE for users, that revenue can
be much smaller than initially expected by CPs, i.e., as price takers made their strategic
choices considering 3 to be a constant. For example, if as in Section 4 we take § proportional
to the expected user QoE, then the final outcome is a situation where users prefer not to
use the search engine (since 8 = 0), and the CPs make no revenue.

3.3. Non-neutral behavior: weighted-QoE ranking

We investigate here the situation where the ranking scores are taken from (4), i.e., the
search engine considers the QoE as in the neutral case, but introduces some weights among
them so as to favor the CPs it has most interest in.

The resulting proportion of clicks per search on CP ¢ is then

Qi(1 — a;)b;
21 Qi(1—ay)b;

Accordingly, the utility of the content provider is given by the difference between what
it receives through advertising and what it passes to the search engine:

_ Qiaibi(1 — a;)(1 — b;)
Y1 Qi(1—ay)b;

Again, each content provider seeks to maximize its revenue by setting the quantity of
advertising. The analysis follows that carried out in Section 3.1, where for each CP i the
parameter @Q; is replaced by b;Q;. In particular, the best response function of CP i is then

" Q;b, "L Q;b; " Qb
ai=1+) J_b?(1—aj)— 1+> ?b?(l—aj) > ?bf_(1—aj).
]:1 1Y ]:1 (A2 J:1 (22

i i i

Ci =

Ui = aiC’i(l — bl) (19)

We then have the counterpart of Proposition 3.1.
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Table Il. Intrinsic quality and revenue transfer to the
search engine in the non-neutral case study

Intrinsic quality Q; Revenue transfer b;

Linear Geometric Scenario A Scenario B

0.1 0.1 0.1 1

0.3 0.17 0.1 0.1

0.5 0.3 0.1 0.1

0.7 0.52 0.1 0.1

0.9 0.9 1 0.1

PrOPOSITION 3.4. When the search engine performs a weighted-QoFE ranking with
weights (b;);ez, the noncooperative game played by price-taking CPs fizing their advertising
level has at least one Nash equilibrium a™F € (0, l)m. More precisely, there exists a Nash
equilibrium, and any Nash equilibrium is such that

B — — B b .
2< 146~ B +di<al®<1 Gi= Y bj,gj,-
geT\fiy

Remark that the symmetric case, where the n content providers have the same intrinsic
quality and transfer to the search engine the same share of their utility (i.e., Q; = Q, b; = b)
gives the exact same case as the one analyzed in Section 3.1.1 for the neutral ranking.

3.3.1. Numerical study. We examine now the asymmetric case, solving the game numerically.
We use the case of Section 3.1.3, with 5 content providers, one of which is owned by the
search engine (it transfers all its utility to it) and all the others pay the same share b; = 0.1.
Their intrinsic quality follows either a linear or a geometric trend, with the content provider
owned by the search engine exhibiting either the highest intrinsic quality (Scenario A) or the
lowest one (Scenario B), as reported in Table II, i.e., the two extreme cases. The two most
important questions here concern the impact of vertical integration on the CP’s results. If
the CP has the worst intrinsic quality, how much does it gain from being the search engine’s
favorite one? And if the CP is instead already the best in the group, does it gain or does it
lose from being owned by the SE? In this section, we examine the advertising choices made
by the content providers and their impact on utility.

We report the results of the game, namely the resulting advertising factor a;, in Figure 3
for the two scenarios. In both cases, the content providers not owned by the search engine
use an advertising factor that increases slightly with the intrinsic quality through a roughly
linear trend. We expect that in the absence of vertical integration the CP would follow the
trend depicted for the other CPs. Instead, we see that with vertical integration the behavior
of the vertically integrated CP differs markedly from that trend: the content provider owned
by the search engine increases substantially its advertising load, especially when its intrinsic
quality is large: the boost is much higher in Scenario A (where the vertically integrated
content provider has an intrinsic quality of 0.9) than in Scenario B (where that intrinsic
quality is just 0.1). For example, let’s consider the linear case in Figure 3a with Scenario A,
with the behavior of the CPs represented by black dots. We see that there is a linear trend:
the advertising factor is expected to grow linearly with the intrinsic quality. On this basis,
we would expect the vertically integrated CP, whose intrinsic quality is 0.9 (as shown in
Table II), to follow that linear trend (if it were not vertically integrated) and end up with
an advertising factor around 0.55. Instead we see its black dot in the upper right corner
just below of 0.8. That means that the vertically integrated CP is led to put much more
advertising in its content because of vertical integration. The same can be said for Scenario
B, where the vertically integrated CP is instead that with the lowest intrinsic quality.

If we consider the net utility (that remaining after transferring a share to the search
engine), the vertically integrated content provider has of course zero utility. But we get a
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Fig. 3. Impact of the intrinsic quality on the advertising factor (left) and gross utility (right), with price-
taking CPs, weighted-QoE ranking.

Table Ill. Concentration of attraction power with price-taking CPs and
weighted-QoE based ranking

Scenarios A linear B linear A geometric B geometric

HHIq 0.264 0.264 0.305 0.305
HHIy 0.247 0.259 0.249 0.292
HHIy 0.644 0.227 0.708 0.261

better view of the competition between content providers by considering the gross utility
(that obtained prior to paying the tax to the search engine), defined after Equation (19).

In Figure 3 (right), we see that for all providers but that owned by the search engine
the utility grows roughly linearly with the intrinsic quality, though at a faster rate in the
geometric case. The utility of the content provider owned by the search engine is instead
boosted by the larger cash flow it transfers to the search engine, which in turn raises its score
in the non-neutral case. The boost is again larger in Scenario A, i.e., when the vertically
integrated content provider has the largest intrinsic quality. However, even in Scenario B
the boost is enough to bring the vertically integrated content provider to include as much
advertisement as the content provider with the highest intrinsic quality.

We can now perform the same concentration analysis as in the neutral case. For the gross
utility defined in (19), we can similarly define the HHI

Ziel Ulz .
(ZiEI T]})

The values obtained for HHIs are shown in Table III. The comparison of HHIq and HHIy,
(before and after introducing advertisements) tells us that the introduction of advertisement
levels the quality perceived by users, since HHIy, < HHIq. Instead, the market concentration
is altered, depending on which content provider is owned by the search engine. If the search
engine owns the content provider with the highest intrinsic quality (Scenario A), that further
boosts its score and its utility, leading to a quite stronger concentration: HHI; is more than
twice as large as HHIg. When the search engine owns the content provider with the lowest
intrinsic quality (Scenario B), the utility of the latter is likewise pushed up, but this leads
to a more balanced repartition and a diminishing HHI.

HHI; =
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4. EQUILIBRIUM ADVERTISING STRATEGIES OF PRICE-SETTING CONTENT
PROVIDERS

After examining the situation of a quasi-monopolistic search engine market in Section 3,
in this section we consider that users may select a different search engine. We define a
game model and find the best response functions, for the cases of neutral and non neutral
behavior, examining the resulting advertising strategies in some scenarios.

The propensity of a user to use the search engine under consideration is still represented
by B, assumed here to be proportional to the average QoE of content providers accessed
through that search engine (the expected user’s QoE when clicking on a link, C; being the
probability that the user ends up visiting CP 7):

B= ZCiVi-

We recall the general expression (6) for CP i’s revenues
R; = B(1 = b;)Csa;, (20)

where C; = s,/ ..7 5j, and s; is the score credited to CP i by the SE.

JjE€T
4.1. Neutral behavior
As in Section 3.1, the neutral ranking is based on V;, hence the proportion of clicks on CP i
Vi

C YjerVi

By neglecting the revenue transfer to the search engine in the general expression (20) for

the revenues, we can use the utility U; = 8C;a;.
Under that ranking behavior, the revenue of the i-th content providers is proportional to

_ ZjEI ij Vi o
dier Vi 2jer Vi v

which, by setting X = Z]EI Viand Y = ZjeI VJ?, can be simplified to U; = Vi%ai.

The i-th content provider optimizes its advertising behavior by maximizing its utility
through the appropriate amount of advertising. Remark that U; = 0 if a; = 0 or a; = 1,
and U; > 0 when a; € (0, 1), therefore if the equation 0U;/da; = 0 has a unique solution,
that solution would give the best response function af = f(ai,a2,...,0i—1,8i11,. ., ).
However, since U, /da; = U;/a; + 0U; /OV; - OV /Da;, and dV;/0a; = —Q);, the optimization
equation becomes simply U;/(Q; — V;) — 0U;/0V; = 0. By expanding this equation, we
obtain the following simplified form of the optimization equation for CP i

C;

U; (21)

% [

Wi(V;iX —Y) (1— g) + XY (1—25?) = 0. (22)

If we now replace the full expression for X and Y, and rearrange terms, we obtain a
fourth-degree polynomial equation in the QoE

4 Qz 3 3 2
iz X Ve |V 5Q X Vi vt
JET\{i} JET\{i}
2 Qi Qi 5
YV X it vi-y v Y V=0
jeT\iy  \JeT\{i} JET\(i}  jET\{i}
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By collecting the n similar expressions for the best response functions of all the content
providers, we end up with a system of n polynomial equations, which has to be solved to
find Nash equilibria. The system of equations can be solved numerically.

We can consider the special symmetric case by setting Q; = @, b; = b, and a; = a in the
general Equation (21), since nothing else depends on the specific content provider:

nV? Vv Q (1 )
= ——a=—a(l —a).
nV nV n
N T ou @ o 1
The first order optimality condition is then B0 —(1 —2a) = 0, whose solution is a = 3.
a n
4.2. Non-neutral behavior: revenue-based ranking
In that case, the utility function of the search engine becomes
- b:Qja;(1—aj)
UZ— _ CZG,ZZCJ‘/; _ blag ZJEI VAR Aal/ J (23)

2
JjE€T (ZkEI bkak)

From the utility maximization condition, we get

Wi _ oy 2ujerbi@iaill —a5) oy , @il = 20:) (ko brar) = 23767 b;Q505(1 — aj)
8ai = 40444 =

(ry bray)’ o (X0, brag)®

which leads to the following optimization equation whose solution should provide the best
response function for the i-th content provider

2 ijQjaj(l — aj) (1 bzaz) + bzale(l — 2a,‘) =0,

- n
JET 2 k=1 brak

giving the following third degree polynomial equation in a;:

bra . b:Qsa; (1 —a;
—2b;a? + bi—42bkak a?—32bkakai+22k¢z k kz]#l ;Q;a;( ) —0
ki o b;Q;

Instead of the numerical approach required in the general case, we can find a simple form
of the best response function in the symmetric case. If all the content providers transfer the
same percentage of their utility to the search engine and exhibit the same intrinsic quality,
we expect their best response function to be the same. After setting b; = b, @Q; = @, and
a; = a, and some manipulation, we obtain the symmetric equilibrium advertising level

1
a=1——. 24
5 (24)
When the number of providers grows, the relative amount of advertising tends towards the
saturation value 1. If we insert the solution (24) in the general expression of utility (23), we
get the utility for the symmetric case

onbQa(l — a)
n2b%a?

4.3. Non-neutral behavior: weighted-QoE ranking

With the scores taken from (4), the utility function of CP ¢ becomes

>z biQ3(1 — ay)?
> erbiQi(1—aj)

2n —1

U =ba s

=Q

Ui = 0;Qia,(1 — a;)
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Fig. 4. Nash equilibrium advertising factors (left) and CP utility (right) in the neutral and two non-neutral
scenarios, for the symmetric case and price-setting CPs, with b= 0.1 and Q =1

If we set, for sake of simplicity, X = >, 70;Q3(1 —a;)* and Y = 37,7 b;Q;(1 — a;),

the optimization equation can be written as a fourth-degree polynomial equation in a;
(1 —2a;)XY —20;Q%a;(1 — a;)*Y + b;Qa;(1 — a;) X = 0. (25)

If we consider the symmetric case, we have X = nbQ?(1—a)? and Y = nbQ(1—a), which,

when replaced in (25), give the symmetric equilibrium advertising factor
n
a=——
2n+1

which tends to the limit @ = 1/2 when the number of providers grows.

In the symmetric case, the utility of each CP is therefore
nbQ*(1 — a)? n(n+1)32

12
nbQ(l —a) bQ (2n+1)3"

(26)

U =bQa(l —a)

4.4. Neutral vs Non-neutral Ranking

We now compare the ranking strategies when the CPs have identical intrinsic qualities. We
plot in Figure 4 the equilibrium advertising levels in the symmetric case vs the number
of content providers. We call the equilibria in (24) and (26) respectively as revenue-based
and weighted-QoE scoring. Both functions grow with the number of providers, but achieve
different values. When the behavior of the SE is purely greedy, the advertising factor starts at
0.75 with two CPs and tends to 1 when the number of CPs grows (under tough competition
the QoE gets very close to zero). Instead, if the scoring function includes the QoE, the
optimal advertising factor starts at 0.4 under duopoly, grows, but is upper bounded by the
value 0.5: users will get a QoE never lower than in the neutral case (half the intrinsic quality
value). In the same figure we also plot the gross utility of each CP. A neutral ranking favors
CPs, unless the number of competing CPs becomes large (above 20 when b = 0.1). In that
case, the weighted-QoE based ranking would yield a larger utility to CPs.

We now assess the impact of the ranking policy in a non-symmetric setting, with a linear
repartition of quality (17), when the number of CPs changes (the geometric distribution
yields similar results). We consider two scenarios: the CP owned by the SE is that with the
highest (Figure 5) or the lowest intrinsic quality (Figure 6). We solve the game iteratively.
In order to evaluate the impact on users, we define user welfare (or, with a slight abuse of
vocabulary, the revenue of users) as being equal to 3, i.e. the propensity of users to use the
search engine. We examine the revenue of the SE (which includes that of its CP), the gross
revenue (the aggregated revenue of all CPs but the owned one prior to paying the SE, the
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revenue of the SE hence including the integrated CP revenue), and the global revenue, i.e.
the sum of both. Notice that, even in the neutral scenario, the equilibrium depends on the
CP vertically integrated with the SE, since their revenue is shared between both entities.

When the smallest CP is integrated with the SE, we observe on Figure 6 that all revenues
decrease with the number of CPs. In addition, when there are more than three CPs, the
ranking policies are Pareto ordered: the revenue-based ranking is worst for every stakeholder,
and the neutral one is always preferred. This suggests that there is no need to enforce search
neutrality: even for the search engine it is preferable to implement a neutral ranking.

In the case of the biggest CP integrated, we see on Figure 5 that the comparison is not
as clear. The revenues are decreasing w.r.t. the number of players for every stakeholder,
except the gross revenue, which increases at first: as the number of CPs grows, they get a
bigger and bigger proportion of the global revenue at the expense of the SE. The weighted-
QoE based ranking provides larger revenues both for the SE and on the overall, probably
because owning the greatest quality CP (rather than the smallest quality one) gives the
SE a stronger position in the game so as to adopt a non-neutral ranking. Also, users get a
larger welfare for any ranking policy compared to Figure 6 and prefer weighted-QoE based
ranking. Since the user’s welfare corresponds to the propensity of using the SE, the average
relevance is better with the non-neutral ranking. This observation, although not intuitive,
shows that the use of non-neutral ranking may result in a Nash equilibrium where less
advertisement is set compared to the neutral equilibrium. But this holds here because the
SE owns the most relevant CP, and therefore should not be taken as a valid argument
against neutrality. Indeed, one of the objectives of search neutrality is to enable innovation,
by making (relevant) new entrants reachable through the SE: in our case a weighted-QoE
based ranking goes against that objective, since the average perceived relevance is lower
than in the neutral case in Figure 6 (when the best CPs are not owned by the SE).

When there is no vertical integration, but the CPs do not offer the same intrinsic quality,
the results we obtain are very close to the case where the worst CP is vertically integrated
to the SE: the integration effects are boosted by the intrinsic quality of the CP.

Finally, note that in both scenarios the revenue of the non-integrated CPs is larger with
a neutral ranking, which suggests enforcing neutrality. Indeed, even if a non-neutral stance
increases the user’s QoE when the SE integrates quality content, it harms the other CPs
revenue, possibly preventing them from innovating and improving their quality.

5. CONCLUSIONS

This paper provides a mathematical model for the analysis of different ranking policies
by search engines, in a context when content providers have to compete for users, and
get revenue through advertising. Depending on the ranking adopted, content providers can
choose their advertising level, balancing larger advertising revenues against lower quality-of-
experience and less users. We have analyzed the noncooperative game played among content
providers in different settings, and studied the corresponding equilibria.

Our results indicate that the neutral ranking provides users with the largest perceived
quality-of-experience, which is not surprising. But we also observe that such a ranking policy
can be preferred as well by a search engine willing to maximize revenue, a less intuitive
outcome: this is true if the search engine does not control the best-performing content
providers. However, if the search engine integrates quality content, then it can increase its
revenue by switching to a non-neutral ranking; this may even benefit users who will perceive
a better quality-of-experience, but would be at the expense of the other content providers,
and can then be seen as an impediment to innovation for new entrants.

REFERENCES

S. Athey and G. Ellison. 2011. Position Auctions with Consumer Search. The Quarterly Journal of Eco-
nomics 126, 3 (2011), 1213-1270.

ACM Transactions on Internet Technology, Vol. V, No. N, Article A, Publication date: January YYYY.



Influence of search neutrality on advertisement-financed content A:19

1072
: - T -
2 0.2f | —— Neutral [ s
g '\ | ===~ Revenue based
> g 6 -
® 015 2
[ 22
S Y —
w01 N LT TR e
IS} w0 PR
’
£ 005 © 211/ 8
0 \ \ \ ok \ \
5 10 15 20 5 10 15 20
Number of CPs Number of CPs
E o
8 o
= 3
o) =
0 ! ! ! 0 ! ! !
5 10 15 20 5 10 15 20
Number of CPs Number of CPs

Fig. 5. Utility indices when the highest quality CP is vertically integrated with the SE.

R. Berman and Z. Katona. 2013. The Role of Search Engine Optimization in Search Marketing. Marketing
Science 32, 4 (2013), 644-651.

Y. Chen and C. He. 2011. Paid Placement: Advertising and Search on the Internet*. The Economic Journal
121, 556 (2011), F309-F328.

P. Coucheney, P. Maillé, and B. Tuffin. 2012. Comparison of search engines non-neutral and neutral behav-
iors. SIGMETRICS Perform. Eval. Rev. 40, 2 (Oct. 2012), 14-17.

G. D’Acquisto, P. Maillé, M. Naldi, and B. Tuffin. 2012. Impact on retail prices of non-neutral wholesale
prices for content providers. In Proceedings of the 8th Euro-NF Conference on Next Generation Internet
NGI 2012. IEEE, Karlskrona, Sweden, 111-117.

N. Gandal. 2001. The dynamics of competition in the Internet search engine market. International Journal
of Industrial Organization 19, 7 (2001), 1103 — 1117.

J. Grimmelmann. 2010. The next digital decade: Essays on the future of the Internet. TechFreedom, Wash-
ington, DC, Chapter Some skepticism about search neutrality, 435-460.

A. Hagiu and B. Jullien. 2011. Why do intermediaries divert search? The RAND Journal of Economics 42,
2 (2011), 337-362.

L. D. Introna and H. Nissenbaum. 2000. Shaping the Web: Why the Politics of Search Engines Matters.
Information Society 16, 3 (2000), 169-185.

M. Levene. 2011. An introduction to search engines and web navigation. John Wiley, New Jersey.

P. Maillé, E. Markakis, M. Naldi, G. D. Stamoulis, and B. Tuffin. 2012. Sponsored search auctions: an
overview of research with emphasis on game theoretic aspects. Electronic Commerce Research 12 (2012),
265-300. Issue 3.

P. Maillé and B. Tuffin. 2014. Telecommunication Network Economics: From Theory to Applications. Cam-
bridge University Press.

G. A. Manne and J. D. Wright. 2011. If search neutrality is the answer, what’s the question? Law and
Economics Research Paper Series 11-37. George Mason University.

M. Naldi. 2003. Concentration indices and Zipf’s law. Economics letters 78, 3 (2003), 329 — 334.

ACM Transactions on Internet Technology, Vol. V, No. N, Article A, Publication date: January YYYY.



A:20 P. Coucheney et al.

1072
4 ‘ : 0.2
2 —— Neutral
Z 3 ---- Revenue based | o
G |\ p— Weighted-QoE based z
[ 1 :
=] [ 8
g3 2 il "
=i N 2
,;J N 8
g T EENY 4 9 0051 s h
g S~oo - R -~
m -------------- S
0 \ | ‘ 0 . ‘ ‘
5 10 15 20 5 10 15 20
Number of CPs Number of CPs

g (]

2 [

= 2

= -

Number of CPs Number of CPs

Fig. 6. Utility indices when the smallest quality CP is vertically integrated with the SE.

M. Naldi and G. D’Acquisto. 2008. Performance of the Vickrey auction for digital goods under various bid
distributions. Performance Evaluation 65, 1 (2008), 10-31.

A. Odlyzko. 2009. Network Neutrality, Search Neutrality, and the Never-ending Conflict between Efficiency
and Fairness in Markets. Review of Network Economics 8, 1 (2009), 40-60.

M. J. Osborne and A. Rubinstein. 1994. A Course in Game Theory. MIT Press, Cambridge, Mass.

A. Pilkington and C. Liston-Heyes. 2004. Inventive Concentration: An Analysis of Fuel Cell Patents. Science
and Public Policy 31, 1 (2004), 14-25.

T.-R. Sheu and K. Carley. 2001. Monopoly Power on the Web - A Preliminary Investigation of Search
Engines. In 29th TPRC Conference. Alexandria, USA.

R. Telang, U. Rajan, and T. Mukhopadhyay. 2004. The Market Structure for Internet Search Engines. J.
of Management Information Systems 21, 2 (2004), 137-160.

A. White. 2013. Search engines: Left side quality versus right side profits. International Journal of Industrial
Organization (2013), 1-12.

ACM Transactions on Internet Technology, Vol. V, No. N, Article A, Publication date: January YYYY.



Appendix D

Main publications evoked in
Chapter 5

249



250 APPENDIX D. MAIN PUBLICATIONS EVOKED IN CHAPTER 5



IEEE TRANSACTIONS ON NETWORK AND SERVICE MANAGEMENT

Impact of Competition Between ISPs on the Net
Neutrality Debate

Pierre Coucheney, Patrick Maillé, Bruno Tuffin

Abstract—Network neutrality is the topic of a vivid and very
sensitive debate, in both the telecommunication and political
worlds, because of its potential impact in everyday life. That
debate has been raised by Internet Service Providers (ISPs), com-
plaining that content providers (CPs) congest the network with
insufficient monetary compensation, and threatening to impose
side payments to CPs in order to support their infrastructure
costs. While there have been many studies discussing the advan-
tages and drawbacks of neutrality, there is no game-theoretical
work dealing with the observable situation of competitive ISPs
in front of a (quasi-)monopolistic CP. Though, this is a typical
situation that is condemned by ISPs, and, according to them,
another reason of the non-neutrality need.

We develop and analyze here a model describing the relations
between two competitive ISPs and a single CP, played as a three-
level game corresponding to three different time scales. At the
largest time scale, side payments (if any) are determined. At a
smaller time scale, ISPs decide their (flat-rate) subscription fee
(toward users), then the CP chooses the (flat-rate) price to charge
users. Users finally select their ISP (if any) using a price-based
discrete choice model, and decide whether to also subscribe to
the CP service. The game is analyzed by backward induction. As
a conclusion, we obtain among other things that non-neutrality
may be beneficial to the CP, and not necessarily to ISPs, unless
the side payments are decided by ISPs.

Index Terms—Network neutrality, Game theory, Pricing

I. INTRODUCTION

There has recently been a strong debate around the so-
called network neutrality. The debate has been ignited by
the increasing traffic asymmetry between Internet Service
Providers (ISPs), mainly due to some prominent and resource
consuming content providers (CPs) which are usually con-
nected to a single ISP. The typical example is YouTube (owned
by Google), accessed by all users while hosted by a single
Tier 1 ISP, and whose traffic now constitutes a non-negligible
part of the whole Internet traffic. Another example is the
subscription-based video service Netflix, that is in the US
the most bandwidth-consuming source of traffic, representing
23.3% of the total Internet traffic in late 2011 [1], while having
commercial relationships with only one ISP. For those reasons,
there has been a surge of protest among ISPs, complaining that
the current Internet business model where ISPs charge both
end-users and content providers directly connected to them,
and have public peering or transit agreements with other ISPs,
is not relevant anymore. The main solution proposed is that
ISPs should also charge content providers that are associated

Pierre Coucheney and Bruno Tuffin are with INRIA Rennes Bretagne-
Atlantique, Campus de Beaulieu, 35042 RENNES Cedex - France

Patrick Maillé is with Télécom Bretagne, 2, rue de la Chataigneraie, 35576
Cesson Sévigné Cedex - France

with other ISPs [2], as first advocated by Ed Whitacre (CEO
of AT&T) at the end of 2005 [3].

The underlying concern is that investment is made by
ISPs but content providers get an important part of the divi-
dends. The revenue arising from on-line advertising (meaning
showing graphical ads on regular web pages) is estimated at
approximately a $24 billion in 2009 [4], while textual ads on
search pages has led to a combined revenue of $8.5 billion
in 2007 [5], those figures increasing every year. Meanwhile,
transit prices - which constitute the main source of revenues
for transit ISPs - are decreasing. ISPs argue that there is
no sufficient incentive for them to continue to invest on
the network infrastructures if most benefits go to content
providers. The threat is to lower the quality of service of
CPs that do not pay any fee to them, or even to block their
traffic. This possibility has led to protests from CPs and user
associations, complaining that this might impact the network
development and is an impingement of freedom of speech [3].
The debate was thus launched, essentially at the law and policy
makers level, to decide whether the Internet should be neutral,
i.e., all packets should receive equal treatments in terms of
price and service. In the US, the Federal Trade Commission
(FTC) released in 2007 a report not supporting neutrality
constraints, increasing the debate at the political level. This
debate is also active in Europe and in France, as illustrated
by the open consultation on network neutrality launched in
2010. For instance, the French regulation authority, ARCEP,
has published in its response a proposal intending to define
how net neutrality could be implemented [6], [7].

There has been an increasing attention in the literature
on providing a mathematical analysis of the advantages and
drawbacks of network neutrality. The idea is to investigate the
output of the interactions between selfish actors that are end
users, CPs and ISPs, using the framework of non-cooperative
game theory [8], [9]. Let us briefly describe here, non ex-
haustively, some important existing works in that direction. In
[10], [11], the authors propose to share the revenue among
providers using the Shapley value, the only mechanism that
satisfies a set of axioms representing a sense of fairness; in this
case CPs participate to the network access cost. The work in
[12] analyzes how neutrality or non-neutrality affects provider
investment incentives, network quality, and user prices. A sim-
ilar comparison is made in [13] between a two-sided pricing
scheme where ISPs are allowed to charge CPs, and one-sided
pricing where such side-payments are not allowed. In each
case, at the equilibrium of the game, the levels of investment
in content and architecture are determined. The paper gives
conditions on the ratio between parameters characterizing
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advertising rates and end-user price sensitivity, under which
a non-neutral network outperforms a neutral one in terms of
social welfare. On the other hand, [14] investigates the case
where ISPs negotiate joint investment contracts with a CP in
order to enhance the quality of service and increase industry
profits. It is found that an unregulated regime leads to higher
quality investments, but that ISPs have an incentive to degrade
content quality. The paper [15] studies the implications of non-
neutral behaviors, taking into account advertising revenues and
considering both cooperative and non-cooperative scenarios. In
[16], we analyze and compare thanks to game-theoretic tools
three different situations of interactions between ISPs: the case
of peering between the ISPs, the case where ISPs do not share
their traffic (exclusivity arrangements), and the case where
they fix a transfer price per unit of volume. The paper supports
the transit price scenario and suggests a limited regulation
(enforcing global connectivity) to prevent incumbent ISPs
from having a dominant position in the bargaining. Finally, in
[17], a game-theoretic model is considered with a single CP,
a single ISP, a (consumers’) demand function that depends on
price and quality of service, and involving advertisement and
network investment components.

In those works, there is in general a single ISP, and one
or several CPs. Though, in practice, we often have ISPs
in competition for customers, while for many services, the
CPs are in a quasi monopoly, a characteristic ISPs complain
about. (Typical examples are YouTube for non-copyrighted
videos, and Netflix for movies and TV shows in the US.) We
propose to specifically address this issue in this paper. Remark
that in addition to [13], considering competitive ISPs has
been proposed in [18], but with competition over consumers,
quality and prices for heterogeneous CPs: none of those
works consider a monopolistic CP as can be encountered for
some applications. We already addressed this type of problem
in [19], whose model was inspired by [15], users were assumed
to always go with the cheapest provider. As a consequence, we
ended up with a price war (a classical Bertrand competition)
such that ISPs always decrease their subscription price in order
to attract all demand.

We consider here a more realistic user association model
such that users make their choice still based on the price of
ISPs, but also on other unknown considerations, hence the use
of a classical discrete choice model as in [16]. This requires a
derivation of results totally different from [19]. To analyze that
situation, we propose a multi-level game where decisions are
taken at different time scales. The solutions of the games at the
largest time scales, played first, are determined using backward
induction, meaning that players anticipate the impact on, and
the resulting solution of, the games played later on at smaller
time scales.

The paper is organized as follows. Section II presents the
basic assumptions of the model we are going to consider,
the different levels of game, and the mathematical description
of the investigated comparison between the neutral and the
non-neutral regimes. It also describes how users select their
ISP (if any), and how the aggregated demand at the CP is
determined. The next sections present the various game levels
for providers’ decisions: we describe in Section III how the
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Fig. 1. Charging interactions between stakeholders. Prices p1, pa and pp
are positive flat rates, whereas g4 and gp are positive per volume unit prices.
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CP, anticipating the decisions of end users, chooses the content
price. At a higher level, by backward induction, ISPs play a
game on the access charge for end users; this competition is
described in Section IV. We then describe the game at the
highest level, on the economic relationships between the ISPs
and the CP, by determining the side payments of the CP to the
ISPs in Section V. We address the case when those prices are
fixed by ISPs, based on a game; we also look at the case when
they are decided by the CP, or by a regulator (maximizing
the supply chain value for instance). Section VI concludes by
discussing the impact and relevance of side payments on the
providers’ revenues, highlighting that it is not always in the
interest of the ISPs (but could be), while an appropriate choice
of side payments may increase the CP revenue. We also give
in that section directions for future research.

II. MODEL
A. Topology and Pricing Structure

We consider a single CP, whose parameters will be indexed
by 1, and two ISPs, named (and indexed by) A and B. The
access prices charged to users are flat rate subscription fees,
denoted by pi, pa and pp for respectively the CP, ISP A
and ISP B. In order to study non-neutrality, we also introduce
side payments g4 and gp representing the per unit of volume
prices that the CP has to pay to A and B, respectively. All
prices are assumed to be positive. Finally, the set of end users
is considered continuous and (without loss of generality) of
mass one, so that we will indifferently refer to “mass” and
“proportion” of users. The charges imposed by actors to other
players are summarized in Figure 1, the arrows indicating the
cash flows.

B. User Demand

Users have to pay both the ISP and the CP to access
the content. Users first choose their ISP, to which they pay
a flat-rate subscription fee, and then subscribe to the CP
too if its (flat) fee is not too high. Since users need an
Internet access, not only to reach the content of the CP, but
also for other purposes (e-mail, web browsing, ...), we de-
correlate the ISP choice from the (individual) decision to
subscribe to the CP, hence the independence from p;. Among
those access subscribers, the proportion who also subscribe
to the CP depends on p; on the other hand, but not on the
subscription price to the ISPs as a first-order model, assuming
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as a consequence that users do not relate their consumption
of content to the previously paid ISP subscription fee.

Let us focus first on the ISP selection by users. In a previous
work [19], we have considered users simply selecting the
cheapest ISP (or choosing it randomly if price equality holds).
However, this does not take into account the phenomenon
of stickiness or loyalty of the users, highlighted in [20]. In
the model considered here, user choices are influenced by
the ISP subscription prices, but also by other considerations
(reputation or preferences) that can be modeled as an addi-
tive noise to the main criteria determining the choice. We
consider here a discrete choice model, a standard paradigm
in economy, transportation, etc., and surprisingly not often
applied in telecommunications. It is a common way to model
how decision makers choose among a set of alternatives.
Mathematically, we assume that a user has a valuation of
the form v; = Blog(1/p;) + ; for ISP 4, and selects the
highest-valued option (see [16] for details). The term «; is an
individual-specific random term, taking into account unknown
aspects and assumed to follow a Gumbel distribution as in
standard discrete choice models [21]. We additionally assume
that there is a fictitious price pg, assumed to be strictly
positive, and representing the cost of the outside option, i.e.,
the perceived cost of not having access to the Internet. Thus if
the (random) valuation associated with that outside option is
larger than the ones associated with each ISP, the user prefers
not to join the network. The parameter 5 > 0 represents the
user sensitivity to the subscription prices: values of [ close
to zero lead to an uniform choice over the three alternatives
(connecting to one of the two ISPs, or not having access
to the Internet) regardless of the prices set, whereas large
values of § make the users choose the least expensive option.
The term log(1/p;) expresses the dissatisfaction for higher
prices, the logarithm being used to represent the fact that the
same variation of price is felt smaller at high prices than
at low prices: users are sensitive to relative price variations
rather than absolute ones. Finally, the case p; = 0 leads to
the maximal possible valuation independently of the random
terms, meaning that ISP ¢ attracts all users, or (say, from
symmetry) half of them if the other ISP chooses a null price
as well.

At a macroscopic level, by discrete choice analysis, the
proportion (or equivalently, the mass) o; of users selecting
ISP ¢ (with also j € {A, B}; j # i), can be shown to equal
from our expression of v; (see [21] for a general derivation)

p; "

pzﬁ +p;ﬁ +paﬁ
1

if pg >0and pg >0

o = if p; =0 and p; >0 (1)
1/2 if p4=0and pg =0
0 if p; >0 and p; = 0.

This repartition function expresses the fact that all users select
an ISP if at least one of the subscription prices is null (p4 =0
or pg = 0). Of course, the higher the price, the fewer
subscribers; this effect increasing with the user sensitivity to
price f.

In this paper, we propose a new aggregated user demand in
terms of data volume on ISP ¢, where users having selected an

ISP then decide whether to use the content offered by the CP,
depending on the flat-rate price p;. We consider that users’
willingness-to-pay for the CP service (i.e., the access to all the
content offered by the CP) follows an exponential distribution
with mean value 1/a > 0 over the population, independently
of the ISP choice. Therefore, a proportion e~ “P* of each
ISP’s subscribers also subscribes to the CP, hence a number
o;e”“P1 subscribing to both the CP and ISP . Note that the
consequence of our assumption is an exponentially decreasing
demand function (in terms of the CP price), a usual setting in
economic theory.

We assume that there is an average volume Dy of data that
a user downloads from the CP if subscribing to it. The value
will be helpful to compute the volume-based transit costs for
the CP to the ISPs. This volume is assumed to be independent
of the ISP choice. Instead of considering an average volume,
we could say that it is the same value for all users without
changing the expressions; an average value just allows to take
into account the potential variations between users that are
averaged when summing over all subscribers of an ISP. Dy
is additionally assumed independent of p;, meaning that users
just get what they “need" if subscribing. As a result, the data
volume for users subscribing simultaneously to the CP and to
ISP i is given by:

Di = Doaie_am . (2)

The parameter o > 0 can be interpreted as the sensitivity of
users to the CP price: the global demand (sum of demands on
all ISPs) is a decreasing function of a.

Notice that demand does not directly depend on the side
payments g4 and gp. But the introduction of side payments
will induce a reaction on the prices p4, pp and p; set by ISPs
and the CP at equilibrium, which, in turn, indirectly affects
demand. Finally, the global volume demand for CP data D 4 +
Dp equals (04 + op)Doe™ P2,

C. Utility and revenue functions

Among the proportion o4 +op of users having accepted to
pay for an access to the network, and then paying a flat-rate
price p; to the CP, some would have accepted to pay more to
benefit from the content of the CP. The surplus of users that
would have accepted to pay p is p — p;1, while the proportion
of users willing to pay more than p is e ~“P1.

We can then compute the user welfare associated with the
existence of the CP, as the sum over all users of the benefit
they make accessing the content of the CP. Note that this
does not include the benefit that users make by selecting an
ISP, which is associated with other (free) on-line services.
From our assumption of an exponential distribution of users’
willingness-to-pay for the content (yielding a density ae™ %),
the user welfare due to the CP can be computed as:

o0

(UA—HTB)/p1

e @P1

UWCP = ae”

ozw(

x —p1)dx

= (0a+opB)

Ds+ Dp
= —. 3
O[D(] ( )
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The utilities (revenues) of the ISPs come from the end users
subscription fee, and from the CP through the possible side
payment. The first one depends on the mass of users with
the ISP, and the second one on the total amount of volume
downloaded by users. Hence, for ISP i (i € {A, B}), the
revenue is

U; = pios + q;D;. 4

We can remark here that the revenue is always positive since
we do not consider the cost of the network.

The utility of the CP in this model is the sum of revenues
gained by users subscribing through A and through B. Those
gains come from the flat-rate subscriptions by users through
each ISP i, pyo;e™*P1, but the volume-based side payments
q; D; paid to 7 also have to be taken into account. The CP net
benefit (utility) is thus given by

U = (pioae™ ' —qaDa) + (prope” "' —qpDp)
= (p1/Do —qa)Da+ (p1/Do — qB)Dp. )

Since p; is decided after g4 and ¢p, the CP can also ensure
a positive revenue by setting p1 /Dy > max(qa, qp)-

D. Multi-stage Decision Problem

The decision variables are the prices p1,pa,PB, ¢4, 9B, IM-
pacting end users (demand), as well as revenues of providers.
Those variables are decided at different time scales or levels,
that can be described as follows.

1) At the largest time scale, the side payments ¢4 and gp
are decided. In the neutral case, they are either fixed to 0,
or determined as a common value. They can be different
in the non-neutral case, and can be determined either by
the ISPs (in a game), the CP, or a regulator. All those
options will be investigated. Those determinations will
be obtained anticipating the solution of the games below
whatever the values of ¢4 and gp (the so-called backward
induction).

2) At a smaller time scale, for fixed values of ¢4 and
qB, the ISPs fix their prices p4 and pp during a non-
cooperative game to attract customers and maximize their
revenues. Here again, the decisions are made anticipating
the solutions at lower levels.

3) At an even smaller time scale, the CP sets the price p;.

Finally, for those fixed values of p1,p4,pB,q4,qB, Users
choose their ISP (if not too expensive), and decide whether to
use the service offered by the CP, as described by formulas
(1) and (2).

All those interacting levels are now solved by backward
induction, from the smallest time scale to the largest one.

It is possible to perform the same analysis with a different
hierarchy in the three levels of game, assuming for example
that subscription prices are decided before the side payments.
Though, we think it is reasonable to consider that the decisions
on side-payments to take place on a large time scale, given the
difficulty, span, and costs of such decision processes. Similarly,
regarding the time scale difference between prices set by the
CP and by the ISPs, our approach is consistent with the
(commonly spread) vision that CPs can adapt faster than ISPs,
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in part because of the different contract durations binding users
to providers (larger durations with ISPs than with CPs), the
various difficulties to switch ISPs, etc.; see also [22].

III. CONTENT PROVIDER PRICE DETERMINATION

The CP aims at maximizing his revenue Uy, for fixed values
of pa,pB,q4,qp, making use of what the total user demand
D4 + Dp, with D; given by (2), will be. For convenience,
we define P; := p? .

Proposition 1. Given the side payments q4 and qp and the
prices py and pp decided by the ISPs, the price of the CP
maximizing its revenue (5) is

Py 1 B 1
4 (D Y+ ——5 (D =
Pty Dot )+ 5 (Doda+ 0
Pl = if pa >0 orpp >0,
1
Dow—&-fépr:Oande:O
@

(6)

Proof: We first consider the case py > 0 and pp > 0.

The derivative ’ggll of the CP revenue is then equal to

—ap, Palegs + (1 —ap1)/Do) + Pg(aga + (1 — ap1)/Do)
PoyPy + PyPp + PaPp

which is strictly positive until p; achieves the value given in

the first equation of (6), and strictly negative after. Hence the

result.

If pa = 0 (and then P4 = 0) and pp > 0 (the opposite case
is symmetric and then omitted), the CP revenue is e =P (p; —
Dyqa), whose derivative is e~ *P1 (1 — a(p1 — Doga)).

Finally, if p4 = pp = 0, then the CP revenue is
1e791(2p; — Do(ga + gp)), and its derivative is e =1 (1 —
ap1 + 5Do(qa + gB)). u

Notice that the optimal price does not depend on the outside
option valuation py. One can also check that it increases with
the price p; of ISP ¢ that has the biggest side payment g;,
and decreases with the other price. In the limit (that can be
interpreted as neutral) case g4 = qp = ¢, the optimal pricing
for the CP is gDy + 1/a whatever the value of p4 and pp.

In that case, as an important remark, the CP’s revenue is
Dy + Dp

P()e

, which corresponds to the CP-related user welfare:

the ir?tgrest of users and that of the CP coincide here. Finally,
we can remark that the optimal price for the CP is always
greater than Dy min(qa,¢p) + 1/, because it is a convex
combination of Dyga + 1/« and Dogp + 1/c. In particular,
it is greater than the inverse of the user price sensitivity a.

IV. PRICING GAME BETWEEN ISPs

Before the users decide which ISP to join and the CP
chooses p;, the ISPs play a pricing game, making use of
what the CP and users decisions would be. In this section, we
determine the Nash equilibrium solutions of this pricing game
in an analytical way when there are no side payments, and
numerically (because intractable) in the general case. Recall
(see [9]) that a Nash equilibrium would be a price profile
(pa,pp) such that no ISP can improve (strictly) his utility by
unilaterally changing his price. The best-response curves are
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defined as (by expliciting the dependence of U4 and Up on
baA,PB )

BRa(pp) =

BRp(pa) =

arg max Ua(pa,pp) and

pa=0
arg max Up(pa, pp)-

pB=>0
With those notations, a Nash equilibrium is a point (p’\F, p¥F)
for which BRA(pY) = p\F and BRp(p)F) = piF. Graphi-
cally, if we draw the two best-response curves on the same
figure, the set of Nash equilibria is then the (possibly empty)
set of intersection points of those curves.

A. No side payments

In the case where no side payments are established, g4 =
qp = 0, we get a simple formulation for the revenue of ISPs.
From the previous section, the optimal CP pricing is 1/a.
Using the notation P; := p? , the revenue of ISP A is then
(the revenue of ISP B being symmetrical)

PoPppa
PyPa + PyPg + PaPp
0

if pa >0 and pg >0
Ua =

iprZOOI‘pB =0
)
We first stress that p4 = pp = 0 is a Nash equilibrium
since no player can strictly increase his revenue by unilaterally
changing his action: the revenue always remains equal to zero.
But setting one’s price to zero is a dominated strategy, that is
strictly dominated as soon as the adversary price is not zero:
it always yields no revenue whereas a strictly positive revenue
can be guaranteed with any other choice. Therefore it is not
likely to be chosen by ISPs if another equilibrium exists.

Proposition 2. Assuming that there are no side payments, i.e.
qa = qp =0, then
o if B < 1, there is no Nash equilibrium different from
(0,0) with finite prices: the only other alternative is both
ISPs setting infinitely large prices (PYE = PYE = o0),
o if1 < B <2, there is a unique Nash equilibrium different
from (0,0) with PYF = PRF = ﬁP@,

e if B>2 (0,0) is the unique Nash equilibrium, yielding
no revenue for the ISPs.

The proof relies on the following general result about
symmetric games.

Lemma 1. [f the best response functions BR4 and BRp are

e equal: BRy = BRp = BR,

o single-valued,

o strictly increasing,
then (pa,pp) is a Nash equilibrium if and only if pa = pp =
p with p a fixed point of the best-response function: p = BR(p).

Proof: (Lemma) The pair of prices (pa,pp) is a Nash

equilibrium if and only if p4 = BR(pg) and pg = BR(pa).
Let us suppose that p4 # pp, for instance p4 > pp (should
the indexes be permuted). Then:

pB = BR(pa) > BR(pB) = pa,

where the inequality comes from the strict increasingness of
BR, hence a contradiction. At Nash equilibrium, p4 = pp is
then a necessary condition, and from the definition of such an
equilibrium, it is necessary and sufficient to have p = BR(p).
|
Proof: (Proposition) Assuming that p4 > 0 and pg > 0,

the derivative of ISP A revenue (7) is

PP,
(PaPp + PPy + PsPy)?

Hence the derivative has the same sign as the affine function of
Py: P4(1—B)(Pp+Py)+ PpPy. When 3 < 1, that derivative
is always strictly positive for P4 > 0, thus (by symmetry) each
ISP should set infinitely large prices.

When § > 1 the derivative of ISP A revenue is strictly
positive while P4 is smaller than the unique root of the affine
function above, and negative afterwards. Given pp > 0, the
best-response of ISP A is then

(Pa(1—B)(Pg+ Py) + Pphy).

PPy
(8—1)(Pp + Py)’

For the case 8 > 1, notice that the best response is
the same function for ISP B due to symmetry, that equals
BR(P) = m, and is a strictly .increasing func-
tion of P. Hence it follows from the previous lemma that
every Nash equilibrium is symmetric, which results here in
the necessary and sufficient condition at Nash equilibrium
PXE = PYE = BR4(PYE). The last equation has a unique
strictly positive solution in the case 1 < 3 < 2, the one given
in the proposition, and no solution otherwise. ]

This proposition shows in particular that, when the price
sensitivity of users is high (8 > 2), we are led to the same
price war as in the model of Bertrand competition studied
in [19]. But for smaller levels of price sensitivity, this does no
longer happen: the price set by ISPs at equilibrium is strictly
positive, hence providing some revenue from users to both
ISPs.

BR4(Pp) =

B. Positive side payments

In the general case, the computation of the Nash equilibrium
or even the best response function is not analytically tractable.
We are then led to study numerically the price competition
between ISPs. From here, we take o« = 1, pg = 1, Dy =
1, and 8 = 1.5. We remark that the choices of pg and Dg
are made without loss of generality (they correspond to unit
changes of ISP prices and data volumes). The choice of « also
corresponds to a unit change in the CP prices, and is therefore
linked to that of py (i.e. for a given user sensitivity to the
CP price, the value of « is a consequence of the monetary
unit choice, and thus is determined by the choice for py).
Therefore our choice of « and of /3 are subject to discussion.
We however stress here that we have also run experiments
with other values (in the range (1,2) for parameter () and
observed similar results.

Let us first remark that if the price set by an ISP (say
ISP A) is equal to zero, then the other ISP (ISP B), at
a Nash equilibrium, sets his price to zero as well. This is
because ISP B does not attract any users if his price is not
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qB

qa

Fig. 2. Set Py, of side payments (g4, gp) for which the Nash equilibrium
is such that piE = p%E = 0, i.e. price war holds.

£<
ISH \ ~.__.— &
0.5 —qgp =0 [
g =1
.......... qB =
—--qp=3
O I ||
0 4
qaA

Fig. 3. ISP A user price pI‘AE at equilibrium as a function of the side payments
ga with gg € {0,1,2,3}.

zero, and then his revenue is null, whereas the revenue is
%qBDOe’%DO(‘“ﬂB )=1 otherwise, hence strictly positive.

Numerical computations show that there is a set of side
payments g4 and gp for which the price war phenomenon
between ISP happens. That set is shown in Figure 2. In the
following, we will denote by P,, the set of side payments for
which a price war between ISPs takes place, leading to null
subscription prices.

Figures 3 to 6 show the prices and revenues at Nash
equilibrium (recall that this is for ¢4 and ¢p fixed). Numerical
computations point out the fact that the revenue of the CP, and
the user welfare he creates, are always equal at equilibrium,
the reason why we do not plot user welfare here. While
this equality is clear when side payments are the same, our
numerical results suggest that it remains true in the general
case.

Figure 3 represents the price pF set by ISP A at Nash
equilibrium, when the side payment ¢4 varies, and for several
ISP B side payments ggp. This reveals that the price at
equilibrium first decreases with the side payment set by the
ISP, and then increases. For some value of the opponent ISP
side payment, it goes to zero when a threshold is reached.
That threshold corresponds to the case where the side payment
revenue that ISPs get by setting their prices to zero, and then
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Fig. 4. CP optimal price at equilibrium as a function of the side payments
qa with ¢ € {0,1,2,3}.
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Fig. 5. ISP A revenue at equilibrium as a function of the side payment g4
with ¢p € {0,1,2,3}.

attracting the whole set of users, becomes larger than the one
they get on a limited market share with both the subscription
fees and the side payments. This is the price war situation:
equilibrium subscription prices of both ISPs fall down to 0 as
the side payments enter the “price war zone” P,, highlighted
in Figure 2, and each ISP finally only attracts half of the user
set, hence the discontinuity. Finally, we observe that there is
no monotonicity in the opponent side payment.

Figure 4 displays the optimal price p] of the CP in terms of
qa for different values of ¢g. We can notice the discontinuity
due to the price war thresholds (for the cases ¢qg = 1 and
qp = 2, since there are no such thresholds for the two
other cases from Figure 2). However, this discontinuity is
barely visible, which is quite surprising when compared to
that observed at the ISP level. It can also be remarked that
the optimal price increases with ¢4 (and gp) both before and
after the thresholds, but not in general. One can also check
here the general property that p; > Do min(qa,qs) + 1/,
which, in particular, ensures a strictly positive revenue to the
CP.

Figure 5 shows that the revenue of ISPs is not monotonic
with the side payment. Again, some discontinuities occur
when side payments enter and leave the price war zone P,,.
Moreover, depending on the ISP B side payment, the maximal
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Fig. 6. CP revenue at equilibrium as a function of the side payment g4,
with gg € {0,1,2,3}.

revenue of ISP A is reached either for a null side payment
(e.g., when g = 3.0) or for a strictly positive value (e.g.,
when gp = 0.0). This illustrates that predicting the effect
of the various parameters in the output of the game(s) is a
difficult task and game-theoretic tools are helpful here to get
a result: a side payment increase can indeed lead to a content
price increase by the CP to compensate for the loss, and a
reaction of the other ISP; this also has an effect on demand
and depending on the variations, this may or may not result
in an ISP revenue increase.

On the other hand, the CP revenue, plotted in Figure 6,
has a tendency to decrease with side payments, even if it is
not strictly the case, as can be seen for gg = 1 and small
values of g4. When a discontinuity occurs, the CP revenue is
maximized for the smallest side payment leading to the price
war. The non-monotonicity is due to the threshold for the price
war between ISPs, inducing a discontinuity in the ISP prices.
Because of those prices becoming null, the revenue jumps up.

Finally, over the price war set P, the CP subscription price
is p1 = Dg4192 4 L and the revenues are

1 a
Ui = 5aDoe™ 7 (akom)l (®)
1 23
Uy = Uwcpzae—%mﬁm)—l. ©)

V. SIDE PAYMENTS DETERMINATION

We consider at the highest level three possibilities for the
choice of the side payments ¢4 and gqp. We first look at the
case when they are determined by the CP (even if unlikely in
practice), then the case when they result from a game played
between ISPs, and finally the case when they are determined
by a regulator (e.g., to maximize social welfare).

Since we don’t have the analytical expression for the ISPs
price at Nash equilibrium, we provide numerical results, where
we take a =1, 8 =1.5, pp =1 and Dy = 1.

A. Determined by the CP

The revenue of the CP is maximized when the side pay-
ments are g4 = g = 0.3 as illustrated in Figure 7 (instead of
plotting a hard-to-read 3D-curve of CP revenue in terms of ¢4

— 4B = 0.2
-——-qp =103

qa

Fig. 7. CP revenue at equilibrium as a function of the side payment q 4, with
gp € {0.2,0.3,0.4}. The maximal revenue is reached when g4 = gp =
0.3.
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Fig. 8. The optimal side payment of each ISP as a function of the opponent
ISP side payment. There is a threshold g; ~ 2.80 beyond which the best
response falls to zero. There are two Nash equilibria (NE) where one ISP sets
its side payment to zero.

and ¢p, we have preferred to draw 2D-curves in terms of one
of the parameters for various values of the second parameter
close to optimal). It is interesting to notice that, for such a set
of side payments, there is a price war on the user prices, i.e.,
pE = p¥F = 0 here. In fact it corresponds to the symmetric
(g4 = gqp) point of the price war set P,, described in Figure 2
for which the sum of side payments is minimized. Indeed, if
pF = p¥F = 0, then the revenue of the CP can be rewritten
as []1 = ée_ugo(QA"FQB)—l’
qa + qp is minimal.

At this point the revenues of the stakeholders are Uy =
Up =~ 0.04, and UWp = U; =~ 0.27. Hence the revenues
of ISPs are much smaller than the one of the CP. Note that
the situation is quite counter-intuitive, since the CP gains
to introduce side payments. This is because those payments
exacerbate the competition between ISPs, which is beneficial
to end users, and finally to the CP who can reach more
customers.

and then is maximized when

B. Determined by the ISPs, through a game

If we instead assume that the side payments are non-
cooperatively determined by the ISPs, we are led to study
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the best response of each ISP to the other ISP side payment.
As shown in Figure 8, the best response is first increasing
in the other ISP side payments, and then falls to zero above
a threshold, which is approximately 2.80. Since the best-
response to a null price is 2.80, it follows that (0, 2.80) and
the symmetric point (2.80, 0) are Nash equilibria, and they are
the only ones. It is interesting to notice that the resulting side
payments are not symmetric at Nash equilibrium, so are the
revenues equalling 0.42 for the ISP with side payment 2.80
and 0.34 for the other ISP.

Now let us compare that outcome to the case without
any side payments. From Subsection IV-A, with § = 1.5,
the revenue of ISPs is 0.33. Hence the ISPs global revenue
increases by about 15%, which goes in the direction of ISPs
arguments about side payments improving their revenue. On
the other side, the CP revenue decreases from 0.25 to 0.06,
hence losing nearly 75% of its value. The benefit of ISPs is
then at the expense of the CP and consequently of the user
welfare.

C. Determined by a regulator

A regulator can either decide to maximize the revenue of the
supply chain (sum of utilities of the ISPs plus the CP), the user
welfare (end-users surplus), or the social welfare (including
user welfare and all providers utilities).

The total value of the supply chain is the total revenue got
from the users, i.e., Uy + Uy + Up.

User welfare can be decomposed into two components: the
user welfare due to the existence of the CP -that is computed
in (3)-, and the user welfare due to the presence of the ISPs.
Let us focus on the latter part: we have assumed that users
not connected to the Internet perceive a cost py (thus py can
be seen as the value of the connectivity service). When a
user decides to subscribe to ISP ¢ and pays the corresponding
price p;, its benefit is then pg — p; with respect to the no-ISP
situation: the user does not bear anymore the cost py of not
having Internet access, and instead perceives the monetary cost
p;. Aggregating over the whole population, the user welfare
that is due to the presence of the ISPs (with their prices pa
and pp) equals

UWisps = 0a(po — pa) +oB(po — pB).

The global user welfare generated by the system (ISPs and
CP) is therefore

UW = UWcp + UWigps (10)

Finally, social welfare is defined as the overall value of the
service for the society. It therefore includes the surpluses of
all actors, and equals SW = U; + Uas + Up + UW Note
that Social Welfare also corresponds to the total value that the
service has for subscribers, without considering any monetary
exchanges because they stay within the society. We indeed
obtain, simplifying the sum of the terms in SW:

1
SW = (04 +0B) (po+(p1+a>e_‘”’1>,

where the term (o4 + op)po is the value of the connectivity
service for ISPs’ subscribers, and the other term is the value
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of the CP ser\éioce for CP subscribers, computed as

(ca+o0B) ae” “x d.

1) Side pgiments to maximize User Welfare: Since CP
revenue and user welfare are equal at Nash equilibrium, it
follows that user welfare is maximized when the CP revenue
is maximized. This case has already been treated in Subsec-
tion V-A.

2) Side payments to maximize Social Welfare: We have
obtained numerically that social welfare is maximized for the
same side payments as the ones maximizing the CP revenue
and the user welfare.

3) Side payments to maximize the supply chain value: The
supply chain value is maximized when the side payments are
both null, which has been studied in Subsection IV-A. In this
neutral case the revenue of ISPs is approximately 0.33 whereas
that of the CP (and the induced user welfare) is 0.25. We
can remark that among the three alternatives considered in
this subsection, this one leads to the fairest revenue sharing
between stakeholders.

VI. DISCUSSION, CONCLUSIONS AND FUTURE WORK

We have provided in this paper a model describing the
interactions between two ISPs in competition, a CP, and end
users connecting to the network. With respect to the literature,
we believe that considering competitive ISPs and a single CP
is a more realistic representation of the current network where
we have a quasi-monopoly for some applications (for instance
YouTube or Netflix), while several ISPs are in competition
(an argument of ISPs). The goal is to study the impact of
side payments on providers’ revenues, and conclude whether
they can help reduce the unfairness of the current revenue
sharing among all actors, as claimed by ISPs in the current
network neutrality debate. We restricted the analysis to two
ISPs because in many cases, competition is limited to a very
small number of ISPs, and very often only two ISPs are
available to a given user [22]; but a numerical analysis can
be extended to more than two.

In this paper, we have presented a three-level game where
(from the largest to the shortest time scale) the side payments
are first determined, then a pricing game is played between
ISPs, followed by the content provider price, and finally,
knowing all those prices, end users choose their ISP (or none
if too expensive) and possibly decide to subscribe also to the
CP service. All those levels are played by backward induction,
meaning that players anticipate the solutions of the later games
when choosing their strategies.

Our results have highlighted the fact that side payments,
unless decided by ISPs, have little chance to address the
concern from ISPs regarding the fairness of the revenue
sharing associated with users accessing content through their
infrastructures. This is due, to a great extent, to the competition
played among ISPs on the access prices that drives their
revenues to low values. On the other hand, the CP being in
a monopolist situation, always obtains significant revenues.
An interesting paradox we have highlighted is that side pay-
ments may be beneficial to the CP. Nevertheless, when side
payments are decided by the ISPs (non-cooperatively), it can
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be beneficial to them, but at the expense of both the CP and
the users. Remarkably, the side payments maximizing social
and user welfare are the same than those maximizing the CP
revenue. But looking at the whole supply chain, in order to
avoid too big disparities between revenues of providers, the
neutral case is the most suitable. If the side payments are
decided non-cooperatively by ISPs, in our experiment, one
(only) is a big winner, while the other ISP gains a bit more
than in the neutral case. This asymmetry may be a problem
and can create complicated tensions and negotiations.

As future research, we would like to go into several direc-
tions: first to include several CPs with different contents, but
such that some end users are targeting only a subset of them,
for all possible subsets. ISPs may also charge each other to
let the CPs not connected to them reach their own customers
(transit pricing). Other extensions to our model could include
architecture investment and content innovation characteristics,
for the ISPs and the CP respectively.
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When a keyword-based search query is received by a search engine (SE), a classified ads website, or an online
retailer site, the platform has exponentially many choices in how to sort the output to the query. Two extreme
rules are (a) to return a ranking based on relevance only, which attracts more requests (customers) in the
long run because of perceived quality, and (b) to return a ranking based only on the expected revenue to be
generated by immediate conversions, which maximizes short-term revenue. Typically, these two objectives
(and the corresponding rankings) differ. A key question then is what middle ground between them should
be chosen. We introduce stochastic models and propose effective solution methods to compute a ranking
strategy that optimizes long-term revenues. A key feature of our model is that customers are quality-sensitive
and are attracted to the platform or driven away depending on the average relevance of the output. The
proposed methods are of crucial importance in e-business and encompass: (i) SEs that can reorder their
organic output and place their own content in more prominent positions than that provided by third-parties,
to attract more traffic to their content and increase their expected earnings as a result; (ii) classified ad
websites which can favor paid ads by ranking them higher; and (iii) online retailers which can rank products
they sell according to buyers’ interests and also the margins these products have. This goes in detriment of

just offering rankings based on relevance only and is directly linked to the current search neutrality debate.
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1. Introduction

The Internet occupies an increasingly important position in our daily lives. Electronic commerce,
in particular, has enabled marketplaces in which participants can buy, sell, or rent a huge variety
of objects and services in a very convenient way. Because the current Internet is a complex eco-
system of companies, there are various business models that have proved profitable. Among them,
we will specially focus on three specific classes: search engines (SE) such as Google, that allow
users to find content of their interest on the web, and use these transactions as a chance to sell
advertisement; online retailers such as Amazon.com that act as intermediaries between producers
and consumers; and classified ad websites such as eBay that allow sellers or service-providers, and
buyers or service-consumers, respectively, to meet and conduct transactions. To be profitable, those
marketplaces typically rely on one or more of the following revenue streams. In some cases, they
charge a commission equal to a percentage of the agreed price-tag (e.g., eBay or Airbnb). Some
marketplaces provide a basic service for free but charge sellers to display their classified ads in
premium locations or for additional time (e.g., leboncoin.fr in France, or Mercado Libre in Latin
America). In addition, they offer additional services such as insurance or delivery for a fee. Finally,
another common revenue source comes from third-party advertisers that display text or banners
within the pages of the marketplace in exchange for payment.

The common feature in all those platforms is that when a user connects to them and enters a
query or category, the site provides a list of relevant items that match what the user wants. To
provide value to users, it is crucial to present the relevant items in the platform in the correct
order so the user can find the most appropriate ones. Indeed, by presenting certain items first, the
site can boost users’ interest by increasing relevance. For example, eBay provides relevance-based
ranking, among other possibilities such as time until the end of the auction, distance, price, etc. The
details of how to assign a relevance value to a query vary depending on the intrinsic details of the
platform. For example, eBay may use the distance between the query string and item description
as well as the rating of the seller, Amazon may use the number of conversions for a product and
its quality, and Google may use PageRanks as inputs (Google 2011). How to define and compute
these indices has been the topic of several studies, especially in the case of SEs. Examples include
Avrachenkov and Litvak (2004), Austin (2006), Auction Insights (2008), Williams (2010). Since
our focus is finding the correct ranking and not how to compute those relevance indices, we assume
that they are given as part of the input.

Instead of sorting items by relevance, a platform could take a myopic approach to increase short-
term revenue by placing highly-profitable items in prominent positions. The purpose of our work is

to study the compromise that can be made by the platform when choosing how to order the items
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corresponding to a user query. The tradeoff is between maximizing the expected revenue that could
be obtained directly and indirectly from this request, and the long-term impact on the future arrival
rate of requests (which impacts future expected revenues). Our aim is to find an optimal ordering
in the long run, taking both effects into account. That is, to achieve a balance between both goals
when customers are quality-sensitive and their likelihood of visiting the platform is a function of
the perceived relevance. Our results provide optimal ranking policies with respect to long-term
revenue maximization. Also, we compare the optimal policy to other possible rankings—such as
those based on relevance only or those based on short-term revenue only—in terms of expected
revenue for the platform, expected revenue for the various content providers, and consumer welfare
(captured by the expected quality).

Note that most platforms display paid ads (usually referred to as sponsored search), in addition
to the regular output (usually referred to as organic search). The most common arrangement is that
advertisers pay the platform whenever users click on an ad. The payment amount is automatically
decided using a bidding process between the SE and all advertisers interested in that keyword. We
want to stress that our discussion applies to organic content, since sponsored search is handled
using an ad-hoc and well-studied procedure. Our choice relies in that sponsored links and their
ordering are much less likely to impact the future arrival rate of requests than the ranking of
organic links. We think it is quite reasonable to assume that the user satisfaction (and likelihood
to use the platform again) depends mostly on whether the user is pleased with what she finds
among the proposed organic links, and not on whether the ads that were displayed are relevant.
Actually, a big percentage of users is by now trained to not look at the portion of the screen that
displays the ads. Henceforth, our model assumes that the average arrival rate of search requests is
influenced by the average relevance of organic links, and not by the sponsored results given in the
ads section of the page. In the case of sponsored search results, the ordering of items is typically
determined by a generalized second price (GSP) auction. This mechanism is also used to fix the
price that advertisers pay to have their ads displayed. The mechanism orders ads from higher to
lower expected revenue (notice that the click-through-rate takes into account the relevance of the
ad). Precisely, that is the outcome at equilibrium of a GSP auction. For details of these mechanisms,
we refer the reader to Varian (2007), Edelman et al. (2007), Lahaie et al. (2007), Athey and Ellison
(2011), Maillé et al. (2012) and the references therein. Since it is not our focus, we abstract away
the sponsored search mechanism, and represent the total expected ad revenue (per user per visit)
by a fixed coefficient 3. While there is an extensive literature on sponsored search, the impact of
using alternative rankings to classify organic links has not yet received a similar level of attention.

Most platforms employ unpublished and secret algorithms to rank relevant results, so it is any-

body’s guess what they do exactly. In the last couple of years, some SEs have been under scrutiny by
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individuals and organizations that oversee the Internet as well as by regulators in various countries
because some believe that the organic search ranking is not only done with respect to an objec-
tive measure of relevance but that some revenue-making ingredients also play a role (Crowcroft
2007). For example, it has been said that Google may favor YouTube and other of its own con-
tent because of the extra revenue it generates. This has been discussed even by the Federal Trade
Commission in the US (Brill 2013) and in a Senate hearing (Rushe 2012). It has also been amply
documented that search bias occurs in experiments (Edelman and Lockwood 2011, Wright 2012,
Maillé and Tuffin 2014). A search for a video in Google is likely to generate some organic links
to YouTube pages, which contain ads that directly benefit Google. Since videos in competitors’
platforms do not generate additional revenue, Google has a financial interest in the user to click
on YouTube content. Similarly, the expected revenue may increase if a link to a Google map is
included in the output instead of a link to MapQuest, Yahoo Maps, etc. There are many other
similar situations like this, including weather reports, movies and showtimes, product search, news
articles, and so forth. Heterogenous characteristics, including different ownership, can be captured
by explicitly associating each link within the organic output to the expected revenue attained when
somebody clicks on it, and using those expected revenues as input to find the optimal ordering.
The debate about whether SEs should or should not enter into these considerations when ranking
links is usually referred to as search neutrality and has ignited public interest (Crowcroft 2007,
Inria 2012). It relates to other policy debates regarding whether or how to regulate the Internet;
the most prominent example being network neutrality (see, e.g., Odlyzko (2009) for a discussion
about both issues). A neutral SE should only use relevance to construct its rankings, and ignore
the revenue parameter mentioned earlier. This would allow new entrants that perform well (i.e.,
that are commonly clicked) to be listed near the top of the list of organic search results. The risk
of a non-neutral ranking is that it may slow down innovation by favoring the incumbents that are
known to generate profits, thereby preventing new applications/content from being shown, and
hence to become known and successful.

Motivated by the fact that many of these platforms are public companies that strive to maximize
returns to stakeholders, and also considering the search neutrality debate, we study the impact of
ranking policies on platforms’ revenue, as well as on social welfare. The policies may range from
the extreme of being neutral (and hence only considering relevance) to being just profit-driven
(and hence giving prominence to links that generate the most profit). The main goal of this paper
is to develop a modeling framework that permits us to design tractable algorithms for computing
optimal ranking policies for the platform, assuming that customers are quality-sensitive and may
defect to competing platforms if they do not find what they are looking for. Surprisingly, as far

as we know, we are the first to provide an economic analysis of ranking policies, and to show how
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to design optimal policies from the perspective of the platform. The tools we develop can prove
useful to websites that want to fine-tune ranking policies to achieve long-term profitability. Since
SEs play an important role in our connected society by allowing end-users to access content and
applications without necessarily knowing of them, such revenue-maximizing strategies are directly
linked to the search neutrality debate. Hence, the framework we introduce can also be of high
interest to regulators who study the impact that search neutrality has on users and on overall
social welfare. This may allow regulators to determine if intervention is warranted, and to study
the consequences of doing so. In particular, our study may prove useful to provide arguments for
or against non-neutral SEs.

To capture that users are more or less likely to visit a platform depending on the long-term
reputation, in our model requests arrive at a rate that depends on the average relevance of displayed
links; the more relevant the expected results, the larger the number of visits. The expected revenue
is the rate of visits to each page, multiplied by the expected revenue per visit for that page, summed
over all possible pages. These quantities depend on the ranking policy, defined as a rule that assigns
a permutation of matching pages to each possible keyword. A ranking based only on immediate
revenue is generally suboptimal; it must also take into account the impact on relevance because
that affects the rate of visits since customers are quality-sensitive. For the purpose of this study,
we consider that the distributions of relevance and expected revenues for each page are known in
advance, so we consider them as inputs. (These distributions can be estimated empirically using
data available in the SEs’ and marketplaces’ servers. Although exploring this data is an interesting
direction of research, we leave this to follow-up work.)

Our main contribution is the characterization of the optimal stationary policy for the ranking
problem. We propose an algorithm that exploits the characterization of the optimal policy that
allows the SE to assign a scalar number to each matching item to then find the optimal ranking by
simple sorting. Our model is an infinite-horizon time-stationary sequential decision process that fits
the general framework of stochastic dynamic programming (DP), so one could think of using DP
methodology to characterize and compute an optimal ranking policy. However, a ranking policy in
general is a mapping which to each state of the system, assigns a permutation of all relevant links.
Since the state must contain (at least) the current request and the current arrival rate, the number
of states is huge, so computing and storing so many permutations appears impractical. Moreover,
this is not an ordinary discrete-time DP model because the arrival rate depends on the policy
that is used: the objective function is not additive and classical DP tools do not readily apply.
Fortunately, our characterization of the optimal policy, which is our main technical contribution,

resolves this issue. We draw some inspiration from the derivation of optimal ranking conditions
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proved via an interchange argument, in a DP setting, in Bertsekas (2005, Section 4.5). However,
our solution is more involved because of the impact of the policy on future arrivals.

While there are many other ‘simple’ heuristics that platforms may have selected to factor in
profitability in their algorithms, we show that the particular one that turns out to be optimal is
clear and simple. We think this is a nice insight that can inform platforms about how to better
position their results to tradeoff relevance with profits. Of course, the time-stationary modeling
assumption simplifies reality. But reputation is built over a large time-horizon and one can argue
that a stationary model is a reasonable way to capture that market dynamic. A model whose
parameters depend on time would give rise to complexities that go beyond the scope of this paper.

The rest of the article is organized as follows. Section 2 presents our modeling framework while
Section 3 explains how the ranking problem can be simplified so one does not need to consider the
exponentially-many possible orderings. Using the conditions presented there, we show how it suffices
for a SE to sort the pages with respect to a scalar number, coming from a linear combination of
relevance and revenue. Having characterized optimal rankings, in Section 4 we present an algorithm
that computes the correct linear combination of relevance and revenue, which enables the SE to
execute the sorting procedure. Section 5 discusses the impact that arises from an SE that takes a
middle ground between offering a search-neutral output and a myopic one considering only short-

term revenue. Finally, we offer conclusions in Section 6.

2. Model Formulation

In this section we provide the definition of the model we consider. For the presentation, we use the
context of a SE that receives keyword-based queries and generates a list of organic results using
links to relevant and/or profitable web pages. The model could be easily adapted to be used by
other marketplaces such as electronic retailers and classified-ad websites.

For each arriving request (i.e., a query sent to the SE by a user), different content providers
(CPs) host pages that are relevant. Out of a universe of m, pages available online, we denote
by M < mg the number of pages that match the arriving request. Each page i =1,..., M has a
relevance value R; € [0,1], and an expected revenue per click G; € [0, K] for the CP (here, K is a
positive constant) of which the SE receives a fraction «; € [0, 1]. Consequently, the SE’s expected
revenue per click from page i is a;G;. The SE might sometimes also be the CP for a subset of the
pages matching the request; in those cases a; =1 because it receives all the revenue. Putting this
all together, the instance of the ranking problem corresponding to a given request is encoded by a
vector Y = (M, Ry, Gy, 0, .., Ry, Gar,pr) that we assume to belong to a universe of admissible
requests. After getting the request, the SE must select a permutation 7 = (7 (1),...,m(M)) of the M

pages and use it to display links to those pages in order. A stationary ranking policy u is a function
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that assigns a permutation m = u(Y) to each possible realization of Y. Except when otherwise
indicated, we shall only consider deterministic stationary policies, as opposed to randomized ones,
which map each Y to a probability distribution over the set of permutations of M elements.

The click-through-rate (CTR) of a link that points to a page is defined as the probability that the
user clicks on that link (Hanson and Kalyanam 2007, Chapter 8). This probability depends on the
relevance of the content but also on the position number where the link is displayed. We assume
that the CTR of the link to page i placed at position (i) can be expressed as the (separable)

product of a position effect and a relevance effect. That is, CTR is given by

where 1 >0, >0, > --- > 0,,, > 0 is a non-increasing sequence of fixed positive constants that
describe the importance of each position in the ranking. The non-decreasing function 4 : [0,1] —
[0,1] maps the relevance to the (position-independent) probability of the page. The assumption
that the CTR is separable is pervasive in the e-Commerce literature (Varian 2007, Maillé et al.
2012). We will rely on it to derive simple optimality conditions. According to this assumption, to
increase the CTR, we can either choose a more relevant page or we can choose a position closer to
the top of the list.

Fixing a request Y and a permutation m, we now define the various objective functions we
shall consider. The local relevance captures the attractiveness of the ordering from the consumer’s

perspective. It is computed by
M M M
r(m,Y):=> CTR(i)Ri = Oy b(R)R; = 0. Rs, (1)
i=1 i=1 i=1
where R; := ¥(R;)R;. The expected total revenue arising from the request equals

M M
go(m,Y) =Y CTR(i)G; = Oniytb(R:)G:, (2)
i=1 i=1
out of which the SE receives

M M M
g(ﬂ', Y) = Z CTR(Z)O&ZG'Z = Z Gw(i)w(R,—)aiGi = Z Gﬂ(i)éi, (3)
=1 i=1

i=1
where G, := a; ) (R;)G;.

To obtain an optimal ranking policy, we must consider that since customers are quality-sensitive,
the choice of policy w(-) influences the future arrivals of customers. This has deep implications
because a myopic policy for the SE (i.e., choosing p(Y') € argmax, g(7,Y) for each Y) does not

suffice to achieve optimality. To capture the dependence on future end-users that arrive to the SE,
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we consider the multivariate distribution of the input requests Y. Each request is then interpreted
as a realization of Y according to that distribution.

We estimate the long-term value induced by a stationary ranking policy p by taking expectations
of the objectives presented earlier with respect to the distribution of input requests. Therefore, the

expected relevance per request is

ri=r(w) = E[r(u(Y), V)], (4)

the expected total revenue per request is

g0 :=go(1) = Elgo(u(Y),Y)], (5)

and the expected SE revenue per request is

g:=g(p) =E[g(u(Y),Y)]. (6)

In the three previous definitions, the expectation is taken with respect to the random variable Y.
As discussed in the introduction, a non-myopic SE would be interested in the expected long-run
revenue. This must depend on both the expected relevance per request r and on the expected SE

revenue per request g. We capture the two dependencies through the general function

USE:QD(T)g)’ (7)

where ¢ is an increasing function of r and g with bounded second derivatives over [0,1] x [0, K].
An optimal policy from the perspective of the SE is a stationary ranking policy p that maximizes
Usk.

We are going to pay special attention to the class of ranking policies that sort the M pages
by decreasing order of their value of R; + pG;, for a given constant p > 0. We refer to such a
policy as a linear ordering (LO) policy with ratio p (or LO-p policy, for short). In fact, if 6, = 651,
the ordering at positions k and k + 1 does not matter, and we still say that we have an LO-p
policy regardless of the order at these positions. When p = 0, the ordering is based only on R;,
whereas in the limit as p — oo, the ordering is based only on G;. We show below that under mild
conditions on the distribution of queries Y, an optimal policy p* coincides with an LO-p policy for
a specific value of p that we will characterize. We also highlight that specifying p is not enough
to uniquely characterize an optimal policy in the case when several R + péi may be equal with
positive probability.

The objective function (7) is very general, and the assumptions written after its definition are

enough to develop our theoretical analysis. In practice ¢(r, g) usually takes the form of an (average)
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arrival rate of requests multiplied by an expected revenue per request. To develop intuition, the
examples we provide below have more structure, as we now describe. We assume that search
requests arrive according to a (Poisson) process of (constant) rate A(r), where A:[0,1] — [0,00) is
an increasing, positive, smooth (continuously differentiable), and bounded function. Its argument
r is the average relevance corresponding to the policy in use, as defined in (4). Each time the SE
receives a search request, it gets a revenue [ in expectation from the third-party advertisement
displayed in the page. Hence, the expected SE advertisement revenue per time unit is SA(r), which
depends on the ranking policy only via r. The main assumption here is that average relevance in
organic research drives reputation. Paid search is not going to drive users (significantly) to the
website in the long term so the two mechanisms (organic and sponsored) co-exist without much
interference between them. On top of this, and as discussed earlier, we assume that the SE receives
a proportion of the CP revenue, totalling A(r)g. Putting it all together, the total expected SE

revenue per unit time in our examples is

Use = A(1)(B +9). (8)

This expression is increasing in r and in g. When «; =0 for all ¢, ¢ = 0 and the SE’s best interest is
being neutral to just maximize r, i.e., to rank based on relevance. Otherwise, if g > 0, the SE may
be interested in selecting permutations that increase g even if this decreases r a bit. The larger
the a;’s, the stronger the incentive of the SE to consider non-neutral ranking policies. In the next
sections, we characterize optimal strategies and develop algorithms to compute or approximate

them.

3. Optimality Conditions for Ranking Policies

In this section we derive optimality conditions on the permutation = = u(Y") associated with any
given request vector Y. Later, these conditions will be used to develop computational algorithms
that can provide a ranking for each Y. We first develop approzimate necessary optimality conditions
under the assumption that Y has a discrete distribution. Then we show that these conditions
must hold in the limit if we assume that each Y has a negligible probability, that is, if Y is a
continuous random variable with a density. Under further assumptions, these necessary conditions
determine the optimal policy uniquely, up to a set of realizations Y of measure 0. This provides
simple, approximate optimality conditions for the situation where the current request Y has a
small probability, small enough that changing = in the local relevance r(w,Y) can only bring a

small change to r and g.
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3.1. Necessary Optimality Conditions Under a Discrete Distribution for Y

Let us first suppose that Y has a discrete distribution p(y) = P[Y = y]. Assume that p is an
optimal policy, with r and g the associated objectives. Since p is optimal, for any y, permuting
two successive elements in m = u(y), say at positions k and k + 1, must not increase the expected
long-term revenue. Let § = 7!, the inverse permutation to 7. Then the numbers of the pages at
positions k and k+ 1 are §(k) and 6(k +1). Let A8 =6;, — 0,1 > 0. Switching the two pages at
positions k and k -+ 1 will permute the vectors (Rg(k),é(;(k)) and (Rg(k+1),é§(k+1)) in (1) and (3).

The changes on r and g resulting from this switch would be
Ar = (Ré(k-H) - Ré(k))AH p(y)

and

Ag = (Gsgri1y — Gar) A0 p(y).
The corresponding change in Ugg is
AUsg = @(r+ Ar, g+ Ag) — o(r,9) = @, (r, ) Ar + ¢, (r, ) Ag — O((|Ar| + | Ag])?),

where @, and ¢, are the partial derivatives of ¢ with respect to r and g, respectively. The optimality

of 7 (or equivalently of 0) implies that this change on Usg cannot be positive, so we must have
er(r,9)Ar + ,(r,9)Ag < O((|Ar| +[Ag])?),
yielding, whenever A6 p(y) > 0,
0 (r9) (Rohr1) = Rogry) + 04 (r, 9) (Gorn) — Gogry) < O(A0p(y))
since R. and G. are bounded. This can be rewritten as
r (1, 9) Rogrn) + 04 (1,.9) Gy < @0 (r.9) Rsy + 04 (1, 9) Gy + O(A0 p(y)), (9)

which must hold for all y and all k¥ for which A8 p(y) > 0. If A8 p(y) =0, there is no change on Ar
or Ag, so the order at positions k and k+ 1 does not matter.

For every pair (r,g), we set

for which we assume that ¢, (r,g) > 0. Using this notation, if p(y) < 1 and we decide to neglect the
O(A0 p(y)) term in (9), we obtain the following (approximate) necessary optimality conditions:

When 6, > 0,1, we must have

Ré(kJrl) +h(T79)éé(k+1> < Ra(k) +h(7“79)éa(k)- (11)



L’Ecuyer et al.: Revenue-Mazimizing Rankings
Article submitted to Operations Research; manuscript no. (Please, provide the manuscript number!) 11

These necessary conditions tell us that if g is an optimal policy and if the O(Afp(y)) terms can
be neglected, then p must be an LO-p policy with ratio p=h(r,g).
For the special case of the running examples introduced in the previous section, we have ¢(r, g) =
A(r)(B + g), which implies that ¢, (r,g) =X (r)(B+g), ©4(r,g9) = A(r), and
A(r
)= SR 12
The conditions in (11) suggest that in a search for a (near-)optimal policy, we may restrict
ourselves to LO-p policies and try to optimize the value of p. This may appear simple at first
sight, but there are potential difficulties with this plan. First, the O(Afp(y)) term may be non-
negligible, when p(y) is not very small. Second, finding the optimal p is not necessarily obvious
or easy. Third, fixing p does not necessarily determine a unique policy, because there might be
equalities in (11) and then the selected order might still matter. Fourth, when such equalities
happen, there are situations where the optimal policy must be randomized (e.g., select one order
with some probability p and the other with probability 1 — p; see below). Fifth, the conditions (11)
are necessary for an optimal policy, but perhaps not sufficient. The following example illustrates

those difficulties.

ExaAMPLE 1. We consider an instance with two pages and a unique request. The input data consists
of Y = (M,Ry,Gy, a1, Ra, Ga,02) = (2,1,0,0,1/5,8,1/4) with probability 1, (R) =1 for all R,
A(r)=r, =1, and (0,02) = (1,1/2). Replacing in the objective, we have ¢(r,g) =r(1+g).

At each request, we must select a ranking, either (1,2) or (2,1). Suppose that instead of always
selecting the same ranking for all requests, we adopt a policy that selects the ranking (1,2) with
probability p and (2,1) with probability 1 —p. We want to find the optimal value of p € [0,1]. For

this randomized policy, we compute

r = p(91R1 + 02R2) + (1 —p) (91R2 + 02R1) = (7+ 4p)/10,
g = p(0101Gy + 0205G5) + (1 — p) (01 eGa + 020G ) =2 — p,

@(r,g) = r(1+g) = (T+4p)(3 —p) /10 = (21 + 5p — 4p°) /10.

The objective function is quadratic and it attains its maximum at p* = 5/8. Evaluating, r = 19/20,
g=11/8, and ¢(r,g) =361/160. Note that by taking p =0 we get 21/10 =336/160 and by taking
p=1 we get 22/10 = 352/160. This clearly shows that randomized ranking policies can perform
better than deterministic ones.

Here we have h(r,g) =7/(14g) = (74+4p)/(10(3—p)). With the optimal p* = 5/8, this expression
evaluates to h(r,g) = 2/5. If we consider the LO-p rule with p = p* = 2/5, we have Ry + p*G, =
Ry + p*Gs = 1. So with the p* that corresponds to the optimal randomized policy, the ordering
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conditions are always satisfied, regardless of the order, because the two linear expressions are equal.
On the other hand, this p* is not sufficient to determine the optimal policy! Any policy satisfies
the ordering conditions with p = p*, but is not necessarily optimal. Moreover, as mentioned earlier,
none of the two possible deterministic policies is optimal.

If we adopt an LO-p policy with p # p*, then the choice of p defines the policy uniquely, but this
policy is not optimal either. Indeed, if p < 2/5, then we always take the order (1,2), which gives
r=11/10, g =1, and h(r,g) =11/20 > 2/5, so the LO rule with p = h(r, g) tells us to always select
the order (2,1). Reciprocally, if we always select the order (2,1), we obtain h(r,g) < 2/5 and the
LO rule with p=h(r,g) always tells us to select the order (1,2). Thus, we cannot guarantee the

existence of optimal rankings with deterministic policies. O

Perhaps one could argue that the problem of this example comes from the fact that the instance
is deterministic so p(Y') = 1. In fact, this is not the case. It is always possible to construct request
densities that assign small probabilities p(y) to all request realizations y. This can be done by split-
ting artificially each possible realization of Y into an arbitrary large number of subrealizations, say
£, each one having probability p(y)/¢. Conceptually, one would achieve this by adding one artificial
component to Y to obtain an extended vector Y’ whose added component only identifies what
subrealization we have. In this case, the ranking policy could output different rankings according
to the subrealization Y’ that was drawn. In other words, different permutations 7 can be selected
for the same (original) realization Y. In the limit when ¢ — oo, this mechanism effectively mimics a
randomized ranking policy, where for any given realization Y, each permutation 7 is selected with
a given probability. This randomized ranking policy is effectively specified as a deterministic policy
in terms of the extended vector Y’, which in the limit when ¢ — oo has a density (the artificial
extra component has a continuous distribution).

Inspired by these observations, in the next subsection we study a framework in which Y is
assumed to have a continuous distribution. This can be seen as an approximation when the set of
possible request inputs is a huge set and each p(y) is increasingly small. We will provide conditions

under which there is a non-randomized optimal policy, and then show how it can be computed.

3.2. Approximation by a Continuous Distribution for Y

In this section, we extend the discussion to include continuous distributions for the input requests.
We let Y be a continuous random vector, with probability measure v over the class €2 of Borel
subsets of vectors Y = (M, Ry, Gy, 1, ..., Ry, Gury ) where M € {1,...,mo} and (R;,G;, ;) €
[0,1] x [0, K) x [0,1] for each i. We assume that it has a (finite) density function f. That is, for
each D € Q, v(D) = [, f(y)dy. Then, if v(D) >0, we can always select D C D, D € €, such that

v(D) is positive and arbitrary small.
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Suppose that p is an optimal policy, with its corresponding r and g, and that we change p into
u' by permuting the two successive elements at positions k and k+ 1 in u(y), for all y € D, for
some fixed D € Q. Note that u(y) might not be the same for all y € D. Let §(k)(y) and d(k+1)(y)
be those page numbers at positions k& and k+ 1 in u(y), for each y. Switching those two pages
permutes the vectors (Ré(}c)(y), é(;(k)(y)) and (R(;(kﬂ)(y), é(;(kﬂ)(y)), for all y € D. The changes on r

and g coming from this switch are

Ar= / (Ré(k+1)(y) - Rg(k)(y))AGf(y)dy
D
and
8g= [ G~ G S0T )y
D
Since A <1, R; €[0,1], ¥(R;) €]0,1], G; € [0, K], and «; € [0, 1], these changes satisfy |Ar| <v(D)
and |Ag| < Kv(D). The corresponding change on ¢ is

AUsp = @:(r,9) A+, (r, ) Ag + O((|Ar| +]Ag])?). (13)

We now rigourously define the linear ordering policies with ratio p that were mentioned in
Section 2, and establish that optimal ranking policies belong to that category for a specific value

of p.

DEFINITION 1. A policy p is called an LO-p policy if for almost all Y (with respect to the measure
v), 1 sorts the pages by decreasing order of R, + péi, except perhaps at positions k£ and k + 1

where 6, = 0,1, at which the order can be arbitrary. That is, whenever 6, > 0.1, one must have
Ristier1)(v) + PGty vy < Rowyvy + pGomy vy (14)

PROPOSITION 1. If the tuple (r,g) corresponds to an optimal policy, then this policy must be an

LO-p policy with p=h(r,g).

ProOF. The proof is by contradiction. Take a k such that Af:=6, —60,,, >0, and suppose that
there exists € >0 and D € 2 such that v(D) >0 and

@r(1,9) Rorn)(v) + 4 (r.9)Gsgesny vy > 00 (r.9) Rsoyr) + 24 (1, 9) Goiyov) + €

for all Y € D. Then,

/ o, (r,g RzS(kJrl)(y) + g (r, g)Gé(kJrl)(y) — o (r, Q)Ra(k)(y) ©q(r, g)éak)(y)] f(y)dy
= (pr(r, g)Ar + @, (r, g) Ag) / AD.
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The current policy being optimal, performing the permutation of positions k& and k+ 1 over D
can only reduce the revenue, i.e., AUsg < 0. From (13), for v(D) sufficiently small there exists a

constant C such that
@r(r, 9)AT 44 (r,9) Ag < C((|Ar| 4 |Ag])?) < C(1+ K)*v*(D).

Therefore, v(D) > eAf/ (C(1 + K)?). This also holds for D replaced by any D ¢ D with D € Q. By
taking D C D small enough so that v(D) < eA#/ (C(1 + K)?), we obtain a contradiction. Therefore,
(14) must hold with p=h(r,g) for all Y except perhaps over a set of measure zero. d

Proposition 1 tells us that any optimal policy must satisfy the LO-p conditions for p = h(r, g).
But we need further assumptions to make sure that this specifies an optimal policy. In the rest of

this section, we assume that the following condition holds.
ASSUMPTION A. For any p>0, and any j>i>0, P[M >j and R+ pG; = Rj —I—péj] =0. ]

One example of a sufficient condition for this assumption to hold is that each pair (RZ, Rj) has a
bivariate density with no probability mass concentrated on a set of Lebesgue measure zero in two
dimensions (such as a line, for example).

Under Assumption A, for any fixed p > 0, there is an LO-p policy u = p(p) that sorts almost
any Y € Q (i.e., there is a unique order with probability 1). This ranking policy has corresponding
values of (r,g) = (r(u),g(r)) and of h(r, g) that are uniquely defined. To refer to h(r, g) as a function
of p, we write h(p). From Proposition 1, if p is the optimal policy, then p must be a fixed point
of h. Indeed, one must have p = h(r(u(p)),g(1(p))) = h(p). The next proposition says that under

certain conditions such a fixed point exists and is unique.

PROPOSITION 2. (i) If h(r,g) is bounded over [0, 1] x [0, K], then the fixed-point equation

h(p)=p (15)

has at least one solution in [0, c0).

(ii) If the derivative h/(p) <1 for all p> 0, then the solution is unique.

PROOF. (i) If h(0) =0, then p =0 is already a solution. Otherwise, we have h(0) > 0 and h(p) < K’
for all p >0 for some constant K’. In particular, h(K’) < K’. Since h is a continuous function,
there must be at least one point p € [0, K'] at which h(p) = p.
(ii) The slope of the function h(p) is always less than 1, so it cannot cross the line f(p) = p more
than once. g
Going back to the special case of our running examples where ¢(r,g) = A(r)(8+g), Proposition 2

becomes:
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PROPOSITION 3. Suppose ¢(r,g) = A(r)(B+ g).
(i) If A(r)/N(r) is bounded for r € [0,1] and 8+ g(0) > 0, then (15) has at least one solution in
[0,00).

(ii) If A(r)/X (r) is also non-decreasing in r, then the solution is unique.

PRrROOF. (i) In this case, we have

) A
NG (o)) (B + 94(0)))

Note that g(u(p)) > g(u(0)) for all p> 0. Therefore, the conditions in (i) imply that A(p) is bounded

h

and we can apply Proposition 2 (i).

(ii) If A(r)/N(r) is non-decreasing in r, then it is non-increasing in p since r(u(p)) is non-
increasing in p. Additionally, since we know that g(u(p)) is non-decreasing in p, it follows that h(p)
is non-increasing in p, so h'(p) <0 and we can apply Proposition 2 (ii). O

The condition that A(r)/)N (r) is non-decreasing, in (ii), is actually a bit stronger than what we
need to satisfy the condition of Proposition 2 (ii). To illustrate when this condition is satisfied, take
A(r) = ag + by In(co + 1) for some constants ag > 0, by > 0, and ¢q > 1. Then, X' (r) =bg/(co+ 1), and
therefore A(r)/N'(r) = [aog + bo In(co + )] (co + 7) /b, which is bounded and increasing in r € [0,1].
Other simple cases where the condition holds are the monomial forms A\(r) = aor® for any positive
values ay and bg; which includes the case A(r) =r considered in several examples in this paper.

When a =0, we immediately find p* =0 and Proposition 3 simplifies to the following intuitive
result, which establishes that it is optimal for the SE to rank according to relevance. In this case,

the SE has the incentive to conform to search neutrality.

COROLLARY 1. If o(r,g) = A(r)5, so g =0, an optimal ranking policy must always sort the pages

by decreasing value of R;. O

The value of r obtained under this ordering, say rg, is the maximal possible value, so we always
have r € [0,70].
We conclude the section by offering an example that establishes that having a density for Y is

not sufficient for the optimal policy to be deterministic and uniquely defined by p*.

EXAMPLE 2. Starting from Example 1, we add a third page with relevance R3 uniformly distributed
over [0,¢| for some small € >0, and revenue G3 = 0. We assume that 63 = 1/4. Since R3 has a
density, p(y) =0 for all y € Q. For any p > 0, if € is small enough, this third page will always be
ranked last, and its impact on h(r, g) is very small. Then the problem of ranking the first two pages

becomes the same as Example 1, which means that the optimal policy must be randomized.
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3.3. Some lllustrative Examples of our Methodology

This section provides two examples that, although simple and stylized, capture some features of the
search market in the real world. The first example can model an SE that has content that competes
with third-party CPs. Imagine that Google receives a video-search request and there are two pages
that match the search; the first is from YouTube, owned by Google, while the second belongs to
a competitor such as Dailymotion. Google’s revenue generated by the YouTube page is positively
correlated with the page relevance because of higher advertisement revenue and higher YouTube
perception. Instead, Google’s revenue generated by the Dailymotion page is negatively correlated
with the page relevance because the more relevant, the more it diverts traffic from YouTube.

To simplify the exposition, we assume in all our illustrative examples that ¥(R) =1, i.e., that

the CTR depends only on the position of the page, but this assumption is by no means necessary
or realistic, and it does not really make the computations much faster or easier. We also assume
that o(r, g) = A(r)(8+ 9).
ExaMPLE 3. Consider an instance with two pages where R; and R, are independent and uniformly
distributed over [0,1], Gy = Ry, Go =1— Ry, and o = a3 = a. In addition, we let A(r) =7, 6; =1,
0, =0, Y(R)=1, and ¢(r,g) = X(r)(8+g). We also define p:= ap.

At the optimal p, Page 1 will be ranked before Page 2 if and only if R; 4+ pG1 > Ry + pGa; i.e.,

on the domain

p 1-5
D=<¢(R,Ry): R, > -+ R ~ 0,
{(1 ) > 21+p}

We define D :=[0,1]?\ D. Then, since

0<

<

1—
51 1

-+ Ry
P +

™™

< <1,

1
1+5

=+ [
=+ |

1
we find that the LO-p policy gives
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Figure 1 Expected SE Revenue in terms of p when a==1

The SE revenue is thus

2 P2 2a a
o =r0+0= (3~ 5t ) (45 - 57
ap?/36 — (38 +2a) 2 (14 )2/18 — (1 + 5)%/9
(1+p)* ’

which we want to maximize over p > 0. Taking the derivative with respect to p and setting it to 0,

we get the following equation, whose root divided by « (since p = ap) provides us with p*:
(38+420)p° + (68 +5a/2)p* + (38 — ba/2)p — 2 = 0.

It follows from Proposition 3 (ii) that this p* is unique. Moreover, Assumption A is satisfied, so p*
defines the order uniquely with probability 1.

To complete this example numerically, let us take a« = 8 = 1. Then, p* is the unique positive root
of 5p% +17p%/2+ p/2 — 2, which is p* ~ 0.412149553. Figure 1 shows the expected SE revenue for
this example, as a function of p. One can also compute that for p = p*, we have r = 0.6524696521

and g =0.583089554, and then h(r,g) =7/(1+ g) =0.412149553 = p*, as expected. O

In our next example, we consider payments that are all-or-nothing, where the SE gets a revenue
when it is also the CP serving the corresponding page. Otherwise, the SE does not have any
financial gain when showing the link to the page. An alternative interpretation of this example is
that content, instead of being served by the SE, is served by CPs some of whom agree to pay the
SE a fixed price, normalized to 1, for each click to their pages served from the SE’s output. That
price is not tied to a fixed position for the link; it just provides an incentive so the SE favors links

with G; =1 in its ranking.
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ExAMPLE 4. Consider an instance with two pages (M = 2) where revenues G; can only take values
0 and 1. Indeed, for i =1,2, G, is a Bernoulli random variable with parameter p, R; has a uniform
distribution over [0,1] independent of G;, and «; = 1. We let (6,,6:) = (1,0), A(r) =7, ¥(R) =1,
and ¢(r,g) = A(r)(8+ g). Note that this is equivalent to saying that only one page is displayed in
the search output.

The density of Y is a mixture of two uniforms, which verifies Assumption A. Focusing on LO-p
policies, we derive explicit formulas for r =r(p), g = g(p), and ¢(r(p), g(p)). The fixed point p* can
be computed from them. To start, we compute the average relevance r =r(p). We distinguish two
cases for the vector ((R1,G1), (Ra,G2)):

1. If Gy = G5, only the most relevant link is displayed, resulting in conditional expected relevance
E[max(Ry, Ry) | G1 = G2] =2/3.

2. If G, # G5, we can assume (possibly by swapping the roles of pages 1 and 2) that G; =1
and G, =0. If Ry + p> R,, link 1 is displayed and the observed relevance is R;; otherwise, the
observed relevance is R,. Note that if p > 1, link 1 is always shown, leading to an expected observed

relevance of 1/2. If p <1, the expected relevance conditional on (G, G,) is

1 1

B[R N(R 4 p> oy + Rolin 4 p<ryy | G1=1,G2 =0] = / / Tl psray T 720l 1 p<ryydradry
r1=0 Jro=0

2

3 2 37

Combining the four possibilities for (Gy, Gz), the overall expected relevance for the LO-p policy is

Tzr(p)=§+p(1*p>ﬁ2 (2;1>, (16)

where p:=min(1, p).
Similarly, to compute the expected revenue g = g(p) per request, we consider two cases:
1. If Gy = G4, the expected revenue is 0 if G; =0, and 1 otherwise.
2. If G # G4, we can assume again that G; =1 and G, = 0. Again, if p > 1, link 1 is always

shown and the revenue is 1. If p <1, the expected revenue conditional on (G1,G3) is

1 1
]E[]l{Rler>R2} | G1 = 1, G2 == 0} == / / ]1{T1+p>r2}d7“2d7“1
r1=0 Jro=0
(1-p)?

—1-

2

Regrouping all cases, we obtain

g=9(p)=p>+2p(1—p) <1— (1_2p)2>- (17)
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Note that both 7(p) and g(p) are constant for p > 1, so we can reduce the search for an optimal
p to the interval [0,1], and in that interval p= p. With A\(r) =7, the expected revenue per unit of
time is Usg(p) =7(p) - (8 + g(p)), which equals

(o (52) (oo n -2

Figure 2 depicts the expected revenue as a function of p, along with r(p) and g(p), for =1 and
p=1/2. While g(p) increases and r(p) decreases with p, the maximal revenue is obtained by taking

p around 0.4. This optimal p uniquely determines the optimal policy (with probability 1). O

/—\ — Revenue Usg(p)
1 - |- - - Relevance r(p)

-~ Gain g(p)

0.6 |- 7 Tt N

Figure 2 Expected SE revenue per unit time for 5 =1 and p=1/2

The previous example illustrates that to appropriately solve the tradeoff between short-term
revenue coming from payments and long-term revenue coming from more exposure due to higher
relevance, one must place an appropriate weight on short-term revenues and on relevance (the
former being around 40% of the latter in our example). This will provide short-term benefits to

the SE without impairing its possibility to attract future users.

4. Finding Optimal Rankings by Computing p*

In this section, we discuss how to find the optimal p* that allows the SE to determine the revenue-
maximizing ranking easily. Proposition 1 shows that to achieve an optimal revenue, the SE should
rank the items in the request Y by decreasing order of R; + pG;, for a properly chosen p = h(r,g).
But p depends on r and g, which in turn depend on the selected policy p and are unknown a-priori.
Moreover, typically, this dependence is not expressed in a closed-form formula. In the examples
of Section 3.3, we were able to derive explicit analytical expressions for r(p) and g(p), and use

them to find the optimal p. Unfortunately, instances of real size do not admit such closed-form
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derivations and they would usually have to be estimated through simulation. This motivates the
following stochastic root-finding problem: estimate a root of fL(p) — p =0 when only noisy estimates
of h can be obtained, via simulation. Several algorithms have been designed and studied for this
type of problem; see, e.g., Pasupathy and Kim (2011) and the references therein. We assume that
a root exists and is unique.

An estimator h,(p) of h(p) at any given value of p can be defined and computed as fol-
lows. We generate n independent realizations Yi,...,Y, of Y, with ¥; = (M;,R;1,G; 1,041, ..,
R; v, Giom, s i) For each i, we order the triples (R, x, G, ;) by decreasing order of Ri,k +
pCNT’l-,;C7 and we compute r;(p) = Z;ﬁilekﬁi,é(k) and g;(p) = Z;ﬂvﬁl@kéi,g(k). Unbiased estimators of
r(p) and g(p) are then #,(p) = (1/n) > 7i(p) and G.(p) = (1/n) > ., g:(p), respectively. They
lead to the estimator

]t"n(p) = go(fn(p),gn(p)), (18)

which is generally biased for finite n when ¢ is nonlinear, but is consistent, and the bias typically
decreases as O(1/n) (Asmussen and Glynn 2007). For the special case where ¢(r,g) = A(r)(8 +
g), this gives h,(p) = A(7n(p)) (B + Gn(p)). A confidence interval for h(p) can be computed using
the Delta method (Asmussen and Glynn 2007), under the assumption that #,(p) and §,(p) have
(approximately) a normal distribution.

When searching for a root of ;L(p) — p, or if we want to estimate the function h over some interval,
we need to compute ﬁn(p) at many values of p. This can be done using common random numbers
(CRN), which means that we use exactly the same n realizations Yi,...,Y,, at all values of p at
which we perform a function evaluation, or using independent random numbers (IRN), in which
case we draw a fresh independent sample Y7,...,Y,, at each p where we estimate fz(p) In the CRN
case, B, (p) becomes a deterministic function of p and this function typically varies much less than in
the IRN case. The sample average optimization method consists in optimizing this sample function
B (p) defined with CRNs. However, for any fixed n, this sample function is piecewise-constant in
p, because it depends on p only via the selected permutation for each 7, and therefore only takes a
finite number of values as a function of p. As a result, its derivative is zero almost everywhere and
(in general) h,(p) — p has no exact root. Therefore, the best we can do for fixed n is to compute
an approzimate root p; of ﬁn(p) — p, and for this, any method that relies on the derivative of
B, (p) must be ruled out. We can compute the approximate root either by a method that does not
rely on derivatives (such as binary search), or by a derivative-based method (e.g., a Newton-type
method) by approximating the derivative with finite differences. Thus, we can compute g such
that €, = |iln(ﬁ;§) — pr| is small, and do this for an increasing sequence of values of n, in a way that

€, — 0 when n — oo. This is possible under the assumption that ﬁ" —h uniformly when n — oo,
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which usually occurs with CRNs (under mild conditions). For each considered sample size n, we
would use the approximate root g as a starting point when finding the approximate root for the
next (larger) value of n.

Another approach is to use a Robbins-Monro-type stochastic approzimation (SA) iterative
method; see Pasupathy and Kim (2011) for an overview and convergence results. For the situation

where h(p) — p is decreasing in p, SA starts from some p, and generates iterates of the form

Pj+1 =Pj+aj(;lnj(ﬂj) —Pj)s (19)

where an (p;) is an estimate of h(p;) based on sample size n;. These estimates are independent
across values of j, and {a;, j > 0} is a slowly-decreasing sequence such that E;io a; = oo and
Zj—io a3 < co. Note that there is no need to have n; — co; one can take n; as a small constant
independent of j. If we replace a; by the inverse derivative 1/(h'(p;) — 1) and the estimate of h(p;)
by its exact value, we obtain the Newton method, which usually converges much faster, but requires
knowledge of the function and of its derivative (or accurate estimators and n; — o), in contrast
to SA. On the other hand, without a good choice of the a;’s, SA might converge extremely slowly.

If we replace a; by 1 in (19), we obtain

Pj+1=pj+ (ilnj (pj) —pi) = ilnj (p5)- (20)

If n; — oo, this iteration becomes equivalent in the limit to the mapping p — iL(p) Recall that

p— h(p) is a contraction mapping if there is a constant v € [0,1) such that
[B(p) = h(p")] <7lp =]

for all p,p’ > 0. A sufficient condition for this to hold is that |k’(p)| <~ for all p (in the region of
interest). When this holds, we can start from some py > 0 and iterate: p;q = B(pj), for j=1,2,....
Then, the fixed-point theorem for contraction mappings (Bertsekas and Shreve 1978) guarantees
that p; — p* at a geometric rate: |p; — p*| <+7|po — p*|, which provides very fast convergence when
v < 1. In practice, we can replace ﬁ(pj) by ﬁnj (p;), and convergence to p* will occur if n; — oo
when j — co. On the other hand, if n; does not increase with j, p; will generally not converge
to 6*. If n; is fixed to some large constant n and we use IRN, p; will never converge but wander
around in a small neighborhood of 8*. If we use CRNS, it will converge to a value close to 6*, but
generally different.

It is very common in our model that p — ;L(p) is a contraction mapping. In particular, this holds
in all the examples considered in this paper. Generating iterates of (20), we verified that in all
cases it converged very quickly to a very good approximation of p*.

To illustrate the previous discussion about computation we solve the examples provided in Sec-

tion 3.3 numerically.
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Table 1  Values of p; at the first six iterations of (20) for Example 5, with IRN and CRN
Method p1 P2 03 P4 Ps Ps
IRN 0.4444478 0.4102066 0.4122955 0.4121269 0.4121527 0.4121252
CRN  0.4444478 0.4101850 0.4122638 0.4121351 0.4121428 0.4121424

Table 2 Values of p; at the first six iterations of (20) for Example 6, with IRN and CRN

Method 1 P2 p3 pa 5 143
IRN  0.4444471 0.377720 0.387115 0.3857771 0.3860725 0.3859246
CRN  0.4444471 0.377670 0.387079 0.3857318 0.3859223 0.3858940

EXAMPLE 5. We revisit Example 3 and estimate r(p), g(p), and Usg(p) = ¢(r(p), g(p)) with IRN.
In particular, we take a sample of size n = 107, and p from 0 to 1 with a step size of 0.001. The plot
on the left of Figure 3 displays the estimates of Usg(p). This gives an idea of the high-frequency
estimation noise achieved with IRN. The true maximum of Usg(p) is found at p* = 0.41214955
whereas the numerical estimate is p = 0.437. We see that, even with this large sample size, the
noise is significant compared with the variation of Usg(p) around p*. This illustrates the fact that
sample-average optimization with IRN is not a good method to approximate the optimal ranking
policy, because of the large high-frequency noise in the sample function.

We also applied the mapping (20) for several iterations, starting at po =0, with a fixed sample
size of n; =107 for all j, and IRN across iterations. This gave already p; = 0.44446 at the first
iteration and ps = 0.4121 (accurate up to four digits) after four iterations. Thus, this method gets
close to the optimum very quickly. For comparison, we ran the same method with CRN. The values
of p; with both methods are shown in Table 1, for j =1,...,6. With both methods, p; provides a
good approximation of p* very quickly. With CRN, it converges to 0.4121425 for j > 7, which is
not the correct value but is accurate to five digits.

To show that we indeed have a contraction mapping, recall that for this example, A(r) =7,
r=2/3—p?/(6(1+p)?), and g=2/3—1/(6(1+ p)?). This gives

2

i(p) = 2/3 — sie and B (p) = — 2(4p* 4+ 68p* +68p+Tp+4)
B+2/3— sa7 (66+128p+68p% +3+8p+4p2)?

For =1, one can verify that /'(p) is negative and increasing, with |A/(p)| < |h'(0)| = 8/81 < 1.
Therefore the mapping p — h(p) is contracting with v = 8/81. O

ExXAMPLE 6. We also revisit Example 4 and solve the problem numerically. The plot on the right
of Figure 3 shows the estimates of 7(p), g(p), and Usg(p), computed with IRN with n = 10°. We
also superimpose the corresponding exact curves. Again, we applied (20) for six iterations, starting
with po =0, and a fixed sample size of n; =107 for all j. The results are in Table 2. We find that
p* ~0.3859.
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1.03
----Usg(p) (anal.)
— Usg(p) (sim.)
. 1.02 ----r(p) (anal.)
ISS r(p) (sim.)
~——9(p) (anal.)
Loip ——g(p) (sim.)

Figure 3 (Left) Estimate of expected SE revenue per unit time in terms of p for « = 8 =1 in Example 3, and

(Right) Estimate of expected SE revenue per unit time for a =1, §=1, p=1/2 in Example 4

For this example, with the expressions previously derived for r and g, we get

h(p) = — 23+ =D (2p/3-1)
B+p2+2p(1—p)(1—(1-p)2/2)

and
- 2 _ (3pB+ 3pp+ 3pp® — pp® — 3p°p* + p*p° + 2
W(p) = —2p(1—p)(1— ) il il e
3 (B+p+2pp—pp? — 20D+ p*p?)

For S =1 and p=1/2, one can verify numerically that for 0 < p <1, h/(p) is negative and achieves

a maximum absolute value of approximately 0.15 < 1 (although the derivative is not monotone).

Hence, we have a contraction mapping with v = 0.15 in that area. O

5. Comparison of the Neutral and Non-Neutral Ranking Policies

In this section, we show via numerical examples how the theory developed earlier can be used to
study the impact of different ranking policies on various performance indicators such as consumer
welfare (captured by expected relevance), SE and CP revenue. In particular, we compare neutral

ranking policies, where p =0, with non-neutral ones, where the SE chooses the optimal p*.

5.1. A Vertically Integrated SE with a CP

ExaAMPLE 7. We first focus on a specific type of request which can be served by either third-party
CPs or by the SE itself. This is typical for many search categories where the SE also provides
content (e.g., video, weather, finance, news, maps, flight information, and so on). In this case, a
limited number of CPs compete with the SE, and the parameters r, g, and A(r) for the instance
correspond to just this type of request. Let us assume that always ten pages match a request

(M =10). Nine of those pages are served by third-party CPs but one of them is served by the SE
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Table 3 CTR values used in the simulations of Section 5
91 92 93 84 95 96 97 08 99 910
0.364 0.125 0.095 0.079 0.061 0.041 0.038 0.035 0.03 0.022

directly. Perhaps renumbering CPs, we have that ay =1, and ay = ... = a3y = 0. In addition to
the revenue coming from Page 1, the SE also receives an expected revenue of 8 =1 per request
from sponsored links. For i =1,...,10, R; and G; are all independent random variables uniformly
distributed over [0, 1], and CTR(7) = 6; as specified in Table 3. Those numbers were taken from the
first table in Dejarnette (2012), which contains the observed relative numbers of clicks according to
the position: the actual CTRs should therefore be proportional to those numbers, and the value of
the multiplicative constant has no impact on our derivations (hence we take it equal to 1). Finally,
we set A(r) =r, and ¥ to be the unit function.

The M pages are ranked by the SE by decreasing value of R; + péi, for the correct constant
p > 0. Note that for i > 1, G: =0 because a; = 0. To illustrate the dependence on p, Figure 4 shows
the SE revenue Usg(p), as p varies, as well as the relevance r(p), the revenue and the visit rate for
CP 1 and for third-party CPs. All revenues are expressed as values per time unit. As discussed
earlier, the more p increases, the more the SE favors CP 1, decreasing the overall relevance and
increasing the visit rate to CP 1. The trade-off between short-term revenue and number of visits
tells the SE to choose p* =~ 0.55. Note that the bias affects only CP 1 and that the relative positions
of all other CPs remain the same as in the neutral ranking. Consequently, the relevance r(p) is
only marginally affected by p in this case. If R, was stochastically much smaller than the other
R;’s (e.g., uniform over [0, €] for a small €), then the impact of p would be larger. When p — oo,

CP 1 is always ranked first, so the relevance r(p) becomes

ZRN : 10
T(OO) ( : +ZGZ+IE U(lO ) > ZGPFI 0517,

where Uy, ..., Uy are independent random variables uniformly distributed over [0,1] sorted by
increasing order (the order statistics), and the CP 1 visit rate is 6;7(c0) ~ 0.188.

To assess the sensitivity of the SE strategy to advertising, we now examine how results change
for different values of 3, i.e., depending on the level of advertisement revenues. This shows the
tradeoff that the SE faces for different types of requests. For search keywords related to, e.g., airline
tickets, hotel reservations, or retailer products, the SE may expect to make more profit by showing
its own content among organic links than through sponsored search because requests of this kind
may produce conversions, whereas for keywords that are appealing in the sponsored search market
the SE may try to make the search as relevant as possible to boost that revenue stream. Figure 5(a)

plots p* as § varies while Figure 5(b) plots the ensuing revenue for CP 1 and for each third-party
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Figure 4  Performance measures as a function of p (simulation results)

CP. The curves shown in the figures were estimated by simulation, using the iterative fixed-point
method for p*, with a fixed sample size of n =107 at each step. When 3 grows, p* tends to zero,
because the revenue from sponsored links dominates, making it rewarding for the SE to improve
quality to attract more users. In conclusion, the impact of non-neutrality is small because biasing
the ranking only attracts limited additional revenue. Instead, when f is small, sponsored links do
not pay off and it becomes worthwhile for the SE to sacrifice relevance to some extent to boost
revenue from gains of CP 1. In the extreme case when g =0, we have p* =00, so CP 1 is always
placed at the top regardless and the other CPs are sorted by decreasing order of relevance. This
gives an average revenue of 0.09619 for CP 1 and 0.01695 for any other CP (even though all CPs
have the same relevance and gain distributions). Although not shown in the figure, we remark
that Usg tends to grow linearly with £, which means that the increasing revenues of sponsored
search dominate the possible revenue coming from CP 1. To illustrate the impact of non-neutrality,
Table 4 reports the variations of the most relevant performance metrics when p = p* is used instead
of p =0 (neutral ranking), for different values of 5. The table illustrates that while the impact
on the perceived quality (relevance) remains small (around 10%), the impact on the visibility and
the revenues of the SE-owned CP is substantial: by being non-neutral, the SE can multiply the
revenues of its CP by a factor 2.8 and its visit rate by more than a factor of 3. On the other hand,
the other CPs see their revenues and visit rates reduced by 14% to 32%, a significant loss that is
likely to affect their possibilities of being profitable in the long term.

Finally, we explore the sensitivity of outcomes to the number of available results. Figure 6(a)
plots p* as a function of M while Figure 6(b) plots revenues as a function of the number of matching
pages M. We include curves for both the neutral (p =0) and non-neutral (p = p*) regimes to

compare both situations. As before, we estimate these values using the fixed-point algorithm with
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Figure 5 Optimal p factor to use for the ranking, and corresponding CP revenues per time unit as a function of

B (simulation results)

Table 4  Impacts of a non-neutral ranking for the scenario of Section 5.1
CP1 other CP CP1 other CP
Relevance revenue revenue visit rate visit rate
Neutral, p=0 0.635 0.028 0.0283 0.057 0.057
(reference case
optimal for § = c0)
Non-neutral, p =0.559 0.618 0.066 0.0243 0.112 0.049

(optimal for 3= 1) (-3%)  (+136%) (-14%)  (+96%)  (-14%)
Non-neutral, p=10.924 0.592 0.084 0.0215 0.140 0.043
(optimal for 3 =".5) (-7%)  (+200%) (-24%) (+146%) (-25%)
Non-neutral, p=1.374 0.568 0.093 0.0193 0.158 0.039
(optimal for g =.25) (-11%)  (+232%) (-32%) (+177%) (-32%)

n =107 at each step. As M increases, p* increases too: The SE can give more weight to CP 1 and
increase its revenue while making less damage to the relevance, because placing CP 1 higher has
less impact on the overall relevance when M is larger. As a result, the revenue of CP 1 when p = p*
increases with M, and so does the advantage of CP 1 over the other CPs. The loss of revenue of

the other CPs seems close to constant as a function of M.

5.2. Vertical Integration and Investment

ExAMPLE 8. Continuing with the example of vertical integration, we now assume that one of the
nine third-party CPs, say CP 2, invests in quality and manages to improve the relevance distribu-
tion. More specifically, we assume that when it invests z > 0, the relevance of CP becomes uniformly
distributed over [0,14 20z] (instead of over [0, 1]). The other parameters and distributions, includ-

ing the distribution of its gain G9, are unchanged. Figures 7(a) and 7(b) show simulation results



L’Ecuyer et al.: Revenue-Mazimizing Rankings

Article submitted to Operations Research; manuscript no. (Please, provide the manuscript number!) 27
6-1072 a

0.5 N
. 4-107% 2
Q 04+ N B ue

03l |2 107 | | —— CP 1 (non-neutral)

' ----Each 3rd-party CP (non-neutral)
---------- Any CP (neutral)
| | | | | 0 I I I I I

2 4 6 8 10 2 4 6 8 10
M M
(a) Optimal p factor (b) CP revenues

Figure 6 Optimal p factor to use for the ranking, and corresponding CP revenues per time unit as a function of

M (simulation results)

when the SE ranks CPs according to R, + péi, for varying values of p, and when z = 2. For a
neutral ranking (p=0), CP 2 logically makes more revenue than the other CPs, since it regularly
gets higher ranking. However, when p increases and exceeds about 0.8, CP 1 becomes the one with

highest revenue, despite its (stochastically) lower relevance.
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Figure 7  Average relevance, revenues and number of visits per time unit for the case of vertical integration with

investment

We now take the perspective of CP 2, and compute its optimal decision. CP 2 invests z in

quality to modify its relevance distribution to [0, 1+ 20z], anticipating that the SE is going to rank
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requests according to p*. (We assume that the SE can learn the distribution of relevance of all
CPs quickly.) Therefore, CP 2’s profit equals the revenue from the search market minus z. To find
the optimal value of z we simulated the outcomes for z € [0,0.45]. Figures 8(a) and 8(b) plot the
resulting curves. In both figures, we see that differences between neutral and non-neutral revenues
are small, except for CP 1. This is particularly true for CP 2. This means that, at least in this
case, non-neutrality does not deter innovation. Actually, the optimal investment level under both
regimes coincide and is equal to z* =0.025. Optimal profits, though, vary. They are 0.037 for the
neutral case and 0.0296 for the non-neutral one; see Figure 9 where we show CP 2 profits as a

function of the investment z.

0.3 N,
0.2 N
0.1 N

0 - -

z z
(a) CP revenues (b) Visit rates

—— CP 1 (neutral case) = CP 2 (neutral case) - - Other CPs (neutral case)
----CP 1 (non-neutral case) —-- CP 2 (non-neutral case) —--— Other CPs (non-neutral case)

Figure 8 Revenues and visit rates to various CPs as a function of CP 2 investment

6. Conclusion

We have introduced a new modeling framework that allows online platforms to rank items account-
ing for both short-term and long-term revenues. The long-term impact is captured by the arrival
rate of requests, which is an increasing function of the average relevance of displayed results. Under
appropriate regularity conditions, we proved that although we have to choose an ordering among
an exponential number of possibilities and the objective function is nonlinear, the task reduces to
computing a linear combination between relevance and short-term profits for each item and then
sorting items with respect to those numbers. Henceforth, the whole problem reduces to finding
the appropriate constant used in the linear combination. We have also provided algorithms to find

such constant.
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Figure 9 Profit per time unit as a function of CP 2 investment

Our results might prove useful to platform owners (search engines, classified ads websites, online
retailers) to navigate the tradeoff between short-term and long-term effects when defining their
ranking strategies. They can also be of interest to regulators, seeking to understand the behavior
of revenue-oriented platforms and to anticipate the impact of regulatory interventions, which is of
particular importance with regard to the current search neutrality debate.

Future work will take several directions. In particular, we plan to (i) work on the design of
optimal randomized policies as highlighted in the case of discrete distributions of requests; this will
also allow us to relax Assumption A in the case of a continuous distribution for requests; (ii) gather
real data and providing a practical case study; (iii) perform a profound study of the implications of

profit-maximizing platforms on the online economy to shed light on the search-neutrality debate.
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