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Abstract

Auctions are a potential tool to overcome the present monopoly Mobile Network Oper-
ators (MNOs) have on their own customers in the call termination market. The effects,
however, a system like the Auction-based Charging and User-centric System (AbaCUS)
has on the market are unexplored, as is the question of what type of auction system is
suitable for this domain. This thesis is aimed at answering these questions with a focus
on the latter, subject to providing incentives for both, users and MNOs, to participate in
the AbaCUS system in a truthful manner.
Evaluations of the current auction mechanism, which is based on a Vickrey’s auction, re-
veal weaknesses regarding incentive compatibility. To overcome these drawbacks an adap-
tion of the Dynamic Pivot Mechanism (DPM), an incentive compatible auction mechanism
designed for dynamic environments, to the call termination market is proposed. Evalua-
tions based on non-deterministic voice traffic models show that the DPM performs equal
compared to the Vickrey’s auction in some scenarios but reveal considerable drawbacks in
other scenarios, where the missing budget balance of the DPM leads to users not having
an incentive to participate in the AbaCUS system. Further findings are that truthful
reporting might not be enforceable in this domain without violations of the incentive
constraint of either the MNOs or the users.
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Zusammenfassung

Auktionen sind ein potentielles Hilfsmittel, um das derzeitige Monopol der Mobilfunkbe-
treiber auf ihre Kunden im Anrufzustellungsmarkt zu brechen. Die Auswirkungen, welche
ein System wie das Auction-based Charging and User-centric System (AbaCUS) auf den
Markt hat, sind jedoch unerforscht. Genauso wie die Frage, welcher Typ Auktion in dieser
Domäne zweckmässig ist. Die vorliegende Arbeit zielt darauf ab, diese Fragen zu beant-
worten. Der Fokus liegt dabei auf letzterer Frage, unter Berücksichtigung der Anreize
sowohl für Benutzer als auch für Mobilfunkbetreiber, das AbaCUS System in einer nicht
manipulativen Weise zu benutzen.
Auswertungen des gegenwärtigen Auktionsmechanismus, welcher auf einer Vickreyauck-
tion basiert, zeigen Schwächen bei der Anreizkompatibilität auf. Eine Adaption des Dy-
namic Pivot Mechanismus (DPM), ein anreizkompatibler Auktionsmechanismus welcher
für dynamische Umgebungen entworfen wurde, an den Anrufzustellungsmarkt wird vor-
geschlagen. Auf probabilistischen Telefonanrufmodellen basierende Evaluierungen zeigen
auf, dass der DPM in einigen Szenarien gleich gute Resultate wie die Vickreyauktion
liefert, in anderen jedoch beachtliche Nachteile aufweist. So haben Benutzer aufgrund
der fehlenden Ausgeglichenheit des Budgets des DPM teilweise keinen Anreiz mehr, sich
am AbaCUS System zu beteiligen. Weitere Ergebnisse deuten darauf hin, dass es nicht
möglich ist ehrliches Verhalten der Mobilfunkbetreiber durchzusetzen, ohne entweder die
Anreizbedingungen der Benutzer oder der Mobilfunkbetreiber zu verletzen.
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Chapter 1

Introduction

The importance of telecommunication steadily increases with increasing scattering of
friends, acquaintances and colleagues happening almost all over the world in this day
and age. Telecommunication is crucial, both to coordinate personal encounters and to
communicate remotely because a face-to-face meeting is not necessary or possible. The
ability to make mobile phone calls plays a key role in satisfying the basic human need to
stay connected to one’s social environment. This is shown by the unabatedly high numbers
of mobile phone calls being made [45], even in the face of new means of communications
available due to the rise of availability of mobile internet. Governments around the world
have therefore created regulatory authorities to monitor prices for mobile phone calls and
intervene if necessary (Switzerland [15], Europe [7][10]). Regulatory authorities are neces-
sary because many mobile telecommunication markets have been liberalized, e.g., in the
European Union (EU) [19], and mobile networks are therefore operated by profit maxi-
mizing Mobile Network Operators (MNO). The vast majority of mobile subscribers join
only one mobile network, therefore callers from other providers must route calls through
the subscribers chosen network. Therefore, a MNO holds a monopoly over delivering calls
to its subscribers, and has an incentive to set high termination rates for granting access
to these subscribers. The total cost of each phone call being placed by the subscribers of
a MNO is therefore split into two parts. The first part is the amount the caller’s MNO
is charging to place the call and the second part consist of the amount the callee’s MNO
is charging to terminate the call. The second part, the termination rate, makes up a
considerable amount of the total cost for the end user and is therefore often regulated by
authorities [22]. For example, in Switzerland, the termination rate, despite it’s downward
trend[55], still amounted to 20% of the total user payment, as of the year 2014 [48][8]. But
many users become only aware of the fact that the monopolistic call-termination market
is a problem as soon as they leave their home location and find themselves in a roaming
situation where they have to pay for the termination rate the foreign MNO charges the
user’s MNO when receiving a phone call. Therefore the International Telecommunication
Union (ITU) has put effort toward the solution of this problem [32][33]. The EU is also
incrementally addressing the problem. First, national regulatory authorities were advised
to bring down termination rates to the real cost the termination imposes to the terminat-
ing MNO [22]. Further, maximum prices for phone calls made and received while abroad
have been determined [20] and these prices were later cut by [21]. The final step is to con-
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2 CHAPTER 1. INTRODUCTION

sider the European market as a single market for electronic communications and therefore
to achieve a connected continent, abolishing roaming charges[23]. But these regulations
are merely coping with symptoms, rather than with the cause, that is the monopoly of
MNOs’ on their customers. Moreover, the regulatory authorities now stand before a Her-
culean task, even with this suboptimal solution of regulating prices. Termination rates
between MNOs within countries and between MNOs in different countries need now be
verified regarding to deviation from real termination cost. But further, static termination
rates do not ideally represent termination cost which are variable depending on the time
of the day and the location of the callee within the MNO’s network. An Auction-based
Charging and User-centric System (AbaCUS) [59] is proposed to address the cause of the
call termination problem. A call can be terminated by every MNO who provides network
coverage in a specific location in AbaCUS, irrespective of the provider the callee is sub-
scribed to. Since the modern mobile terminal devices are multiband-compatible, there
does not exist any technological boundary for this functionality anymore. The approach
does also apply to users facing the roaming problem. Users being abroad can use the same
device for domestic as well as abroad usage without replacing their Subscriber Identity
Module (SIM) card or having to pay the high roaming charges. In short, the AbaCUS
system allows the callee to receive a call over the network of any MNO that provides
coverage in his location, without the need of additional equipment, irrespective of the
location. The MNO who will terminate the call and the price the user has to pay for the
termination is determined by an auction. The determination of the terminating MNO
and more important, the price the user has to pay for the Call Termination Service (CTS)
are far from trivial and the effects such a groundbreaking approach imposes on the call
termination market are not explored hitherto.

1.1 Description of Work

The objective of this thesis is to evaluate the auction of the current design of the AbaCUS
system as is today and propose a new mechanism, if necessary. The focus of the evaluation
lies on the benefits this system yields for the caller, as well as how the system affects the
MNOs’ business. Some of the aspects to be examined are the MNOs’ revenue, the MNOs’
traffic and the social welfare. Furthermore, an investigation and comparison of related
work in the fields of call termination, probabilistic network models and dynamic auctions
is conducted to see where existing results can be used and where novel approaches have
to be developed within this thesis. Depending on the assessment of the current auction
a new auction is proposed. The evaluation and the results are to be presented formally
where possible. A simulation environment is developed in order to get answers related to
the aspects of interest, such as how different auctions influence the MNO’s revenue or the
user payments. In order for the results of the simulation to be reliable, a probabilistic
model representing the call termination domain is developed, based on state of the art
research in this field. The implementation of the simulation is done in the MATLAB
programming language [43]. In the scope of the evaluation, the proposed solution as
well as the current concept are examined and benchmarked against each other according
to the benefits for the callers, the effects on the MNOs as well as their feasibility in
practice. The evaluation process comprises of defining different scenarios in which the
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auction mechanisms performance in the probabilistic call termination model is measured,
and the results obtained are discussed. Finally, the end-to-end work is analyzed and open
issues, limitations as well as future work are presented.

1.2 Thesis Outline

The remainder of this thesis is structured as follows. Chapter 2 presents the terminology
of the call termination and the auction domain as well as a short introduction to auctions
and related economic concepts in general. It further covers related work on all disciplines
in this thesis, i.e., dynamic auctions, probabilistic network models and call termination,
including common payment concepts and work on incentives of MNOs. Chapter 3 de-
scribes the initial setup, which is an overview of the AbaCUS system as designed hitherto
and it’s environment including the stakeholders and their incentives. Chapter 4 covers
the simulation environment. The focus lies on the generation of data to allow to simulate
the AbaCUS domain in a probabilistic way. Chapter 5 defines a formal model for the
AbaCUS auction, a description the current auction concept as well as a first assessment
of it. Chapter 6 contains the redesign of the AbaCUS auction to befit the dynamic nature
of the AbaCUS system. Chapter 7 contains the evaluation of both the originally proposed
auction mechanism and the new mechanism defined within this thesis. Finally, Chapter
6 summarizes and concludes what was achieved and presents future work.
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Chapter 2

Terminology and Related Work

The first part of this chapter aims at defining and agreeing on the definition of general
terms used throughout the thesis. The second part introduces related work. It includes an
overview of different classes of auctions as well as a comparison of some auctions relevant
either for the understanding of auctions in general or this thesis specifically. Thereafter
it provides an overview of different call termination principles and work on the incentives
of MNOs from an economic perspective.

2.1 Terminology

The terminology is divided into the two domains of this thesis, namely the call termination
domain and the auction and mechanism domain. The part dealing with auctions and
mechanisms contains a short introduction into auctions and important concepts related
to auctions.

2.1.1 Call Termination

Mobile Network Operators(MNO) are telecommunication companies which operate phys-
ical cellular networks.

Call termination refers to the routing of telephone calls from one MNO to another.

A Call is when a subscriber to a MNO uses his mobile phone to call another mobile
network subscriber, a call is therefore always a Mobile to Mobile (MTM) call unless ex-
plicitly specified otherwise. It is important to make the distinction between calls made
between two subscribers of the same MNO and calls where the caller and the callee are
not subscribers of the same MNO. The first case is called an on-net or internal call, the
second case is called off-net call or inter-MNO call within this thesis.

Termination charges, also termination rate or Mobile Termination Rate (MTR) are fees
MNOs charge each other to terminate calls originating in the other MNOs’ networks.

5



6 CHAPTER 2. TERMINOLOGY AND RELATED WORK

2.1.2 Auctions and Mechanisms

Auctions are a frequently studied, and often used, tool in economics to solve a broad range
of important economic problems. Starting with selling scarce goods like art, often with
an English Auction [44], which is the format that comes most non-economists to mind
when thinking of auctions. The Vickrey’s auction is a powerful example for an auction
with a very appealing property, i.e. it is the best possible strategy to bid the amount a
good is being valued by the bidder [61]. But auctions are also used to sell advertising on
search engines [24], which is called sponsored search auctions, a slightly more complicated
task. Amongst other things because the process of the whole auction has to be over
within milliseconds and, unlike when selling art, without any direct interaction of the
participants. The possible fields of application as well as the complexity of auctions
have almost no boundaries. In spectrum auctions [16], for example, the mobile network
operators have to express their preferences on which licenses to use specific frequencies
of mobile network they value how much in which area of the network. Mobile network
operators usually have to calculate their optimal bids on supercomputers with the help of
econometric specialists, because the possible combinations of areas, frequencies and prices
exceed the cognitive human holding capacity by far. The auction, in turn, is also executed
on a supercomputer to achieve an approximation of the optimal social welfare within this
vast number of combinations of MNOs, frequencies, areas and revenue generated by each.

General Description

Generally, an auction is an institution for eliciting information from participants (also
called agents), in the form of bids about how much a participant is willing to pay, with
rules for determining the outcome, i.e. who wins and at what price, based only on received
information. Auctions can be sealed-bid, with all bids made simultaneously and without
information of other bids, or open, with feedback about other bids. The rules for deter-
mining the outcome are the allocation rule, called so because it decides which participant
will get the good, and the payment rule to determine how much each participant has
to pay. In many auction forms only winning participants have to make a payment, but
this need not necessarily be the case. Auctions where the roles of buyers and sellers are
reversed are often called reverse auctions or procurement auctions because governments
or private companies use such to procure goods or services. Agents compete to provide a
good or service by undercutting other agents’ bids. The state of California, for example,
uses reverse auctions to assign highway paving contracts to private road-making compa-
nies [35]. The terms auction and reverse auction are being used interchangeably within
this thesis. Forward auctions, i.e. auctions where goods are sold to high-bidding agents,
are explicitly specified as such.
Mechanisms, a superset of auctions, are economic tools to guide and or coordinate eco-
nomic activity. More specifically, mechanism design aims at providing an optimal output,
which is known ex ante, for games with private information.
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Properties and Concepts

A mechanism is truthful or strategy-proof if there is no incentive for any agent to lie, i.e.
it is a dominant strategy for every agent to report it’s true preferences or private infor-
mation to the mechanism. This is sometimes also referred to as Incentive compatibility.

Efficiency in the domain of auctions is Pareto efficiency, i.e. no one can be made better
off without making someone else worse off. In a domain without money, every possible al-
location is therefore Pareto efficient because taking the item away from that bidder would
make him worse off. However, it is assumed that all agents i have a utility function in the
form of ui(x) = vi − pi where vi is the value for the item for agent i, x is the allocation
and pi is the payment agent i has to make. This allows for interpersonal comparisons of
utility. Pareto-efficiency is therefore equivalent to maximizing the sum of ui(x) over all
agents i. An example would be the case where there is a single good and it is allocated
to someone who is not the person with the highest utility for it, this would not maximize
the sum. Because then it would be possible to give the good to someone who values it
more, but make the new agent getting the good pay the old agent an amount that makes
him just as good. This transfer makes everyone better off. Therefore for an auction to be
efficient it needs to maximize social welfare. This is being done by always assigning the
good to the agent who values the good the most in forward auctions. The equivalent in
reverse auctions is granting the most cost-efficient agent the right to provide a service.

Revenue maximization is when an auction generates as much revenue for the auction-
eer as possible in a forward auction, or the seller has to pay a minimum amount in a
reverse auction. This property does sometimes stand in conflict with efficiency.

A mechanism is budged balanced if it does not spend more money than it makes. A
mechanism can have both, a budged deficit or a budged surplus if it is not budged bal-
anced.

Direct revelation mechanisms are mechanisms where all relevant information is elicited
from the agents and the outcome is revealed directly without further interaction between
the mechanism and the agents.

Examples

In sealed-bid auctions participants submit their bids simultaneously and without knowl-
edge of the bids of other participants. Once all bids are collected, the outcome is deter-
mined according to the allocation rule and the payment rule, which differ depending on
the type of the auction. Forward auctions are used in this example.

In the first-price auction, the item is allocated to the agent who submitted the high-
est bid and the payment he has to make corresponds exactly with the amount of his bid.
If there is more than one agent submitting the highest bid, the tie is broken at random.

The allocation rule of the second-price, or also called Vickrey’s [61], auction is the same
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as in the first-price auction. The agent who submitted the highest bid is selected as the
winner. But the payment rule is different. The winner has to pay the amount of the bid
of the second highest bidding agent, thus the name second-price auction. Ties are also
broken at random.

The first-price auction imposes a difficult decision on the participants, i.e. how much
are they supposed to bid in the auction? Just truthfully bidding the true value vi would
be a bad decision for agent i as this would always result in zero utility. Assuming a utility
function in the form of ui = vi − pi where pi is the price he has to pay and bi was his
submitted bid. Not winning leads to vi = 0 and pi = 0, thus ui = 0. But if the agent is
winning, his utility is also zero because bi = vi = pi and thus ui = 0.
This problem is does not exist in the second-price auction. The utility is still zero for los-
ing agents because vi = 0 and pi = 0. Assume agents I = {1 . . . n} are ordered descending
according to their bids, i.e. agent 1 submitted the highest bid and agent n the lowest.
The winning agent 1 now has the following utility u1 = v1− p1 where p1 = b2. The utility
is thus b1 − b2 which is exactly v1 − b2 for a truthful report. And truthful reporting is in
fact a dominant strategy, because underreporting leads to utility of u1 = v1− b2 (which is
the same as with a truthful report) in the case agent 1 is still winning or in u1 = 0−0 = 0
if the underreporting led to another agent being the highest bidder. Over-reporting is
potentially even worse. In the best case this leads to u1 = v1 − b2 =≥ 0 if b2 < v1 (which
is, again, the same outcome as with a truthful report), but if b2 > v1 ∧ b1 > b2 this leads
to u1 = v1 − b2 =< 0. Thus, truthful reporting is a dominant strategy in a second-price
auction for a single good.
A similar outcome can be achieved in a first-price auction if all participants have a good
knowledge about their competitors’ values. The agent with the highest value can bid
b1 = v2 which leads to u1 = v1 − b1 = v1 − v2 which is similar to the outcome of the
second-price auction. Nevertheless, the effort to figure out competitors’ values is a waste
from a social welfare’s perspective. Moreover, the outcome involves some amount of un-
certainty for the participants which is not present in the second-price auction.

2.2 Related Work

The following section lines out related work to this thesis. Due to it’s interdisciplinary
nature, the related work section is segmented according to the branches of this thesis, (I)
a dynamic auction part, (II) the probabilistic mobile network model part and (III), a part
focussing on work in the field of call termination. Part (I) is an overview of different classes
of auctions as well as a comparison of some auctions relevant either for the understanding
of auctions in general or this thesis specifically. Work on dynamic auctions, which are
important for this thesis, is further grouped according to the properties of the auction
and it’s environment. Part (II) outlines why the related work in this field is only partially
helpful to achieve the aim of creating a probabilistic model of the AbaCUS domain. Part
(III) shows different call termination principles and work on the incentives of MNOs from
an economic perspective to set the height of the termination rates.
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2.2.1 Dynamic Auctions

Most of the research on auctions has been done on static, one-time auctions, i.e. auctions
which are executed once to fulfill a certain purpose. These auctions range from single-
item auctions like the English Auction [44] or the Vickrey’s Auction [61] to combinatorial
auctions where a combination of items and even parts of items are being auctioned off
[17][16]. In the specific setting of this thesis, a single item, a call, is being auctioned off
repeatedly. Therefore the auction can not just make a single decision, but a sequence of
decisions has to be made. This is called a dynamic auction and the decisions of the dy-
namic auction imperatively depend on the environment of the system where it is in place.
Static one-time auctions are not suitable in many dynamic situations, as demonstrated
by [53], where it is shown that the second-price sealed-bid auction, which is equivalent
to a Vickrey’s auction in setups with single items, is not truthful if losing bidders have
the opportunity to win future auctions for the same item. This concept is called the
”option value” associated with losing an auction by the author. Further findings are that
the second-price sealed-bid auction does not only lack truthfulness but fails to yield an
efficient outcome in some situations.
Two dimensions exist to distinguish dynamic auctions. The population of agents, i.e.
there is always the same amount of bidders throughout time or there is the possibility
that bidders join or leave over time which is referred to as a fixed or dynamic popula-
tion, respectively. The second dimension is the private information of the agents. Agents
can either have fixed information, i.e. their private information does neither change with
time, nor with the allocation of items throughout the history of the dynamic auction.
Or agents can have dynamic information which means their valuation for the items at
stake can change during time, affected either by time itself, external factors or by past
allocations. The call termination market is a setup with a fixed population with dynamic
information considering MNOs are joining or leaving markets in intervals far larger than
the timespan of interest for the auction. The information is dynamic due to the fact that
the MNOs valuation for terminating calls is linked to the load of their network, which is
neither known by competing MNOs nor by authorities. The next section lines out the
current state of research regarding dynamic auctions with a fixed population and dynamic
information.

A Fixed Population with Dynamic Information

The call termination market consists of a fixed population with dynamic information.
The revelation principle for dominant strategy equilibria justifies focussing on truthful,
direct revelation mechanisms [26]. Therefore only mechanisms with a focus on truthful
revelation of changing private information in dynamic environments are considered. Also,
both efficient1 as well as revenue maximizing auctions are considered relevant due to the
fact that one of the goals of this thesis is to outline the effect of both concepts on the call
termination market. There has been a lot of research in this field lately. The first example
is the auction in the system on which this thesis is based. There, an alteration of the
Vickrey-Clarke-Groves (VCG) mechanism without monetary compensation and a draw

1Efficiency in terms of a property of an auction, see Section 2.1.2
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resolution mechanism is proposed [59]. The draw resolution mechanism also prevents
a single agent from overpowering other agents in the auction and gives incentives to
participate in some low revenue situations. A social welfare maximizing generalization of
the VCG mechanism [61][14][28] for dynamic settings, the Dynamic Pivot Mechanism, is
proposed by [9]. That is, after each history, the expected payment for each agent coincides
with the dynamic externality cost he imposes on the other agents. By externality cost
a consequence of an activity is meant that is experienced by unrelated third parties.
Dynamic externality is the externality caused not only right now, but also in the future.
This is done as in the classic VCG mechanism by calculating for each agent i the optimal
allocation when agent i is not present in the mechanism with the difference that future
allocations and payments are considered as well. The dynamic externality is then the
difference between the calculation without agent i and the actual outcome with agent
i. The mechanism is modeled in discrete time and all agents share a common discount
factor to make intertemporal cash flows comparable. The private information is an agent’s
perception of his future payoff path based on the public history of allocations and his
private history of realized signals.
Another similar mechanism is proposed in [11]. The agent’s private type evolution is
modeled as a Markov decision process in discrete time in both mechanisms [51]. The
same authors also extended the dynamic VCG mechanism to work in domains with a
dynamic population and dynamic information [12]. Although this is a powerful extension
for many applications, e.g., in a networking environment where the population of agents
can change because some are unreachable or when end-users are involved in the bidding,
it brings unnecessary complexity into the call termination domain.

Dynamic auctions applied to similar domains

The auction introduced in [63] aims at maximizing the revenue of a cloud computing
provider by deviating from fixed prices towards dynamic prices determined by a dynamic
auction. Users can bid their value to receive a cloud instance and get priced according to
the demand, i.e. the amount of other users competing to use cloud instances and their
value to do so. The auction introduced is similar to the work in this thesis in the way
that it faces many of the same constraints, such as favoring a direct revelation mechanism
because the decision has to be perceived as instantaneous by the users and it is revenue
maximizing and truthful. Keep in mind that revenue maximization in normal auctions is
equivalent with expenditure minimization for the user in the reversed setting of the call
termination market. Cloud computing providers face the same maximization problem
when deciding how many instances to to sell at each point in time as the MNOs face
when choosing how much cell capacity they intend to allocate to users during a certain
time frame. Because both face opportunity cost from rising prices in the future, but
also from not allocating all available resources in the present. On closer examination
it becomes obvious that the two domains differ quite fundamentally by the fact that in
one case the bidder is facing the optimization problem and in the other case it lies with
the auctioning party for the call termination market and the cloud market, respectively.
When classifying the auction according to the population and information dimensions it
would be an auction with a dynamic population with fixed information as modeled in [63]
and de facto probably also dynamic information.
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The power grid market is similar to the call termination market in the way that power
providers compete against each others in an auction. There is a dynamic population of
power providers, and due to the fact that some power sources can only be operated depend-
ing on external factors like the weather, these power providers have dynamic information
on their power production cost. Although this market could be modeled as a dynamic
reversed auction it is, in practice, conducted in a continuous double auction. In double
auctions buyers and suppliers submit their values, a clearing price is set depending on
all submissions and buyers and suppliers are then matched according to their bids. This
mechanism is, of course, not strategy-proof and there is work on possible bidding strate-
gies including automated bidding based on algorithms to improve an agent’s outcome
compared to truthful bidding [18]. Other auction mechanisms have been proposed with
focus on lowering user payments [66] or a more efficient usage of available fuel resources
[52]. Neither of which are truthful according to the authors.

2.2.2 Probabilistic Mobile Network Models

Probabilistic mobile network models are an often used tool in literature to model the
usage of mobile cellular networks in the absence of data or to predict the future. Two
different kinds of models are relevant for this thesis. The inter-arrival time distribution
of calls, i.e. how many calls are being made at which particular time. The other model is
the holding time distribution of calls, i.e. how likely is a user going to hang up the phone
after a certain time.

Inter-Arrival Time Distribution of Calls

The amount of calls at a given time is usually measured in inter-arrival time, i.e. the
rate at which calls arrive in a given time window. E.g., if there is an inter-arrival time
of 0.2 seconds that means there are 1/0.2 = 5 calls per second, which is the arrival rate
AR. The inter-arrival time distribution of calls over at least 24 hours is crucial for the
outcome of this thesis because MNOs can exploit different patterns of the inter-arrival
time distribution of calls if the auction used to terminate calls is not truthful, as will be
described in Section 5.2. The related work can be categorized into two groups of models.
(I) Models representing the probability distributions of inter-arrival times and (II) models
modeling the evolution of inter-arrival times, usually done with some sort of Markov
process. One of the most used models in group (I) is the Poisson distribution, as used
in [13], which has been proven to be correct for fixed-line calls by [65]. But not only are
poisson distributions far from reality in mobile networks, they also need the exact thing
which is needed as an output from the model for this thesis, the expected amount of calls
at each time interval, as their input.2 Newer work suggests that the Poisson distribution
is not accurate anymore in mobile networks which changed user behavior compared to
fixed-line calls. A study based on a large scale data set containing six complete days
distributed in the years 2003-2004 with at least 250,000 calls each day has been conducted

2Most functions used for inter-arrival time modeling use the mean or median call duration as a location
parameter
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by [50]. Several models have been fitted to the data set and tested against it. The models
used are an exponential distribution, Erlang distribution and lognormal distribution as
well as variations of the latter two with the Erlang-j,k function being the most accurate.
The models have been overfitted to an average call duration of 21 seconds which makes it
impossible to use within the work conducted in this thesis. The work in group (II) aims at
predicting the the evolution of inter-arrival times, given a certain starting point. Poisson
processes are an often used tool to do so, as in [41], [1] and [64]. Markov processes, a
superset of Poisson processes, are suitable to model the evolution of call arrivals, which is
a nice property to predict the load evolution from a given starting position, but it does
not solve the problem of generating a long-time distribution of call inter-arrival times from
scratch. A more suitable model is also proposed by [64], where a random walk model is
introduced. This model is able to express the load, i.e. the total number of ongoing calls,
in a certain time period. Although this model is not aimed at modeling the inter-arrival
time distribution of calls over a period of 24 hours or longer it can be used this way if the
parameters are set for short time intervals of less than 60 minutes. The conclusion of the
examination of work in this field is, that there is, to the best knowledge of the author, no
available model for inter-arrival time distributions of calls in mobile networks over time
periods exceeding a few hours at the time this work was conducted.

Holding Time Distribution of Calls

The holding time distribution of calls, often also simply called channel holding time or
calls duration distribution, is the distribution of call lengths. It is usually modeled as a
probability density function where the duration is mapped to the probability a call is of
that duration. An alternative way of modeling the calls duration distribution is to use an
Odds Ration (OR) function which maps the probability that a certain call will terminate
on the call duration, i.e. the OR function can be asked how likely an active call will be
terminated at a certain length.
A study based on a large scale data set containing six complete days distributed in the
years 2003-2004 with at least 250,000 calls each day has been conducted by [50]. The
finding of the study is that the lognormal-3 function provides the best fit, followed by
hyper-Erlang-2 and lognormal functions. A further finding with relevance for this thesis
is that there is no significant difference in the holding time distribution during weekdays
and weekends. Again, as with the inter-arrival time distributions of the same study, the
results have been overfitted to the data used. Another model based on a large dataset of
more than one billion phone calls of 3.1 million users is introduced by [60]. The model
is available as a Probability Distribution Function (PDF), a Cumulative Distribution
Function (CDF) and an OR function. Most importantly, the model is not overfitted,
provides all necessary parameters learned from the data set and still takes the median call
duration as an input.

2.2.3 Call Termination

This section encompasses the existing call termination principles, i.e. the Calling Party
Pays (CPP), the Receiving Party Pays (RPP) and the National Roaming (NatRoam)
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principle, as well as work on incentives of the MNOs when setting the height of the
termination rates in CPP networks because it is the most commonly used approach in
Europe [34]. The sections on call termination principles rely on the related work conducted
within the initial work on AbaCUS and borrow some parts of it [59].

The Calling Party Pays (CPP) Principle

The CPP principle is the most commonly used charging approach around the world,
especially in the European markets [34]. In CPP markets, the caller has to pay the
termination charges whereas there is no contribution from the callee. Unless the regulatory
authorities allow for interconnection breakdowns the callee’s MNO can dictate the rate
the caller’s MNO has to pay to the callee’s MNO. The rates are therefore under strict
monitoring and regulation. The European Commission, for example, published clear
guidances for member state regulators on the method to be used to calculate termination
rates [22]. It states that “termination rates at national level should be based only on
the real costs that an efficient operator incurs to establish the connection”. According
to their calculations this should have led to savings of AC2 billion for EU households and
businesses from 2009–2012. But these regulations just deal with the symptoms of the
call termination problem, i.e. high termination charges. The underlying cause, which is
the monopoly the MNOs have on their own customers, continues to exist and will force
constant attention and action of the regulators as technological advances will continue to
have an effect on the real costs MNOs face when terminating calls. Thus, a more efficient
way to overcome the negative impact of this monopolistic and regulated marked is needed.

The Receiving Party Pays (RPP) Principle

The RPP principle is applied instead of the CPP principle in North American markets
and in some parts of Asia. Other than with the CPP principle, the callee has to make
a contribution to the cost when the RPP principle is applied. Contributions range from
a part of the termination rate to bearing the full termination rate. This approach intro-
duces some fairness at a first glance, specially in the scope of the callee payment for the
call-receiving service, while he is mobile and not located in his home network. Further-
more, the users gain the freedom to compare termination rates of available MNOs and
to make choices based on these when establishing a contract with a MNO. Thereby, the
mobile termination rates market is exposed to to competition. However, the question of
how a callee could avoid payments for unwanted calls (e.g., advertisements, tele-sales, or
polls) is raised. The answer is that it is the callee’s responsibility to distinguish, which
call is important and should be accepted and which should be rejected. This is only one
of the RPP’s side effects [40] that was feared to slow down the mobile sector in the past.
Although the RPP principle adds a degree of competition to the mobile termination mar-
ket by the freedom to chose MNOs accordingly, it does also add a considerable overhead
for consumers in the provider selection and more importantly, in everyday usage of the
mobile phone.
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The National Roaming (NatRoam) Principle

The NatRoam approach is partially used in countries of Latin America. However, MNOs
that offer NatRoam services inside larger countries (e.g., within Brazil), offer a limited
selection freedom among other MNOs, which are usually branches of the same company.
Furthermore, switching to a different MNO is allowed only in deferent regions of the
country, where the subscriber’s MNO does not operate its own network infrastructure.
Additionally, the user that is on NatRoam also has to pay for every incoming call, exactly
like in the international roaming case. Thus, NatRoam as implemented today has no
influence on the termination rate market. Even in the hypothetical case that NatRoam
was broadly allowed, or enforced by the regulator [54], the price that the caller would have
to pay in the CPP scenario would not be influenced by the caller, unless the caller could
notify the callee to switch to a preferable MNO. In the RPP case the callee would also
have to establish a contract with each MNO in his location, in order to be able to register
his device to any of them. In any case the Number Lookup Service (NLS) would need
to be queried, prior to every call. This is achieved through the Signalling System No. 7
(SS7) network to the Home Location Register (HLR) of the MNO, in order to find the
MNO that is currently reaching a Mobile Subscriber Integrated Services Digital Network-
Number (MSISDN). This procedure is costly since the NLS costs vary from £0.003 to
£0.03 per look-up [47], depending on the contract. Therefore, an on-demand solution,
which addresses the termination rates monopoly, is proposed with the AbaCUS system.

Incentives to set Mobile Termination Rates

This subsection examines related work which looks at the call termination problem from
an economic perspective, more precisely it is aimed at the question whether there is an
incentive for MNOs to aspire high or low termination rates. Because the work is from
an economic perspective it is formal work, done with tools such as game theory. The
outcome differs diametrically based on whether discriminator prices are in place or not.
Discriminatory prices are are when similar, or largely similar, products or services get
priced differently based on some criteria, e.g., the geographic region the customer is lo-
cated. Discriminatory prices play a key role in the economic literature about the mobile
call termination problem. The price discrimination of interest in the call termination
market is between on-net and inter-MNO calls. The impact on the market and the end
users are fundamentally different, depending on whether these prices are always the same
or not.
A study by [37] shows that if there are non-discriminatory prices, the MNOs have limited
incentives to lower termination charges and, even worse, higher termination charges raise
final prices and therefore profits. Several effects were identified. MNOs have an incentive
to undercut prices a bit to build up market shares in order to reduce the amount of termi-
nation charges that have to be paid to other MNOs. But if the equilibrium is symmetric
this has no positive impact on the net outflow of the MNO, i.e. the new customers will
receive as many external calls where the MNO can collect termination charges as they will
place in other MNOs’ network where termination charges have to be paid. But because
the prices are lower than in other MNOs’ networks all customers now have an incentive
to make more calls, including more off-net calls which breaks the symmetric equilibrium
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which leads to a net outflow of termination charges. Therefore MNOs have no incentive
to lower prices in order to attract customers and also not to lower termination charges
because the termination charges boost MNOs’ profits.
The same authors conduct a study with discriminatory prices where on-net and off-net
calls are charged to the users differently [38]. Contrary to the case where prices are
non-discriminatory, raising each other’s cost through high access charges does not lead to
higher end user prices and profitability because it leads to a more intense competition for
marked shares. Because fighting for market shares is potentially profitable with discrim-
inatory prices the MNOs have an incentive to cut prices, including the MTR. A study
by [25] even concludes that low, rather than high, MTR charges can be used to soften
price competition among networks leading to MNOs setting the termination charges too
low, i.e. under operational cost. This is because low charges reduce the overall benefits
of attracting a customer and, hence, the intensity of bidding for subscribers. A third
study by [2] shows that this is not the case. According to the model used, the MNOs
have an incentive to set termination charges always above the real cost that occur, but
it is also stated that due to the intensified retail competition the incentive to set mobile
termination charges above cost is mitigated, although not eliminated. Figure 3.1 shows
the MTR history for Swisscom where discriminatory prices are in place in many payment
plans. The falling rates support the research in this field.
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Chapter 3

Initial Setup

This chapter describes the Auction-based Charging and User-centric System (AbaCUS)
[59] as is designed hitherto, which is the ecosystem of this thesis. The first section (3.1)
describes the environment of the AbaCUS system, the European Call Termination Market
(CTM). All the relevant actors including their roles, incentives and interests are outlined
there. The next section (3.2) describes the AbaCUS system itself, as well as which parts
of the system are subject to evaluation and potentially to improvement within the context
of this thesis.

3.1 Environment

In most countries or political unions more than one MNO is present to provide services
to mobile phone users. Calls within a MNO’s network, i.e., the caller as well as the
callee are both subscribers of the same MNO, are generally not problematic for the users
because the calls are either cheap or part of a flat rate plan. If there is a call spanning
across two different MNO’s networks, i.e., the MNO of the caller is different from the
MNO of the callee, the arising cost for the caller is twofold. The caller has to come up
for the amount his own MNO charges him as well as for the amount the callee’s MNO
is charging the caller’s MNO to terminate the call in his network. The AbaCUS system
aims at diminishing the latter part of the cost because although the termination rates
have been falling steadily in the past years, as can be seen in Figure 3.1, it still makes
up a considerable amount of the total cost to the user. E.g., it amounts to 20% in the
Swiss market when using an Orange prepaid card with a rate of 0.33 CHF per minute as
of 2014 [48][8]. The key idea is to allow, in the case of an inter-MNO call, all MNOs that
provide network coverage in the location of the callee to terminate the call, irrespective
of the MNO the callee is subscribed to.

3.1.1 Mobile Network Operators

The EU fully liberalized the telecommunications market in 1998 [19]. In the course of the
liberalization of the telecommunications market many public telecommunication compa-
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Figure 3.1: History of mobile termination rates for Swisscom 2000–20141

nies were partly or fully privatized like Swisscom [57] and British Telecom, respectively.
Many players in liberalized national markets are former government enterprises, or com-
panies that arose from such, that expanded to other countries. E.g, in Switzerland, the
two other companies operating a nationwide mobile network are Orange and Sunrise.
Sunrise was sold to CVC Capital Partners by the Danish TDC in 2010 and Orange to to
Apax from France Telecom in 2012 [56]. The MNOs commit themselves to meet certain
requirements in order to gain access to a national market. E.g., in Switzerland, a MNO
has to reach, among other requirements, 95% of the population with it’s network and
meet certain quality standards [4]. The MNOs are therefore considered profit-maximizing
companies.

3.1.2 Users/Subscribers

The users are both private persons or businesses subscribing to MNOs to receive mobile
telecommunication services. These services include, but are note limited to, the possibility
to conduct mobile phone calls. It is assumed within this thesis that the users’ utility
function takes the form of u = v − p where v is the the amount a users values a call
and p is the price he has to pay to conduct it. AbaCUS aims at improving the users’
utilities by both increasing v and decreasing p. The users’ value for a call can increase if
it meets a certain QoS standard for 58% of the users [59], thus the increasing effect on v.
The AbaCUS system also aims at lowering prices by breaching the monopoly in the call
termination market, thus the decreasing effect on p.

1Data from 2000–2011 from [55], 2010 is the weighted average over both provided values. 2011 data
extrapolated due to a value given for Oct. 2010. No data available for 2012, 2013. 2014 data from [8],
EUR→CHF converted with [27], rates as of 30-07-2014.
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3.1.3 Regulatory Authorities

The mandates of the regulatory authorities in respect to the call termination market differ
around the world. E.g., in the Swiss market, the regulatory authority has no mandate
to directly regulate the termination rates, instead it is restricted to the monitoring of the
prices and acting as a mediator in case the MNOs can’t reach a mutual agreement on
the termination rates [15]. The central authority in the EU influences the termination
rates directly by instructing national authorities to limit the termination rates to the real
costs imposed on MNOs [22] or by directly setting maximum prices as in the roaming case
[20][21][23].

3.2 AbaCUS System

In the AbaCUS system calls can be terminated by every MNO that provides sufficient
network coverage in the area of the callee to meet the caller’s Quality of Service (QoS)
requirements, irrespective of the MNO the callee is subscribed to. There are no technolog-
ical boundaries because no change of the SIM card is required and therefore no SIM-lock
[49] issues arise due to the multiband-compatibility of modern mobile phones.

3.2.1 Overview

This section is the initial situation as proposed in [59], and is subject to changes in the
remainder of this thesis. AbaCUS defines an approach for domains where the CPP princi-
ple is applied. In AbaCUS a call can be terminated by every MNO that provides network
coverage in a specific location and who is willing to terminate any mobile communica-
tion subscribers call, irrespective of the provider the callee belongs to. Since the modern
mobile terminal devices are multiband-compatible, there does not exist any technological
boundary for this functionality anymore. Furthermore, no SIM change is required from
the callee so there is no SIM-lock [49] interference with the AbaCUS call-termination
MNO-independent system. Similarly to the roaming case, where users can use the same
device for domestic as well as abroad usage without replacing their SIM card, in Aba-
CUS, the callee can receive a call by any MNO that provides network coverage in his
location, without the need of additional equipment. Figure 3.2 illustrates the key ele-
ments of AbaCUS. A caller is flexible to use the voice-service provider of his choice, such
as Voice over IP (VoIP), MNOs, and Fixed Network Operators, in order to place a call.
The caller can reach the callee by directly dialing his MSISDN as is the case hitherto.
In this case the callee’s MNO will collect the termination rate. In AbaCUS, however, a
competitive MNO may generate a virtual MSISDN and allow the callee to register himself
in his network. Thus, the caller has the option to dial the virtual MSISDN to reach the
callee. In that case the guest MNO, i.e., the MNO that created the virtual MSISDN to
which the callee is now temporarily registered to, will receive the termination rate. To
automate this procedure and to decide which MNO gets to terminate the call, multiple
MNOs can participate in an auction, where the caller will request to place a call to reach
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a callee in a specific location, and demands a certain QoS-guarantee for the duration of
this call. This demand is expressed by QoS Classes (QoS-C), which contain parameters
related to the sound quality and the network-access waiting-time. MNOs bidding in the
auction will reply to this request by proposing their charging demand. The charging de-
mand is expressed by the Termination Rate Classes (TeR-Cs), which contain a potential
fixed start-up cost and the desired charging rate per time unit. Finally, the decision on
which MNO is going to terminate the call is made by the Auction Authority (Au2), which
receives call requests and and TeR-C offers from callers and from MNOs, respectively.

Figure 3.2: Key elements of AbaCUS

3.2.2 Auction

The geographic area covered by the AbaCUS system is split into square grids, which cover
an area similar to the size of a Global System for Mobile Communications (GSM) cell. An
Au2 is always responsible for the calls to be terminated in a cell. MNOs periodically report
TeR-Cs to the Au2 for each available QoS-C in the cell of consideration. The auction
is based on a Vickrey’s auction. Therefore the allocation rule selects the MNO which
demands the lowest termination rate for the given QoS-C. The payment rule selects the
termination rate of the first losing MNO in this QoS-C. The draw resolution mechanism
deviates from the Vickrey’s auction where the winner is selected at random. In the
AbaCUS auction the MNO who won the most of the past two auctions for this QoS-C in
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this cell is selected as a winner. A MNO can’t win more than two calls in a row resulting
from a draw case. As soon as a MNO wins two consecutive calls out of a draw situation
it is ignored by the Au2 during the auction of the next call if there still is a draw.

3.2.3 Auction Simplification

To facilitate the evaluation of the AbaCUS auction and improve it, some simplifying
changes have to be made. The changes are divided into two sets. The first set contains
changes in the model only, i.e., leaving out constraints in the model used to evaluate
and improve the auction that do not affect the auction itself but are present in practice.
The second set contains changes to the AbaCUS system itself, i.e., changes made to the
AbaCUS system that affect the system in practice and therefore also the model.

Changes affecting the Model

Cell size is being ignored. In practice the cells in which the auctions are being held are
not of equal size. This leads to the tedious task of figuring out neighboring cells of the
current cell to apply the incentive mechanism for MNOs to be present in low-demand cells.
The model used always either consists of a single cell without neighbors or the required
information of the neighboring cells is given as an input.

Changes affection the System

Termination Rate Classes are the ”monetary unit” of bids in the AbaCUS auction. The
TeR-C are limited to a predefined number of discrete units, e.g., 10 units to match the
10 QoS-Cs. This limitation leads to the requirement of an additional mechanism used to
resolve draw situations which inevitably occur on a regular basis with a limited amount
of possible bids. This draw mechanism makes it impossible to resort to previous work
on properties of specific auctions because the allocation rule deviates from the original
design with a random draw resolution. Therefore it is not granted that properties, such
as strategy proofness, which are formally proven to hold, still do in this setup. Due to
this reasons the TeR-C are being replaced by real monetary bids with an arbitrarily small
ε, i.e., the minimum unit by which bids can be increased.
The omission of the TeR-C leads to a slightly altered architecture of the system because
in order to account either the calling users or the MNO of the caller needs to be charged
based on additional information. Every call which is going through the AbaCUS system
needs to be allocated to the MNO which terminated it and the monetary rate determined
by the auction needs to be known as well. Therefore an accounting component needs to
be introduced in order to track this information. Figure 3.3 shows two possible concepts
on how the accounting could be done. If there is an accessible accounting systems in
place which tracks the duration of each call only the integrated system is necessary which
tracks the additional information needed to charge the correct amount. If there is no
accessible accounting system a standalone solution is required. The standalone system
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has the drawback that there needs to be a signal to the AbaCUS system each time a call
is completed.
In the original design it is stated that “Each MNO has no knowledge, neither can guess,
the TeR-Cs selection per QoS-C chosen by other MNOs in the same grid since MNOs do
not have an insight on their competitors network status and their provisioning policies.”
This assumption is not necessary and, in fact, the opposite required to hold for the
remainder of this thesis and assumed to be true. MNOs have good knowledge about
their competitors’ cell load based on their own cell load and the calls they can terminate
from their competitors. It is further possible to accurately measure the cell load in Time
Division Multiple Access (TDMA) networks like GSM because each voice call uses the
same amount of cell capacity, as is done by [64] to collect data. The competitors’ reports
to the Au2 are also guessable by a MNO’s own cost-efficiency and, more importantly, the
history of outcomes of the auction paired with the knowledge of the competitors’ cell loads
at this time.

Integrated AbaCUS Accounting

PK PK_ID

FK1 FK_ID
 MSISDN
 Terminating MNO
 Termination Rate

Existing Accounting

PK PK_ID

 ...
 Duration
 ...

Standalone AbaCUS Accounting

PK PK_ID

 MSISDN
 Terminating MNO
 Termination Rate
 Duration

Figure 3.3: Conceptual AbaCUS accounting table



Chapter 4

Simulation Environment

This chapter describes the design and the implementation of the simulation environment
which is used all over the remaining part of the thesis to exemplify concepts and, more
importantly, evaluate the proposed improvements in the end. The simulation environment
is capable of simulating an arbitrary number of MNOs participating in various auction
types. An extensive listing of possible configuration parameters and output values can be
found in the Appendix A.1.

4.1 Data Generation

The data generation is crucial for the simulation environment to generate credible output.
The first subsection addresses the inter-arrival time distribution of calls where the aim is
to accurately model how the amount of calls varies during different times of a day. The
second subsection is about the holding-time distribution of phone calls which is important
because it provides information on how long to block MNOs’ resources in the simulation.

4.1.1 Inter-Arrival Time Distribution of Calls

The amount of calls at a given time is usually measured in the inter-arrival time, i.e.
the rate at which calls arrive in a given time window. E.g., if there is an inter-arrival
time of 0.2 seconds that means there are 1/0.2 = 5 calls per second, which is the Arrival
Rate AR. These values are absolute, which is not a desirable outcome when building a
flexible model. Therefore the Relative Arrival-Rate RAR can be used where, at a given
time, you get a RAR which is a value between 0 and 1. The result can easily be trans-
formed to absolute AR values with the following formula: AR = RAR×∆+ARmin where
∆ = ARmax − ARmin and ARmax, ARmin are the maximum and minimum arrival-rates,
respectively.
In order to benchmark the performance of auctions in general or to compare specific auc-
tions it is crucial to to know how the inter-arrival time varies over time. Data analysis
in [64] shows that there are recurring patterns for weekdays and weekends, respectively.
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Depending on the cell these patterns can be recurring irrespective of the type of day.
The aim is therefore to generate a model which is able to reproduce these patterns. This
use case is different from the use cases underlying known models. The focus of previous
work was to create models suitable to predict the probability of a certain amount of calls
within a time slot for the corresponding average or expected number of calls, e.g., for
the usage in call centers. A poisson probability distribution is still often used for these
predictions. Another use case is to predict the evolution of the inter-arrival time given
a certain starting point, usually done with some kind of Markov process. Several more
complex models for inter-arrival time modeling have been proposed, all of which are not
suitable for the application within this setup. Two models are based on short data sets
of 1 and 5 hours, respectively [6][50], which makes it impossible to model the number
of phone calls during a period of a day or longer because there is no signal in the data
for large parts of a day. The third model by [64] is based on a large data set but the
authors state that the parameters of the model need to be set for time windows of about
an hour during the comparably stable day and night periods and for even shorter windows
during the transition hours for the model to be accurate. Unfortunately no parameters
are provided to model traffic over at least 1 complete day.

Due to to the lack of a suitable model and actual data, a model is constructed as fol-
lows. A day is divided into a distinct amount of buckets B = {1, 2, ..., b}, where b is the
amount of buckets. The buckets are all of equal size s. The amount of buckets can be
calculated with the formula b = 24×60×60

s
. Each bucket can be mapped to the amount of

calls ci which are made during the bucket, therefore B(i) = ci. The generation of the data
for the model is two-tiered. The first tier, the averaging tear, is responsible for generating
the average inter-arrival rate over a whole day. To generate the average inter-arrival time,
a normal distribution is used. The normal distribution itself is an inadequate representa-
tion of the inter-arrival time because in practice it stays relatively stable for about 8 hours
during the day. Therefore the normal distribution is being stretched at the peak, using
the peak value for 1

3
of the target bucket amount b, which corresponds to the 8 stable

hours during the day. The parameters of the normal distribution have been set as µ = b
2

and σ = b
7

for the location and shape parameter, respectively. The location parameter has
been set such that the curve peaks at mid-day and the shape parameter has been fitted
such that it matches the distribution in [64]1. Each bucket can be mapped to an average
amount of calls B(i) = cavgi so far. The second tier, the probabilistic tier, is responsible
for introducing the randomness which is present in practice. The optimal way to do so
is to use a model like the ones introduced in [50], ideally the Erlang-j,k model, which
is the combination of two Erlangs with different shapes and the same scale parameter,
which performed best in the evaluations. Unfortunately the models have been overfitted
such that they only work in domains with similar properties as the data set they used
to fit the model, which has an average inter-arrival time of 21 seconds. In order to be of
use for the probabilistic tier, the model would need a parameter such that the average
inter-arrival time could be specified. Due to the lack of a model for this specific case, a
poisson distribution is used, where the expected amount of calls can be specified with the
λ parameter. A poisson probability density function (PDF) is generated for each bucket
with λ = cavgi and a random number according to this PDF is drawn which represents

1The fitting has been done only visually because the data set is not available and it is therefore far
from accurate.
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Bucket Avg. holding time Amount of calls

1 120 81

2 120 68

3 120 79

4 120 115

Table 4.1: Example list of AbaCUS calls per bucket

the final number of calls ci. The call distribution generated by the model can be seen in
Figure 4.1, where the output of the averaging tier is the dashed line and the final output,
the probabilistic distribution, is the solid line. Table 4.1 is an example of the output in
tabular form. The first column, the average holding time, is not used at the moment but
is implemented such that varying values are supported in the environment.2
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Figure 4.1: Probabilistic call distribution

4.1.2 Holding Time Distribution of Calls

The second important number is the holding time of a phone call. It is important because
after a call has been auctioned off, it determines how long the resources of the MNO
terminating this call will be blocked. This, in turn, is important because it determines
the marginal termination cost, which is what a truthful MNO reports as a bid to the
auction. The simplest model would be to use the average or median duration for mobile

2This is the case according to a data specialist of a Swiss MNO.
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phone calls. This data is available for Switzerland in [45] where it is stated that the
average duration for calls within a MNO’s network is 138 seconds and for calls between
different MNO, i.e., the calls which are auctioned off with the AbaCUS system, last an
average of 128 seconds. But a study conducted by [29] shows that there are considerable
fluctuations in the holding time of calls. The data set used shows call durations from 3
seconds to 1799 seconds with an average duration of 84 seconds and the standard deviation
amounts to 123 seconds. Even though the average call duration deviates significantly from
the numbers in [45], which is probably attributable to differences in behavior of mobile
phone users between developing and developed countries, the order of magnitude of the
standard deviation brings out that using fixed holding time durations are no suitable
model. Therefore the Truncated Lazy Contractor (TLAC) model, which is a truncated
version of the log-logistic distribution, introduced in [60] is used to model the duration
of each call. It is inspired by survival analysis which applies also to phone calls where
after the initial risks of hanging up the call, e.g., users dialing the wrong number, voice
mail calls and short calls such as “I am in a meeting” or “I am at the venue. You?” type
of calls, the call tends to get longer at every time. The model is already fitted to a large
data set and the only adjustment made was to change the location parameter to µ = 4.1,
such that it fits to the average call duration of 128 seconds. Figure 4.2 shows the section
up to 200 seconds of the PDF created from the TLAC model.
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Figure 4.2: Holding time distribution

4.2 Implementation

This section describes the actual implementation of the simulation environment. The
implementation is done in Matlab [43]. Figure 4.3 shows a high level overview of the
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Figure 4.3: High level overview of simulation

simulation.

4.2.1 Managing Cell Load

The management of the cell load is crucial for the simulation because the bids which are
submitted to the auction depend on the marginal termination cost which is generated from
the cell load. The load is composed by internal and and AbaCUS calls, visualized in Figure
4.4. The management of the load is based on a matrix for each MNO, exemplified in Table
4.2. The matrix holds, for each call, the source, internal or from the AbaCUS system, as
well as the expiration time. Figure 4.5 provides an overview of the cell load management
which is executed for each time bucket. The important components displayed in the
figure are described in detail in the following paragraphs. The execution of the auction is
explained in the next section.

Terminate calls. The terminate calls functions is called once every time-bucket in
the simulation environment itself. Some auction implementations rely on predictions of
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Source Expiration Time

0 8

0 15

1 9

1 17

0 14

... ...

Table 4.2: Example matrix of current calls of a MNO3

expected future states, which can result in a large number of calls of the function for each
auction run. Each call in the concurrent calls matrix is provided with an expiration time,
generated with the TLAC PDF at the time the call is assigned to a MNO, which allows
the terminate calls function to run in O(mi), with m being the number of current calls
for MNO i. It does so by checking for each call whether the expiration time is smaller
or equal than the current time. A more realistic scenario would be to have the starting
time for each call and then, at each future state, check with the TLAC OR function
whether the call should be terminated at this time or not. But the TLAC OR function is
significantly more complex than the simple comparison of two integers which takes place
in the current implementation. Because the simulation is a fully controlled environment,
where it is possible to make sure the MNOs’ behavior is not dependent on the knowledge
when a specific call ends leads to the conclusion that the more realistic scenario brings no
benefits and decreases performance. To further increase the speed of the function, loops
have been omitted such that the whole calculation happens with one call of optimized
Fortran [31] code by the MATLAB interpreter, as can be seen in Listing 4.1.

3 0 = internal calls. 1 = AbaCUS calls
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Listing 4.1: Matlab code to avoid loops by the interpreter
% activeCalls{2,i} are all active calls of MNO i
% record is the current time bucket
activeCalls{2,i}(activeCalls{2,i}(:,4) <= record, :) = [];

Add calls. There is a distinction between internal and AbaCUS calls. Internal calls are
given priority over AbaCUS calls and are thus added to the cell load matrix straight after
the terminated calls have been removed. Note that all internal calls are added at once
whereas the AbaCUS calls are being assigned sequentially after each auction iteration.
This is due to the aggregation of the calls into buckets where the order of the calls is lost.
The smaller the buckets the smaller the effect of internal calls incorrectly blocking the
resources of the MNO.

4.2.2 VCG Mechanism

The VCG Mechanism in domains where a single good is being auctioned off is equivalent
to the second price auction. Because given the VCG mechanism with an allocation rule

x(v̂) ∈ arg min
a∈A

∑
i∈N

v̂i(a)

and payment rule

ti(v̂) =
∑

j∈N,j 6=i

v̂j(a
−i)−

∑
j∈N,j 6=i

v̂j(a
∗)

where the optimal allocation is a∗ = x(v̂), the given reports are v̂ = {v̂1, ..., v̂n} for the
agents N = {1, ..., n} and v̂−i = {v̂1, ..., v̂i−1, v̂i+1, ..., v̂n}. Finally, a−i is retrieved by
arg mina∈A−i

∑
j∈N,j 6=i v̂j(a). The allocation rule will select the lowest bidder as the re-

sult of the minimization of the allocation rule, thus the allocation rules are equivalent.
The payment rule will reward the value reported by the second lowest bidder, because∑

j∈N,j 6=i v̂j(a
−i) is exactly the value of the second lowest bidder and

∑
j∈N,j 6=i v̂j(a

∗) = 0.
Therefore a second price auction is implemented which saves the tedious task of imple-
menting the VCG payment rule. The implementation is straightforward and can be seen
in Figure 4.6.
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Figure 4.6: Implementation of second price auction
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Chapter 5

AbaCUS Auction

This chapter covers the AbaCUS auction where the first section is dedicated to demon-
strating the benefits and threats of an auction-based system in general from high-level
perspective. A formal model of the AbaCUS domain is developed in the next section
and is then used to show two possible weaknesses in the system as is on the basis of two
examples.

5.1 Benefits and Threats of an Auction-based System

This section aims at demonstrating possible benefits and threats of an auction-based
system for mobile call termination in general. The list is not exhaustive but rather serves
as a demonstration of specific situations for both, benefits and threats. A first-price
auction with truthful MNOs was used in all generated examples because it represents
the best possible solution which can be achieved without any distortions from possible
drawbacks of other, more sophisticated auction mechanisms.

5.1.1 Benefits

The main benefit of an auction-based system is the breaching of the current monopoly
situation in the call termination market [46]. An auction-based system also allows for
flexible termination rates which also makes it easier to fulfill the requirements of author-
ities to charge only real cost [22], because cost can vary depending on time and location
of the calls. The following subsections show two additional benefits in detail, where it
is demonstrated that an auction-based system can lower the market entry barrier and
increase reliability of mobile phone calls.

Lower Market Entry Barrier

The market entry barriers for a MNO with ambitions to build it’s own infrastructure are
high in the mobile market. Not only the high investments that are necessary to build up
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Total revenue Price/call

Pre-entry 1762.6 0.117

Post-entry 1614.4 0.107

Note: Values in CHF.
15028 AbaCUS calls.

Table 5.1: New MNO entering a market

the infrastructure, but also the absence of a customer base to generate revenue is a market
entry barrier [54]. These two factors lead to a long period until new competitors can break
even. While the investments into the network infrastructure are inevitable, the absence
of revenue need not be with an auction-based system. As soon as a MNO is present in a
network cell it is eligible to participate in the auction-based system, given that it meets
the caller’s QoS requirements. Following is an example where three MNOs are present
in a cell, 15,000 calls are being auctioned off with the AbaCUS system and each present
MNO has an internal demand of 5,000 calls in 24 hours. All MNOs have 0.05 CHF fixed
cost and a maximum of 0.1 CHF variable cost per call per minute. The capacities are
set such that cell load is around 80% during daytime. This situation is compared to the
situation where a new MNO enters the market in the cell of consideration with the same
cost efficiency but only half the infrastructure of the existing MNOs.

Table 5.1 shows a comparison of the MNO revenue as well as price per call for the situation
before and after a new MNO entered the market. Not only does the AbaCUS system make
it easier to enter a market, the entry of a new MNO also brings down prices for the end
users. Figure 5.1 shows that the new MNO manages to get more revenue during all periods
of the day, resulting in a revenue of 13.9% above the average of the perviously existing
players. If Mobile Virtual Network Enablers (MVNE) exist in a market, the entry barrier
is partially voided because a new player considering to enter a market can first become a
Mobile Virtual Network Operator (MVNO) and build up a customer base before investing
in it’s own infrastructure [54].

Easing of spikes

If there is a spike in the amount of calls in the network of a MNO that exceeds it’s capacity,
all calls which exceed the capacity will be dropped in the current mobile market. This
can be seen in the example shown in Figure 5.2, where there is a spike in the marked area
which leads to calls being dropped. With an auction-based system these calls need not be
dropped, if the MNO experiencing the spike reacts correctly. Figure 5.3 shows the same
situation with the AbaCUS system in place, where all calls exceeding the capacity of a
single MNO are going to be terminated by the remaining MNOs which leads to an overall
increase in cell load but not to calls being dropped. This effect is limited to the amount
of free capacity by the remaining MNOs and internal calls of the MNO experiencing a
spike still have to be terminated by said MNO. But assuming symmetric distribution of
on-net and off-net calls, every MNO can reduce the cell load by 50% of the total calls by
not participating in the auction.
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Figure 5.1: Revenue with market entry of new MNO

5.1.2 Threats

In the same way an auction-based system can be an opportunity for new players in the
mobile phone network market it can also be a threat to MNOs if a large, cost-efficient
MNO is present in the market, e.g., because a former public-sector undertaking was able
to inherit a lot of infrastructure under value during privatization. Consider an example
scenario where there exists a MNO with 80% market share. The internal calls were
distributed among all three existing MNOs according to their market share. All MNOs
have an equal cost functions, i.e., the dominant MNO’s advantage in price-efficiency is
only caused by the slower increase in cost for every call. Figure 5.4 shows the revenue of
the dominant MNO. It exemplifies that a dominant MNO generates a disproportionate
amount of revenue amounting to 86% of the total revenue, compared to 80% market share.
In the short term the presence of the dominant MNO is beneficial for the users because
it brings down the prices. But this could lead to the remaining MNOs being pushed out
of the business by the dominant one, which would result in a monopoly situation.

5.2 AbaCUS Auction Analysis

This first part of this section proposes a model based on birth-death processes. The
model is in turn used so show two scenarios where the auction as is can be exploited due
to patterns in the varying demand of users for phone calls throughout the day.
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Figure 5.2: Peak exceeding single MNO capacity without AbaCUS

5.2.1 Model

The first part of this section defines the actual structure of the model containing all
variables and parameters. The second part goes into the interdependencies of the different
parts of the model and shows that some parameters are subject to constraints. The third
part defines the concept of truthfulness in the context of this model.

Structure and Decomposition

Birth-death processes [36] in discrete time t are used to formally model the increase and
decrease of calls for all calls in the AbaCUS system and of the MNOs. There are internal
and AbaCUS calls for each MNO and together these make up the total load of each
MNO. Additionally there are all calls being terminated through the AbaCUS system. An
overview of the dependencies and decompositions of all processes in the AbaCUS model
can be seen in Figure 5.5. Each MNO’s network load is modeled as birth-death process
with state space Θj = {0, 1, 2, . . . , nj} for MNO j with nj being the maximum capacity of
said MNO. The load of each MNO can further be decomposed into internal and AbaCUS
load. Internal load is when both, the caller and the callee, are subscribers of MNO j,
which is modeled as a process with state space Θ−j . AbaCUS load are the calls which
MNO j is terminating through the AbaCUS system, sometimes also called global calls of
MNO j. This process has the state space Θ+

j . There is also a global AbaCUS process with
state space Θ, which is decomposed by the AbaCUS calls of all MNO in I = {1, 2, . . . , I}.
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Note: Red area corresponds to the same time as the red area
labeled as Spike in Figure 5.2

Figure 5.3: Peak exceeding single MNO capacity with AbaCUS

The amount of calls that are currently being held through the AbaCUS system is denoted
by θ. Where λθ is the current birth rate, i.e., the rate at which new calls are being made
and µθ is the death rate, i.e., the rate at which the calls are being terminated. Figure 5.6
shows a graphical representation of the global AbaCUS process. Each MNO j, in turn,
has it’s own state space Θj = {0, 1, 2, ..., nj}, where again nj is the capacity of MNO j
in the current cell. As in the global AbaCUS process, λj,i and µj,i are the birth rate and
death rate of MNO j, respectively. Figure 5.7 shows a graphical representation of the
MNO specific process. The same pattern is repeated in the two sub-processes for each
MNO, as can be seen in Figure 5.8 and Figure 5.9 for AbaCUS calls and internal calls of
MNO j, respectively.

Interdependency and Constraints

The decomposition of the different processes are explained in detail in this section by
highlighting the interdependencies and constraints between the processes. The global
AbaCUS process and the MNO specific AbaCUS processes are interdependent in the
following way. The global capacity n is determined by the individual capacities of the
MNOs, i.e., the sum of the individual capacities n =

∑I
j=1 nj. The current amount of

AbaCUS calls θ+j for all MNO is dependent on the global amount of AbaCUS calls being
made within the AbaCUS system θ where the sum of all individual loads has to sum up
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Figure 5.4: Revenue of dominant MNO with 80% market share

to the global load θ =
∑I

j=1 θ
+
j . The same goes for the birth and death rates of the

global AbaCUS process and the individual AbaCUS processes, i.e., λθ =
∑I

j=1 λθj and

µθ =
∑I

j=1 µθj . At this point it has to be mentioned that λθ is independent from the

MNOs’ actions whereas λ+j is dependent on the actions of MNO j, as well as on the
actions of the other MNOs participating in the AbaCUS auction. λθ is influenced only by
the customer demand, up to the point it reaches n, where no more calls can be terminated
because the capacity maximum is reached. The same dependencies that that exist between
the global AbaCUS process and the MNO specific AbaCUS processes exists between the
MNO process of j and it’s sub-processes, the AbaCUS calls process for j and internal calls
process for j. In this case it is θj = θ+j + θ−j , et cetera. The capacity imposes additional

Global AbaCUS process. Θ

Internal calls process MNO j. Θ−j

AbaCUS calls process MNO j. Θ+
j

. . .

Internal calls process MNO I. Θ−I

AbaCUS calls process MNO I. Θ+
I

Process MNO j. Θj

. . .

Process MNO I. ΘI

Figure 5.5: Composition and dependency of processes
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Figure 5.7: MNO process

constraints in this case because it is fixed at nj. Unless there are fixed capacities allocated
for internal and AbaCUS calls, the maximum capacities for internal and AbaCUS calls
are dependent on the other value at the time. This means n+

j = nj−n−j and n−j = nj−n+
j

at all times, until the max capacity of the MNO is reached at n−j + n+
j = nj.

Auction Related Concepts

Each MNO has has marginal termination cost vj to terminate a call, depending on the
current load of his network. The marginal termination cost can be retrieved by the
function vj(θj), which means the marginal termination cost is depending only on the total
cell load of a MNO. Each time there is a new call, all available MNOs submit their bids
Bt = {b1,t, b2,t, . . . , bI,t}. The utility of a MNO for a certain call at time t is denoted as
uj,t and retrieved by it’s utility function uj(pj,t − vj,t) where pj,t is the payment from the
auction to the MNO. The utility up to t for MNO j is denoted as ûj,t =

∑t
s=1 uj,s. The

reservation utility of the users is assumed to be a constant with value u.

In order for the auction to be truthful the following has to hold:

(ûj,t | bj,t = vj,t ∀t) ≥ (ûj,t | ∃bj,t 6= vj,t) ∀j

Which is that telling the auction authority the real termination cost v = b has to generate
at least as much utility at every point in history as deviating from the real termination
cost when bidding, v 6= b.
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5.2.2 Preconditions

Several preconditions have to hold in order for the results in this section to be reliable.

Limited Resources

Provider resources have to be limited in the cell under consideration. This is a reasonable
assumption for all privately owned, profit motivated MNOs because cell capacity is costly
and allocating unnecessary resources is a waste of money. A large scale study in [64], where
hundreds of cell sectors of a MNO have been analyzed during a three week period supports
this assumption. The study shows that there are network cells which are under high load,
i.e., the cells are closed to their capacity cap every day during peak hours. Another
survey shows that 23 percent of base stations worldwide had capacity constraints in the
year 2011, which is defined as a utilization rate over 80 percent during busy hours [39].

Cell Load based Marginal Termination Cost

The marginal termination cost for a call has to be at least partially variable for the results
throughout this thesis to be reliable, which is the case in many models in the literature
[37][38][2]. In addition to the cost being variable, it is assumed that the driving force
behind the variable part of the termination cost is the cell load. The dependency is such
that increasing cell load is increasing the marginal termination costs. This is based on the
fact that as the arrival rate increases, the blocking as well as the drop out probabilities
increase [30]. Thus, the closer to the capacity limit the higher the probability that an
investment in this cell is necessary.
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5.2.3 Potential for Manipulation

The Vickrey’s auction is designed for one-shot games and this is also where it’s properties,
namely truthfulness and efficiency, are formally proven to hold. In dynamic settings where
a sequence of auctions for the same good, a phone call, is being held, these properties are
not necessarily true. There has been work, e.g., by [53], that shows that the Vickrey’s
auction lacks truthfulness and even efficiency under some circumstances. The AbaCUS
auction has been evaluated and two effects were identified where non-truthful bidding can
lead to a superior output compared to truthful bidding.

High Demand and Low Capacity Effect

For this example µ is 0 for all θ. This is not a realistic assumption in the long run as can
be seen in [45], but it does not matter to demonstrate this effect. The effect does also
occur if the difference between λ and µ is large enough for a long enough time. This effect
basically occurs if the amount of calls is higher than the capacity of all MNOs except for
one MNO. This MNO has the choice, assuming truthful bidding by all other MNOs, to
submit the user’s reservation utility which will then lead to the other MNO’s using up
their complete capacity. Once all other MNOs reach their capacity limit the remaining
MNO will get the right to terminate all calls and will receive the users’ reservation utility
u for every single terminated call. Formally speaking, this requires the following to be
true. MNO j is being fixed. If

∑
l 6=j nl < θ at any point in time t, j will get to terminate

θ −
∑

l 6=j nl calls at a rate which coincides with the user’s reservation utility, thus his
revenue will be (θ−

∑
l 6=j nl)× u. But in addition to that the MNO will get to terminate

all future calls
∑τ

s=t λs where τ is the end of the high demand period exceeding all other
MNO’s capacity, therefore he will generate revenue of:

(θ −
∑
l 6=j

nl)× u+
τ∑
s=t

λl × u

Note that this is again a simplification since the expected value for the amount of calls the
MNO can terminate is being used by simply summing up the λt values. For a probability
distribution of future states, the Kolmogorov forward equation would need to be applied
instead of

∑τ
s=t λs. But it can be said that the AbaCUS auction is vulnerable to manipu-

lation, if any time during, or at the end of the high demand period, revenue from bidding
the reservation utility exceeds the revenue which would have been generated truthfully.

(θ −
∑
l 6=j

nl)× u+
τ∑
s=t

λl × u > v̂j,τ

This effect does not necessarily lead to the conclusion that the AbaCUS auction is not
truthful in practice, but it shows the circumstances under which it is vulnerable. The
fact that there are mobile cells which are closed to their capacity limit, as shown in [64],
makes it likely to be a real problem.
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MNO Resources Fixed Cost Marginal Termination Cost Function

A 3 5 Fixed cost + allocated resources

B 3 6 Fixed cost + allocated resources

C 3 7 Fixed cost + allocated resources

Table 5.2: Example: Set of MNOs

Round Bids Allocation Transfer Utility

1 bA(5), bB(6), bC(7) A 6 6− 5 = 1

2 bA(6), bB(6), bC(7) A 6 6− 6 = 0

3 bA(7), bB(6), bC(7) B 7 7− 6 = 1

4 bA(7), bB(7), bC(7) A 7 7− 7 = 0

5 bB(7), bC(7) B 7 7− 7 = 0

6 bB(8), bC(7) C 8 8− 7 = 1

7 bB(8), bC(8) B 8 8− 8 = 0

8 bC(8) C 10 10− 8 = 2

9 bC(9) C 10 10− 9 = 1

Table 5.3: Example 1: Truthful bidding; reservation value 10

Example 1 - Truthful bidding. To illustrate the effect an example is scheduled.
The example also serves to exemplify the proof by contradicting the Vickrey’s auction’s
truthfulness in dynamic settings. Because if the auction were truthful there could not
exist an example where a participant is better off by deviating from his true value. Three
MNOs compete for the right to terminate calls, each MNO has limited resources and a
simple marginal termination cost function, as can be seen in Table 5.2.
For simplicity reasons the calls are not being terminated. This has, again, no influence
on the effect as it works with calls being terminated if the whole process is over before
the first call is over. Even calls being over during the process does only mitigate the
effect. Further it is assumed that call inter-arrival is closed to 0, which allows to ignore
opportunity cost occurring from not terminating possible calls. In the first setup all MNOs
are going to bid their termination cost truthfully. The auction procedure including the
bids, the allocations resulting from the bids, the monetary transfer from the user and the
resulting utility for the winning MNO can be seen in Table 5.3. Table 5.4 displays the
evaluation of the outcome. The fact that MNO C is able to gather the highest aggregated
utility despite the fact that he is the least cost-efficient does intuitively not seem right. It
is clear that MNO A (and B, which is disregarded in this example) envies C for his ability
to collect the users’s reservation utilities once A and B have used up all their resources.

Example 2 - Strategic bidding. In the previous example it became obvious that
MNO A can possibly be better off because he is the most cost-efficient MNO but was
outperformed by the least cost-efficient MNO. Therefore MNO A decides to change his
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Evaluation of Example 1

Aggregated utility

A 1

B 1

C 4

Total Utility 6

User Payment 69

Table 5.4: Example 1: Evaluation

Round Bids Allocation Transfer Utility

1 bA(10), bB(6), bC(7) B 7 7− 6 = 1

2 bA(10), bB(7), bC(7) B 7 7− 7 = 0

3 bA(10), bB(8), bC(7) C 8 8− 7 = 1

4 bA(10), bB(8), bC(8) B 8 8− 8 = 0

5 bA(10), bC(8) C 10 10− 8 = 2

6 bA(10), bC(9) C 10 10− 9 = 1

7 bA(10) A 10 10− 5 = 5

8 bA(10) A 10 10− 6 = 4

9 bA(10) A 10 10− 7 = 3

Table 5.5: Example 2: Strategic bidding; reservation value 10

bidding strategy to a non-truthful one, ceteris paribus. MNO A will now always bid the
users’ reservation utility, which is 10. This is a deviation from Example 1 where MNO A
always truthfully bid his marginal termination cost. The auction procedure with A’s new
strategy can be seen in Table 5.5. Due to the bidding of the users’ reservation utility the
other two MNOs, B and C, will use up their resources which allows MNO A to collect a
higher utility than in Example 1. The detailed evaluation is displayed in Table 5.6. A’s
aggregated utility increased to 12 from an aggregated utility of 1 in Example 1. This
increase comes at a price. The user payments went up from 69 in Example 1 to 80 in
Example2. Not only do the MNOs now have to work out a bidding strategy, which is a
waste from a social perspective, but also did the user payments increase. Therefore it is
desirable to find a truthful solution.

Marginal Termination Cost Effect

To illustrate this effect a new parameter has to be introduced which will be discussed
in detail again in the next chapter. MNOs discount utilities that accrue in the next
period with a discount factor δ ∈ (0, 1) and δ × δ for the subsequent period and so forth.
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Evaluation of Example2

Aggregated utility

A 12

B 1

C 4

Total Utility 17

User Payment 80

Table 5.6: Example 2: Evaluation

Generally a MNO discounts utilities from m periods in the future with δm. The winning
MNO always receives the first losing MNO’s bid as payment to terminate the call. The
MNO which is the cheapest at the moment and thus winning the auction can decide to
report a higher value which makes him lose the auction in the current period. If at the
current time the load from AbaCUS calls is increasing, i.e., λ > µ, chances are good that
the previously second cheapest MNO now has higher cell load and thus higher marginal
termination cost. The cheating MNO can now report his true termination cost again in
the second period, win the auction and get a higher payment than he would have if he won
in the first period, because the second cheapest MNO has increased it’s load since and thus
reported higher marginal termination cost to the auction. But the increased utility for
the cheating MNO comes at a cost. By not winning the auction he lost potential revenue
in the first period. This lost revenue is expressed by discounting the future payment with
the discounting factor δ. For simplicity it is assumed that vi(θi) = θi, i.e., the marginal
termination cost is equal to the cell load. The MNO’s are ordered according to their
marginal termination cost, so MNOi < MNOj. It is better to misreport for MNO i if
the following statement is true at any time τ > t:

θj,t − θi,t < δτ ((θj,t +
τ∑
s=t

(λθj − µθj))− θi,t)

So this effect does not only need sufficiently high increase in marginal termination cost but
also the discount factor δ must be high enough to not render the increased termination
cost void.

Example 3 - Truthful bidding. To illustrate the marginal termination cost effect an
example is scheduled. Three MNOs compete for the right to terminate calls, each MNO
has limited resources and a simple marginal termination cost function, as can be seen
in Table 5.2. In this setup, all MNOs are going to bid their termination cost truthfully.
The auction procedure including the bids, the allocations resulting from the bids, the
monetary transfer from the user and the resulting utility for the winning MNO can be
seen in Table 5.7.

Example 4 - Strategic bidding. MNO A decides to change his bidding strategy to
a non-truthful one, ceteris paribus. MNO A decides to wait one round to allocate the
first resource to a call, and therefore bids the user’s reservation value in the first round.
The auction procedure with the delayed resource allocation of MNO A can be seen in
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Round Bids Allocation Transfer Utility

1 bA(5), bB(6), bC(7) A 6 6− 5 = 1

2 bA(6), bB(6), bC(7) B 6 6− 6 = 0

3 bA(6), bB(7), bC(7) A 7 7− 6 = 1

. . .

Note: Rounds are equivalent to discrete time steps t

Table 5.7: Example 3: Truthful bidding

Round Bids Allocation Transfer Utility

1 bA(10), bB(6), bC(7) B 7 7− 6 = 1

2 bA(5), bB(7), bC(7) A 7 7− 5 = 2

3 bA(7), bB(6), bC(7) A 7 7− 6 = 1

. . .

Note: Rounds are equivalent to discrete time steps t

Table 5.8: Example 4: Strategic bidding

Table 5.8. When comparing the outcome to the result of the truthful example in Table
5.7 it can be seen that the revenue made by the allocation of the first resource of MNO
A increased from 6 to 7 leading to an overall utility increase from 2 to 3, for the period
under consideration. Opportunity cost for not allocating a call in round 1 is disregarded
for simplicity reasons, which is legitimate if there is no demand after the allocated calls
are terminated. MNO A bases it’s decision on the expected future payoff path, i.e.,
6 + (δ1 × 0) + (δ2 × 7) for truthful bidding versus 0 + (δ1 × 7) + (δ2 × 7) for the strategic
bidding. The decision whether to report truthfully or not is therefore dependent on the
height of the discount factor δ. If 6 + (δ1× 0) + (δ2× 7) < 0 + (δ1× 7) + (δ2× 7), strategic
bidding is the better option. In this example, strategic bidding is beneficial for all δ > 6

7
.

In conclusion, this effect is diminished by low discount factors and intensified by sharply
increasing marginal termination cost.
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Chapter 6

Redesign

The evaluation of the VCG mechanism in the AbaCUS context illustrated that there are
truth-telling problems under some circumstances. MNOs can increase their own utility by
misreporting their true value, i.e., their true marginal termination cost. This causes two
problems, (1) MNOs have to think of bidding strategies and, if there is no equilibrium,
constantly adjust it which is an unnecessary waste from a welfare perspective and (2) the
expenses for the users are increased because the increase in utility is paid by the user. The
focus of the redesign is on improving problem (1) but both aspects are considered in the
evaluation of the redesign. This objective is achieved by introducing a dynamic auction
in the following section. First, the auction is formally described, followed by explanations
on how the implementation is done and what approximations were necessary to do so in
a computationally feasible way.

6.1 Auction

The evaluation of the auction is based on the following properties in dynamic settings.
Efficiency, strategy proofness, social welfare maximization and budged-balance, preferably
in that order if impossible to satisfy all properties. The Dynamic Pivot Mechanism (DPM)
[9], a generalization of the VCG mechanism for dynamic domains, was selected as a
possible solution for the truth-telling problem of it’s static counterpart. The DPM is
aimed aimed at domains where the participants observe private signals over discrete time
and at each time a decision has to be made. The private signals are the cell load and
the resulting marginal termination cost of the MNO in the AbaCUS setting. The truth-
telling problem is solved by applying the the solution of the same problem by the VCG
mechanism in static environments to the dynamic environment. In the static setting, the
VCG mechanism choses each agent’s externality as his payment, i.e., each agent pays
the value that all other agents would have had if the agent under consideration was not
present. Therefore it is impossible for an agent to influence the height of his payment. In
a dynamic setting, where the same good is auctioned off over and over again, an agent’s
action does not only impose externality on the other agents at the current period but
also in future periods. Additionally it is also not given that assigning the good to the
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highest, or in the reverse case the lowest, bidder is maximizing social welfare over the
whole period of the dynamic auction. The DPM solves problem (1) by maximizing social
welfare over an infinite time horizon and charging the agents their dynamic externality,
which is the externality not only for the current period but also discounted values for all
future periods. Evaluations of the DPM in the AbaCUS environment will show if and to
what extent problem (2) is addressed.

6.1.1 Model

This chapter describes the model of the DPM. It is largely adopted from [9] with some
simplifications and some changes, such that it can be used as a reverse auction in the
AbaCUS system. The detailed derivations are available in the original model of the DPM
but are omitted as long as it does not help to understand the mechanism. It is divided into
a general subsection introducing all the variables and the environment and two separate
subsections for the allocation rule and the payment rule, respectively.

General

The environment is one with private and independent values1 in a discrete-time, infinite-
horizon model with time t ∈ N. Each MNO i ∈ {1, 2, . . . , I} has a utility in in each time
period (t ∈ N). The utility is dependent on the current allocation at ∈ A, the current
monetary transfer pi,t ∈ R and his private state θi,t ∈ Θi. Thus, each MNO’s utility
function is:

ui(at, pi,t, θi,t) ≡ pi,t − vi(at, θi,t) (6.1)

Basically this means that the utility of a MNO is what he receives to terminate a call
minus his cost vi(at, θi,t) to do so. It is assumed that vi(at, θi,t) = 0 if at 6= i, i.e., there
is no cost associated with losing in the auction. The private state θi,t for agent i is a
Markov process with state space Θi. This is a key feature of the auction because it is
how future states are predicted to calculate the future externality of an agent on other
agents. In the AbaCUS domain this is defined as all possible numbers of concurrent calls
MNO i can possibly terminate, therefore Θi = {0, 1, . . . , ni} where ni is the maximum
capacity of MNO i. A probability distribution θi,t+1 can be defined based on the current
state θi,t and allocation at. The probability distribution θi,t+1 shows for for each state in
the state space Θi the probability that MNO i will be at this particular state in t + 1.
The probability distributions are generated by a a stochastic kernel function:

Fi(θi,t+1; θi,t, at) (6.2)

This definition is very general and has to be elaborated for each domain individually. A
very simplistic stochastic kernel function for theAbaCUS domain could look as follows:

1Private values are undisputed, each MNO observes the marginal termination cost privately. It is not
clear however, if the values are fully independent among the MNO because there are mutual dependencies
when there is a call from one MNO to another.
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Fi(θi,t, at) =

{
θi,t if at 6= i

θi,t + 1 if at = i

Which means, if MNO i wins the auction his load increases by one and otherwise it
will stay in the current state. This is an oversimplification of course, ignoring that the
MNO could have internal calls driving up his load and that calls don’t have an infinite
holding time and are over at some point which decreases the load. All MNOs discount
future payments with a common discount factor, i.e., costs and payments affect current
decisions less the further away these occur. The original model is designed to use a static
discount factor δ, this does impose a few problems in the AbaCUS domain and especially
in the simulation environment. First of all there is no starting point on the height of δ, is
it 1, 0.99 or 0.9? Furthermore it is not clear whether to discount on a per call base or per
time. In the call termination domain the trade-offs between present and future actions
are largely determined by the cell load, i.e., if a MNO allocates resources to terminate a
call in the present he might not be able to use these resources to terminate a call in the
future, depending on whether the call is still going on or not. But the probability that a
call is still going on in the future is well known due to holding time distribution models.
Therefore it is possible to accurately tell the effect of future cost and payments on current
actions by using the inverse CDF of a holding time distribution model, in this case the
TLAC model is chosen for the reasons described in Section 4.1. The discount factor is
therefore not a constant, but a function δ(t), taking the time as an input and returning
the according discount factor. The discount function is defined as:

δ(t) = 1− CDFTLAC(t) = 1− 1

1 + exp(− ln(x)−µ
σ

)
(6.3)

With µ and σ being the location and shape parameter, respectively. Figure 6.1 shows
a comparison of a static discount factor δt and the discount factor function δ(t).2 It is
still possible to use the original version with a static discount factor by using the function
δ(t) = dt with d being the constant discount factor. How the static discount factor δt can
be fitted to the function δ(t) is discussed in the Appendix B.1.

Allocation Rule

The allocation is being done by maximizing the social welfare with respect to the alloca-
tion, i.e., minimize the effort with has to be performed over the whole time horizon by
the MNO to terminate all calls. The social welfare is denoted by W (θt). Therefore the
optimization problem can be written as a recursive function:

W (θt) = arg min
at

E

[
I∑
i=1

vi(at, θi, t) + δ(1)EW (θt+1)

]
2The parameters for the TLAC discount function are taken from Section 4.1 and δ is chosen such that

it is closest to the TLAC function.
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Figure 6.1: Comparison of discount models

This function has no termination condition which aligns with the infinite-horizon model
of the original DPM. This is changed and a time horizon h is introduced for practical, i.e.,
computational feasibility, reasons which changes the optimization problem as follows:

W (θt) = arg min
at

E

[
t+h∑
s=t

δ(s− t)
I∑
i=1

vi(as, θi,s)

]
(6.4)

Which results in the socially efficient allocation a∗. The externality cost of MNO i relies
on the allocation when i is absent (a∗−i), which is calculated by using (6.4) with I−i instead
of I which is all MNOs except i.

Payment Rule

The height of the compensation to a MNO is defined by it’s positive externality on the
social welfare. The externality is composed by a current period externality, which is
calculated in the same manner as in the static VCG mechanism and a future externality,
which is the marginal contribution of this MNO. The payment rules looks therefore as
follows:
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p∗i (θt) =
∑
j 6=i

[vj(a
∗
−i,t, θj,t)− vj(a∗t , θt)]

+ δ(1)[W−i(θt+1|a∗−i,t, θt)−W−i(θt+1|a∗t , θt)]
(6.5)

The first line of (6.5) corresponds to the payment rule of the static VCG mechanism and
the second line of the equation is the future externality. The future externality can be
both, positive or negative which results in an increase or decrease of the MNO’s payment,
respectively.

6.1.2 Approximations and Implementation

Some approximations are made to the model in the previous section in the implementation
to ensure computational feasibility of the DPM in terms of time complexity.

Time horizon

The first approximation is already described in the model itself which is the limited time
horizon h, compared to the infinite horizon in the original DPM model. But since the
discount factor converges to zero, and in the case of discounting with the holding time
distribution of calls actually reaches zero, a limitation is not far-fetched. Assuming, that
the longest possible phone call lasts for 3600 seconds. This would lead to δ(3601) = 0,
which leads to time periods > 3600 seconds not affecting the present decisions anyway
and therefore justifies bounding the time-horizon in this domain.

Allocation Approximation

The optimization problem in (6.4) is an online Knapsack problem which is NP-hard to
find an optimal solution. There is no known polynomial time algorithm to solve the
optimization problem. By completely enumerating the problem space, the time complexity
would be O(|I|h) which exceeds the computational feasibility by far, given that there are
around 3 MNOs and potentially hundreds of phone calls which have to be considered.
But the evolution of of the values vi,t, i.e., the items in the terminology of the knapsack
problem, follow a Markov process. Because vi,t is a linear transformation of θi,t which
follows a Markov process by definition of the domain. Furthermore it is clear that the
evolution of the values which is caused by the allocation of items is non-decreasing, because
the marginal termination cost is increasing with increasing load, thus

θi,t+1 > θi,t ⇒ vi,t+1 > vi,t.

Decreasing evolution of values is caused only by the holding time of the calls, which can not
be influenced by the allocation but only by the user. It is therefore a good approximation
to select the lowest value in each future time period. Because if

v1,t < v2,t ⇒ (δv1,t + δ2v2,t) < (δv2,t + δ2v1,t)∀ 0 < δ < 1.

This reduces the time complexity of the allocation to O(|I|).
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Stochastic Kernel Function

The stochastic kernel function (6.2) in the DPM is defined only very general in terms of
input and output of the function, which is the current private state θi,t and the allocation
at as input and the probability distribution of the future state θi,t+1 as output. The kernel
function has therefore to be created from scratch to fit the AbaCUS environment. The
load of the MNO consists of internal and AbaCUS traffic as introduced in Section 5.2.1.
The rate at which the internal load increases or decreases is denominated by λθ and µθ,
respectively. This is an oversimplification because the growth is not determined by the cell
load but by the user demand which is mainly linked to the time of the day, the decrease
rate µθ can be derived from the load and the knowledge how long every call has been
going on. These two deviations violate the Markov property since transitions are not
dependent on the current state only.3 This inaccuracy of the model is taken into account
in the implementation of the auction in the simulation environment, where the internal
demand is known for each MNO and not dependent on a probabilistic model. Further it
is obvious that the load from AbaCUS calls is only increasing for a MNO if the auction
is won. Therefore the kernel function is defined as follows:

Fi(θi,t, at) =

{
θi,t + λθ − µθ if at 6= i

θi,t + 1 + λθ − µθ if at = i
(6.6)

This is an approximation because it does not return a probability distribution as ini-
tially intended but an expected value. For an actual probability distribution the use of
a Kolmogorov forward equation would be necessary. This is not necessary within the
simulation environment because the future internal demand and the time at which a call
is terminated are known ex ante.

Because the holding time of each call is determined at the beginning due to performance
optimization reasons4 and the amount of internal calls is observable for every time period
in the data set, the kernel function is almost deterministic. Figure 6.2 shows how the
kernel function is implemented. There are strong similarities to the cell load management
described in 4.2 and displayed in Figure 4.5 which is because the nature of the two tasks
is basically the same. The cell load management determines the cell load for the current
period and the kernel function determines the load of the next time period. Because
the call holding times and future load is deterministic the only non-deterministic part
is how the aggregated AbaCUS traffic (see Table 4.1) of the next time period is being
distributed among the MNO. But also this information can be reliably calculated because
the AbaCUS traffic is going to be auctioned off via the AbaCUS auction. To use the whole
auction itself, the DPM, to predict the distribution of AbaCUS calls would increase the
complexity massively. But this is not necessary because only the allocation of the calls is
of interest to know how the load changes and thus just the allocation rule of the DPM
has to be executed, which runs in O(|I|).

3Note that this is not a violation of the Markov property in principle, since any dynamic model can be
described using Markov notation by defining large enough private states to memorize complete histories
of private signals such as the length of individual calls, and a public state large enough to memorize
calendar date and time. The violations are due to the simplified nature of the model.

4See Section 4.2 for a detailed description
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Payment Rule

The payment rule is straightforward and can be implemented as displayed in (6.5). The
first line of the equation is equivalent to the VCG payment rule, which is equivalent to
a second price auction, as described in Section 4.2.2. The second line is the difference in
social welfare the winning MNO generates. The social welfare functions W (·) need to be
inserted into (6.5) in order to be able to compute the payment, resulting in:

p∗i (θt) =
∑
j 6=i

[vj(a
∗
−i,t, θj,t)− vj(a∗t , θt)]

+ δ(1)E

 t+h∑
s=t+1

δ(s− (t+ 1))
I−i∑
j=1

vj(a
∗
−i,t, θj,s)


− δ(1)E

 t+h∑
s=t+1

δ(s− (t+ 1))
I−i∑
j=1

vj(a
∗
t , θj,s)


(6.7)

There is an approximation in the version of the payment rule used in the simulation
environment. Only the first call of every bucket is considered to calculate the social
welfare. This approximation is only a linear reduction of the time complexity and is
done because loops are computationally expensive in MATLAB. An implementation in
a language aimed at numeric computation like Fortran would make this approximation
obsolete.



Chapter 7

Evaluation

The first part of the evaluation reveals the limitation of the system as designed within
this thesis. The limitations are at the beginning because some are relevant for the re-
maining evaluation. The second part compares the DPM to the VCG mechanism and to
a first-price auction according to two different scenarios. Both scenarios contain a section
discussing the results.

7.1 Limitations

This section outlines the limitations of the work conducted within this thesis. It is placed
at the beginning of this chapter because the remaining part of the evaluation faces con-
straints caused by the following findings.

7.1.1 Management of Fixed Costs

The marginal termination cost for a call consists of fixed costs and variable costs. The
variable cost part imposes no problems because it can clearly be attributed to one single
call. Therefore it can be easily judged whether this report was truthful and also how this
effects a MNO’s utility. The fixed costs, however, imposes problems on the accountability,
for the MNO which has to report it to the auction as well as for design of an auction which
has to take this information into account. The model includes no information on how the
fixed costs are distributed over the calls and over time. This causes problems which were
hitherto not identified.

Effect on the Evaluation

A decision needs to be made whether to distribute the fixed cost of a provider equally
over all phone calls or equally over time. This decision has a enormous effect on the
utility of single calls. Distributing the cost equally over time decreases the total cost
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enormously for a single call in high demand periods and increases it vice versa for low
demand periods. This distortion does not occur if the fixed cost are equally distributed
over all calls, but is that a realistic point of view? The order of magnitude of the effect
can be observed in Figure 7.1, where both methodologies are applied to the same data set.
The total utility is the same in both cases, but the Standard Deviation (STD) is 0.126
and 57.56 for the distribution of fixed cost over calls and over time buckets, respectively.
The Relative Standard Deviation (RSD) amounts to 92.58% and 16741%. Outcomes are
still comparable, but only on an aggregated basis of, e.g., 24 hours. Evaluations over large
scale time windows are reliable, but all finer grained information is lost.
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Figure 7.1: Comparison of fixed cost accounting

Effect on the MNO Strategies

The effect on the MNOs’ strategies is more severe. Both means of distributing fixed cost
enable new potential for strategic behavior. Just adding a fixed amount of money to each
call in the model as fixed cost is not realistic. Because then a MNO could just terminate
one single call at the peak rate and get the maximum cost-efficiency out of it because he
gets the highest rate at this fixed cost per call. Even utility maximization would work in
a similar way, where bidding an artificially high amount leads to the termination of only
a few calls but at a high rate. This can be seen in Appendix C.1.1, where the utility of a
non-truthful MNO is maximised with less than half the calls of a truthful one.
The only economically reasonable solution is to use a static value as fixed costs. But
this brings new flexibility to the MNOs’ reports. How should a MNO breakdown the
fixed costs to the reports for the single calls? Estimate the number of calls which the
MNO will be able to terminate and divide the fixed cost equally is an option. But it is
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also an option to just bid the variable cost and hope that the drop in payments per call
get compensated by getting to terminate more calls. The conclusion is that the existing
model is not able to answer whether a report is truthful or not without adding some sort
of industrial accounting to it.

7.2 Scenarios

Different scenarios are considered in order to cover a range of outcomes for different
market conditions. 30,000 phone calls are processed in the simulation environment for
each scenario. The calls are equally divided into 15,000 internal calls and 15,000 AbaCUS
calls to be on sale through the AbaCUS auction. The marginal termination cost for a call
is set to a maximum of CHF 0.15 which is based on the values from in [5] from the year
2009. The user’s reservation value vr is also set to CHF 0.15. This is because the user’s
utility, which is u(p) = p − vr given a standard Von Neumann-Morgenstern utility [62],
is also part of the evaluation. A reservation utility larger than the maximum marginal
termination cost would lead to distortions when the distribution of the Total Surplus
(TSP) is analyzed.

7.2.1 Totally equal Distribution

The totally equal distribution consists of three equal MNOs. Each MNO has 5,000 internal
calls during the day and a maximum cell capacity amounting to 1,000 concurrent calls.
The termination cost consist of CHF 0.05 fixed cost and a maximum of CHF 0.1 variable
cost. All MNOs are bidding truthfully. The capacity was set such that there is no over-
demand in the case of peaks in cell load. An overview on how the cell load changes over
time can be seen in Figure 7.2, which shows the average cell load over all MNOs. This
scenario is of limited expressiveness to evaluate the DPM because there is limited potential
for manipulation due to the fact that the cell load is not near capacity during peak hours
and the marginal termination cost change equally for all MNO. It is, however, a good
example to show that the differences of these two mechanisms are minimal if there is no
such potential, which is an argument in favor of the DPM. Because if there is no potential
for manipulation, it is not necessary to provide incentives for MNOs to be truthful by
transferring higher payments to lower reports.

Results and Discussion

Table 7.2 shows the results of the VCG auction in this scenario and Table 7.3 shows the
according values for the DPM mechanism. Table 7.4 is a relative comparison how the DPM
performs in comparison to the VCG auction. Table 7.1 shows first-price results for the
same scenario as a benchmark. The MNO revenue, and therefore the user payments, are
only 0.2% higher for the DPM compared to the VCG mechanism. The VCG mechanism
only generates 0.06% more revenue than a first-price auction.
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Figure 7.2: Average cell load

Total Bucket avg. STD RSD

Revenue 540 1.86 1.47 78.3%

Utility MNO 0 0 0 0%

Utility User 635.6 2.2 1.12 51.0%

Table 7.1: First-price results in CHF, average values over all MNO

Total Bucket avg. STD RSD

Revenue 540.36 187.63 146.05 77.84%

Utility MNO 0.30 0.105 0.161 154.43%

Utility User 634.6 2.20 1.12 50.96%

Table 7.2: VCG results in CHF, average values over all MNO

Total Bucket avg. STD RSD

Revenue 541.63 1.88 1.56 83.12%

Utility MNO 1.62 0.563 0.59 13497%

Utility User 630.81 2.193 1.87 85.62%

Table 7.3: DPM results in CHF, average values over all MNO
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Total Bucket avg. STD RSD

Revenue +0.235 +0.235 +7.03 +6.78

Utility MNO +437.51 +436.19 +36583 +8640

Utility User -0.60 -0.60 +67.00 +68.01

Table 7.4: Relative comparison of VCG and DPM, values in %
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7.2.2 Market Conditions in Switzerland

This scenario is based on the marked shares of the Swiss CTS market. The market shares
for the three largest MNOs are 58.9%, 20.2% and 15.8% with others amounting to 5.1%
[45]. These numbers were rounded to 61%, 22% and 17% such that there are results
from three MNOs to make it comparable to the other scenarios. The MNOs have internal
demand of 9150, 3300 and 2550 for MNO 1, 2 and 3, respectively. The termination cost
consist of CHF 0.05 fixed cost and a maximum of CHF 0.1 variable cost for all MNO. All
MNOs are bidding truthfully. The capacity was set such that it is closed to the maximum,
as can be seen in Figure 7.4, to evaluate the performance in a challenging setting. The in-
dividual capacities to achieve this load are 1400, 480 and 375 concurrent calls. All MNOs
are equally cost-efficient but a larger MNO experiences a smaller increase in termination
cost for each terminated call due to the larger capacity of it’s network.

Results and Discussion

The aggregated result over all MNOs can be seen in Table 7.5, the broken down results
to each MNO in Table 7.6. The revenue is 27% higher with the DPM compared to the
VCG mechanism, resulting in a utility increase of 130%. The distribution of the TSP
is very equal for the VCG mechanism with 52% and 48% for the MNOs and the users,
respectively. The distribution with the DPM can’t be properly expressed and would result
in the MNO’s receiving 123% of the TSP. This scenario reveals a considerable drawback
of the DPM, namely the absence of budget balance. The user ends up with a utility of
-332.2 CHF due to this property, i.e., the users have to spend more money than they
are willing to spend. Figure 7.5 shows where the negative utility arises. It does so in
the period with high load during the day, this effect will therefore be smaller if the cell
load is not that closed to the capacity. Also, the reservation value is set to the same
amount as the maximum termination cost, which is not a realistic setting because as of
the year 2014 the termination cost amounts to ∼20% of the total user payment given the
TR value from [8] and end user cost from [48]. But even if there is no negative utility
with these numbers, the problem with the missing budged balance still exists. It is further
noteworthy that the choice of the DPM has no effect on the distribution of the revenue
among the MNOs compared to the VCG mechanism. The largest provider gets 63.88%
and 63.85% of the total revenue for the VCG and DPM mechanism, respectively. These
two percent over-proportional revenue compared to the the 61% market share the largest
MNO has are at the cost of the other two MNOs and are caused by the slower increase
in termination cost due to the higher capacity. But this effect exists irrespective whether
the VCG mechanism or the DPM is in place. An anti-overpowering mechanism or a fiscal
equalization scheme are possible solutions to this problem.
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Figure 7.4: Average cell load of Swiss scenario

Revenue Utility MNO Utility User

VCG 3819.5 775.6 694.71

DPM 4845.7 1782.5 -332.2

Comparison +26.9% +130% -147%

Note: Values in CHF.

Table 7.5: Swiss scenario, VCG auction

Total Bucket avg. STD RSD in %

MNO 1 2 3 1 2 3 1 2 3 1 2 3

VCG: R 2440 771.9 607.6 8.47 2.68 2.11 6.66 2.21 1.79 79 82 85

VCG: UM 482.2 153.2 120.2 1.67 0.54 0.42 1.15 0.39 0.32 68 73 76

DPM: R 3094 979.1 772.6 10.74 3.40 2.68 8.60 2.85 2.33 80 84 87

DPM: UM 1137 360.4 285.1 3.95 1.25 0.99 3.10 1.04 0.85 78 83 86

Comp: R 27 27 27 27 27 27 29 29 30 1 2 2

Comp: UM 136 135 137 137 131 136 170 167 166 15 14 13

Legend: Revenue (R), Utility MNO (UM). Comp. is comparison of both mechanisms in %.
STD and RSD over buckets. Values in CHF.

Table 7.6: Swiss scenario, VCG auction
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Chapter 8

Summary and Conclusions

Termination rates still make up a considerable amount of the total cost of mobile phone
calls for consumers. The height of the termination rates is attributable to the monopoly
the MNOs hold over delivering calls to their subscribers. Regulatory authorities have been
formed all over the world to cope with this problem. The monitoring and the regulations
imposed on the MNOs had a positive impact on termination rates in terms of decreasing
values, especially in the European market. But regulations are static, susceptible to the
lobbying power of the MNOs and do not solve the underlying problem, the monopololis-
tic characteristic of the call termination market. The AbaCUS system was designed to
get down to the root of the trouble and breach the monopoly of the MNOs in the call
termination market. In the AbaCUS system a call can be terminated by every MNO who
provides network coverage in a specific location, irrespective of the provider the callee
subscribed to, therefore breaching the monopoly existing to date.

The two main questions the AbaCUS system has to answer for every call are: (1) which
MNO will terminate the call and (2) how much will he receive for his services? A re-
verse auction is capable of answering both questions and therefore used. The remaining
question lies with the optimal type of reverse auction. But first, a probabilistic model of
the environment of the call termination domain was developed. The two aspects of this
model are the amount of phone calls at each time of the day, i.e., the inter-arrival rate
of calls, and the duration of each phone call, i.e., the holding time distribution of calls.
No suitable models were available for the holding time distribution, therefore a two-tiered
model is proposed. The first tier is based on the slope of a normal distribution to rep-
resent the transition phases between night and day. The second tier makes the model
probabilistic by using random numbers following a Poisson distribution with excpectancy
values optained from the first tier to model the amount of phone calls that will be made
within each discrete time bucket. A broad range of holding-time models were proposed
and benchmarked against each other in the literature. The TLAC model, which is a trun-
cated version of the log-logistic distribution, was selected as a suitable model within this
thesis. The choice is based on the abiity to fit the model to an average holding time du-
ration of 128 seconds. The TLAC model is the most accurate model which relies on only
one location parameter which is a prerequisite for fitting without having to resort to an
actual data set of phone calls, which would render the model unnecessary in the first place.

63
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The probabilistic phone calls models were used to build a simulation environment in
MATLAB, which is in turn used to demonstrate benefits and threats of an auction-based
system besides breaching the monopoly in the call termination market. An auction-based
system lowers the market entry barriers for new competitors intending to build their own
network infrastructure by immediately allowing them to participate in the auction as soon
as coverage in a cell is available. Another benefit is the possibility to ease spikes in the
amount of calls a single MNO is experiencing. This leads to better cost-efficiency for the
MNOs because not every MNO needs to have a large buffer to absorb possible spikes.
But an auction-based system also imposes threats on the call termination market because
large players can get to terminate a disproportionate amount of calls compared to their
market share which could eventually lead to smaller MNOs being cut out of the market.
A formal model of the AbaCUS domain is proposed, based on birth-death processes. Each
MNO’s infrastructure usage is represented by by two birth-death processes, one for on-net
calls and one for off-net alls. Another process is used to model all the calls being made
through the AbaCUS system. Several interdependencies exist between the components
of the model. The model is in turn used to show two situations that bear potential for
manipulation by the MNOs by misreporting their termination cost which leads to the
conclusion that the auction mechanism in the current implementation is not truthful.

In order to overcome the drawbacks of the VCG mechanism, the usage of the Dynamic
Pivot Mechanism is proposed. The mechanism is adapted to the reverse nature the Aba-
CUS domain. Some of the components of the DPM are implemented as proposed by
the authors. Other components were altered to produce approximate results in order to
ensure computational feasibility. The DPM including the proposed alterations was im-
plemented to allow the use within the simulation environment such that the DPM can be
benchmarked against the VCG mechanism currently in place in the AbaCUS system and
against a first-price auction which is, assuming truthful MNOs, the best possible solution.

The evaluation is based on two scenarios. A scenario with three totally equal MNOs
and a scenario with market conditions similar to the conditions in Switzerland. The to-
tally equal scenario shows that user payments increase only slightly by 0.2% with the
DPM compared to the VCG mechanism. This finding is important because it points out
that the DPM is not wasteful with user payments if market conditions are ideal in the
sense that no player has market power to set prices. Almost all of the total surplus lies
with the users in this scenario with both mechanisms. The second scenario, which is closer
to real market conditions shows different results. Other than in the equal scenario there
exists a strong MNO with 61% market share who has some power to influence prices.
The incentives offered by the DPM not to exploit the position the MNOs have come at
a price. The revenue of the MNOs, and therefore also the user payments, is 27% higher
for the DPM compared to the VCG mechanism. This leads to a budged deficit for the
users, which is a considerable drawback. Although this effect is considerably smaller in
practice when the users’ reservation value lies above the MNOs’ maximum termination
cost it inherently exists in the DPM. It is further noteworthy that the DPM has no effect
on the distribution of the revenue among the MNOs compared to the VCG mechanism,
but large MNOs tend to get disproportionate shares with both auctions.
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The evaluation, and in fact also the DPM implementation as proposed, underlie severe
limitations. The model of the AbaCUS domain and therefore also the adaption of the
DPM to the latter do not answer how MNOs handle the breakdown of fixed costs. Evalu-
ation results based on utility vary enormously whether fixed costs are distributed equally
over the amount of phone calls or over time. This restricts the evaluation to truthful bid-
ding if the utility is part of the results. But it does also affect the whole idea of truthful
reporting in this domain in general because an agreement needs to be found on when a
report is truthful. Ex post verification whether reports were truthful would need to be
made over reasonably long periods from an accounting perspective. If the same periods
of time have to be considered in the DPM mechanism in order to ensure strategy proof-
ness, computational complexity would rocket up. The question remains open whether a
truthful auction is desirable, or feasible, under these conditions.

8.1 Future Work

Future work should focus on the two main shortcomings revealed in the evaluation of the
work conducted within this thesis, i.e., (1) the budged deficit of the DPM and (2) the
missing management of fixed costs by the MNOs.
A possible starting point for problem (1) is the Balanced Mechanism proposed by [3]. It is
budged-balanced, which would eliminate the possibility for user payments to be exceed the
user’s reservation value. The mechanism’s further properties are efficiency and Bayesian
incentive-compatibility. This means that the equilibrium concept is weaker compared to
the DPM, because the agents’ incentive to report truthfully is based on the beliefs that the
other agents also report truthfully, compared to it being a dominant strategy. A further
possible drawback is that the mechanism only satisfies ex ante participation constraints,
i.e., MNOs might end up with negative utility after some time periods, which is a shift
from the participation constraint problem from the users to the MNOs. The authors note
that it may be impossible to both balance the budget and satisfy ex post participation
constraints.
Fixed costs need to be added to the model to address problem (2). The question which
needs to be answered in this regard are how the MNOs are going to breakdown the fiexed
cost to the single calls. Cost accounting or other methodologies from industrial economics
might be a staring point. The consequences for the mechanism will be far-reaching,
independent of the methodology used. Because the decision whether a report of a MNO
is considered truthful or not does not only rely on a single report and a limited amount
of future reports anymore, but on a period that is reasonably large from an accounting
point of view, including past and future reports of the MNOs. The length of this period
is another open question, but anything other than a multitude of 24 hours bears potential
for distortions because of the varying amounts of calls at different times of a day.
Another topic for furure work is to further examine to what extent an auction-based
system is invasive in terms of revenue compared to market shares. A possible threat
is that MNOs are able to generate a disproportionate amount of revenue compared to
their market share. But this might also be a desirable effect to some extent to stimulate
competition and bring down prices. Further research is necessary in either case and the
reintroduction of a mechanism to prevent MNOs from overpowerig others, as proposed in
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the initial AbaCUS design [59], might be a solution should overpowering turn out, in fact,
to be a problem.
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Glossary

Caller The person starting a call

Callee The person receiving a call

Discount Rate Factor by which future cash flows are reduced to determine the present
value of these future cash flows. The time value of money, the opportunity cost, but
also the risk or uncertainty of future cash flows is part of the discount rate.

Game Theory The study of mathematical models of conflict and cooperation between
intelligent rational decision-makers

Incentive Campatibility All of the participants are best off when they truthfully report
any private information asked for by the mechanism.

Mobile Virtual Network Enablers Operator of a physical mobile network infrastruc-
ture who provides services to mobile virtual network operators.

Mobile Virtual Network Operator M mobile communications services provider that
does not operate an own mobile network infrastructure over which it provides ser-
vices to its customers.

Pareto efficiency A state where no one can be made better off without making someone
else worse off

Participation Constraint A mechanism fulfills participation constraints if it leaves all
participants at least as well off as they would have been if they had not participated.

Price Discrimination Setting different prices for identical, or largely identical, products
or services

Probability Distribution Links each outcome of a statistical experiment with its prob-
ability of occurrence.

Reservation Value The highest price a user is willing to pay for the call termination
service. Also refered to as reservation price.

Truthful Mechanism A mechanism is truthful if the participants are best off when they
truthfully report any private information asked for by the mechanism.
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Appendix A

Simulation

A.1 Simulation Input

The simulation can be configured such that it produces different scenarios. Following is
a list of all configurable inputs which alter the result of the simulation. Listed are only
the inputs which require no programmatic changes. Some changes, e.g. changing the
marginal termination cost function for a single MNO can be easily changed but require
basic knowledge of the MATLAB language.

Target call amount
The expected amount of AbaCUS calls to be distributed over a 24 hours period.
The actual amount deviates slightly from the target amount due to the probabilistic
nature of the call generation. The deviation should be < 1%.

Target internal call amount
The expected amount of internal calls for each MNO individually to be distributed
over a 24 hours period. The actual amount deviates slightly from the target amount
due to the probabilistic nature of the call generation. The deviation should be < 1%.

Bucket amount
The amount of buckets 24 hours is divided into. Calculate as follows if bucket size
in seconds is given: buckets = 24×60×60

size
.

Bucket size
The size of the buckets in seconds. Will yield results not representing 24 hours if
size 6= 24×60×60

buckets
.

Call duration
The duration of a call. This only works if the probabilistic holding time is disabled.

Reservation value
The user’s reservation value.
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MNO amount
Amount of MNO participating in the AbaCUS system.

MNO capacity
The capacity of how many concurrent calls an individual MNO can handle.

Fixed cost
The height of the fixed cost of the marginal termination cost for each individual
MNO.

Variable cost
The maximum height of the variable cost of the marginal termination cost for each
individual MNO

A.2 Simulation Output

The output of the simulation is stored in various matrices. If not explicitly specified
otherwise the values are bucket-level aggregates and each row represents one bucket. The
formal description is in the form of [column1, column2, . . . ].

Concurrent AbaCUS calls
The amount of AbaCUS calls for each MNO. [MNO1, MNO2, . . . ]

Concurrent total calls
The total amount of calls for each MNO. [MNO1, MNO2, . . . ]

Cost
The cost for each MNO. [MNO1, MNO2, . . . ]

Revenue
The revenue for each MNO. [MNO1, MNO2, . . . ]

MNO Revenue aggregates
Total, average and median revenue for each MNO, including STD and RSD

Utility
The utility for each MNO. [MNO1, MNO2, . . . ]

MNO Utility aggregates
Total, average and median utility for each MNO, including STD and RSD

Not allocated calls
The amount of calls which have not been allocated, either due to not meeting the
user’s reservation value or because all MNO capacity was used. [amount]

Call level history
Every single AbaCUS call. [winning MNO, payment, cost of MNO]
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User payments aggregates
Total payment, average payment per bucket, STD and RSD of average payments

User utility aggregates
Total utility, average utility per bucket, STD and RSD of average utility
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Appendix B

Redesign

B.1 Discount Factor Fitting

The discount factor as a constant, compared to a function based on TLAC, can be fitted
to the TLAC model. To do so, the value for δ has to be found, such that the Root-Mean-
Square Error (RMSE) between the inverse TLAC CDF function and the constant δ is
minimal. The RMSE for these two concepts can be calculated as follows:

RMSE =

√∑h
t=1(δ(t)− δt)

h
(B.1)

δ(·) is the inverse TLAC CDF, δ is the constant discount factor and h is the time horizon
that should be considered. Figure B.1 shows a visual representation of different constants
δ compared to the inverse TLAC CDF. The RMSE numbers confirm what can be already
observed visually, that δ = 0.99 is the best fit, thus if the model is supposed to have a
static discount factor, the discount function should look as follows:

δ(t) = 0.99t (B.2)

More sophisticated fitting can, for example, be done with the data fitting capabilities of
MATLAB [42]. The evaluation of the fit will still be based on RMSE.
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RMSE(δ = 0.995) = 0.1694
RMSE(δ = 0.99) = 0.0294
RMSE(δ = 0.985 = 0.0698

Figure B.1: Different constants compared to the inverse TLAC CDF



Appendix C

Evaluation

C.1 Misreporting results

C.1.1 Fixed Cost per Call

Table C.1 shows different misreporting strategies for the Totally Equal scenario in 7.2.1.
The results are for a single misreporting MNO while the others remain truthful. These
results are distorted because of the effect described in Section 7.1.1. Terminating less calls
leads to a decrease in fixed costs which is not the case in practice.

Truthful +25% +5% +10%

Revenue
−−−−−
Total: 54108.5100
Average: 187.8767
Median: 209.19500
STD: 147.107063
RSD: 78.299761

Utility
−−−−−
Total: 25.000000
Average: 0.086806
Median: 0.060000
STD: 0.115512
RSD: 133.070063

Revenue
−−−−−
Total: 26985.77000
Average: 93.700590
Median: 73.135000
STD: 98.612844
RSD: 105.242501

Utility
−−−−−
Total: 5405.730000
Average: 18.769896
Median: 14.650000
STD: 19.753491
RSD: 105.240278

Revenue
−−−−−
Total: 48043.37000
Average: 166.81725
Median: 178.755000
STD: 138.518876
RSD: 83.036299

Utility
−−−−−
Total: 2312.57000
Average: 8.029757
Median: 8.580000
STD: 6.672834
RSD: 83.101319

Revenue
−−−−−
Total: 42306.7100
Average: 146.8982
Median: 153.04500
STD: 128.867756
RSD: 87.725833

Utility
−−−−−
Total: 3865.3100
Average: 13.4212
Median: 13.98000
STD: 11.774967
RSD: 87.733986

Table C.1: Different misreporting strategies in VCG
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Appendix D

Contents of the CD

SimulationSrc The MATLAB source code of the simulation environment.

ReportSrc The LATEX source code of this thesis. The subfolder figures contains the
figures exported from MATLAB. The flowcharts and automata are created pro-
grammatically with TikZ [58] and directly embedded in the .tex files.

Masterthesis.pdf This thesis as PDF.

Abstract.txt Abstract in English.

Zusammenfassung.txt Abstract in German.
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