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NepiAnyn

To avukeipevo g datpBng eivatl n SewpnTiK avaAuon KAl YEVIKEUON
POVIEAGV Talyviov oupdopnong, He otoxo v pedétn pebodwv peimong tou
Twnpatog g Avapyxiag Kat t) PEAET OTOXAOTIKOV EMEKTACEDV TOV ALY VIOV
oupdopnong pe mapdAAnin €peuva ToU KATd ITOCO UIOPOUV AUTEG Va ETTNPE-
aocovuv, eite Yetka eite apvnuka, o Tipnpa g Avapyiag. Apxikd, riapou-
olddoviatl Baocikd oroixeia g PiBAloypagdiag mou £€xouv Apecn oxXEon He 1a
POBANIATA TIOU PEAETHONKAV KAl OTNV OUVEXEIA AKOAOUBET 1a EKTETAPEVT)
apoUciach TV AroTEAEOPAT®V TG £pyaoiag.

[Tapouoiaovtal anotedéopata rmovu adopouv 1o rapadodo tou Braess oe
natyvia oupgopnong Orou 10 KOoTog KAOe maikin 100Utal Pe 10 KOOTOG NG
o aKPBng akpng (aKpn cupgopnong) TToU XP1NOHOTIOEL KAl TO KOOTOG TOU
81KTUOU 100UTAl PE TO KOOTOG NG IO aKP1Br)g aKUng IoU XP1olhoTIolEitat.
MeAetdatat 1o péBAnpa eUpeong £€0T® KAl IIPOOEYYIOTIKA KAAUTEPOU UTIOd1-
KTUOU o¢ T€to10u eidoug naiyvia. [Tapdtt 1o aviiotoyo npoBAnpa oe naiyvia
He PooBeTIKA KOOTY £1X€ KAt yoploron el ano mAeupdg XPOVIKAG ITOAUTTAO-
KOTNTAG yla 10 €v A0y®m mpoBAnpa urmrpxav KAmold anotedéopata povo yla
YEVIKEUOELG TOU KA1 PAA10TA APKETA ITI0 acBevr) arod autd 1ou rapouvotadoviat
otV SatpBr). a v o amir ekdoxrn Tou MPoBANATOg, NEO® P1ag oUv-
deng avaywyng, arodsikvuovtal anotedéopata SUOKOAIAG OtV IIPOCEYY10n
TOU KaAutepou urodiktuou: eivat NP-6uokoAo to mpoBAnpa euUpeong €0t
kat O(n®121) mpooeyylotikd KaAou UNodIKTUOU (41oU n 0 aplOpog KopBmv
diktuovu). [MapdaAAnAa katabdeikvuovial HU0 UTTOKATNYOPIEG TETOIRV TTATY VIOV
mou dev macxouv kaboAou arod 1o apddofo eved divetal €vag mPooeyylott-
KOG aAyop10110G yia meptioelg S1IKTUmV Orou 1] avayeyn g arnodei§ng g
NP-6uokoAiag dev propet va epappootet.

[Tapouoiadovtatl, eriong, amoteAéopatd mou £X0UV vd KAVOUV 1€ T0 ITapd-
80%o tou Braess oe naiyvia oupgpopnong pe rpoodetika kéotn. I'a térolou
elboug natyvia enave oe Erdos-Rényi tuxaioug ypdgpoug (og urtokeipeva di-
Ktua) €xetl anodeiytel 0t pe peyddn mbavotnta epgavidetat 1o rtapadodo tou
Braess. Zinv gpyaoia autr), 1o poBAnpa eUpeong KAAUTEPOU UTIOHIKTUOU OE
1€t010U £1doug maiyvia, diaobnuka avayestal os poBAnNpa euvpeong KAAute-
POU UTIOH1KTUOU O€ Taiyvid OIToU TO UTIOKETHEVO BIKTUO AVHKEL TNV TT10 ATTAT)
01KOY£veld UToSIKTU®V Tou da Propoucav va aoXouv and 1o rmapadodo, pe
v SUOKOAlQ €UPEONG KAAUTEPOU UTOSIKTUOU O T€Told HIKTUA Va MAPAPEVEL
ayvwotrn. Xpnolpornowwviag éva moAu nmpoodato arnotédeopa ano ) dewnpia



mbavottev, divetal évag MOAUMVURIKOG aAyoplOpog mpooéyylong tou Ka-
AUtepou UMOdHIKTUOU Oe Tétola SiKTua Kal aKOAOUOB®G, XP1NOIOnolOvIas Tig
EMEKTATIKEG 101011eg v Erdés-Rényi ypagov, dystal éva mpooeyyloukda
KAAO UTod1KTUO TOU apX1KoUu d1KTuou.

Ye Awyo Sragopetikn kateubuvor, peAetovial ta Bacikd XapaKinPEloTiKa
natyviev oupgopnong pe absBaidtnta otig akpeg Kat naikteg euaiodntoug
oto pioko. H kAaoikr] poviedonoinon tov natyviov oupgopnong ayvoet tmv
aBeBaldtnta oTig AKHEG TTOU EVUITAPXEL O€ APKETEG MIEPUTIOOELS TG KAONpePt-
votntag. Movtedonoloviag trv attia g aBeBaidotntag ota KOotn 10V AKHOV,
otV gpyaoia, opidovral 6Uo "opBoyovia” povieda, éva [1E OTOXAOTIKOUG Tiai-
KTEG, OIOU O1 ITAIKTEG OUPHETEXOUV 1] OX1 OT0 Ttaiyvio pe Sedopévn mbavotnta
Kal dpa 1 PAaypatiky cupgopnon yid Tig aKpEG rmou emMAEYOUV AIOKTd TU-
Xa0tnta, Kat €va JE OTOXAOTIKEG AKHEG, OTIOU Ol aKPEG duvavial pe Kanowa
mbavotnta va €Xouv "HUn-Kavovikr® oUUmepipopd Kat va rpocdidouv pie-
yaAutepn kaBuotépnon Katd v Xeron toug. Xe autd ta maiyvia yiverat
PEAETN ®G TIPOG TNV UTIAPEn ONHEI®V 100pPOTTiAg KAl CUVAPTHOE®V SUVAPIKOU
€V HPEAETATAL KA1 1] CUUITEPIPOPA TOU TIUHHATOS TNG avapyiag.

Evonolovtag 11§ §Uo kateubuvoelg, otnv epyacia didetat Evag véog TpOrtog
BeAtimong tou Tpnpatog g avapyiag oe aiyvia pe aBeBaidtnta otg aKpeg
Kat riaikteg evaiobntoug oto pioko. ITio ocuykekpipéva, deixvetal ot av sivat
duvatr n mPooBrKn erurtAéov aBeBaldtntag oe EMAEYHEVEG AKMIEG HE TPOTIOV
®ote va pnv aAAddel To avapevopevo KOotog Toug, Tote, AOY® tng euatobnoiag
TOV TAIKIOV OT0 PIOKO, AUTEG Ol AKPEG yivovial AlyOTepo TMPOTIUNTEEG ATIO
TOUG MaiKteg KAl OUVENIROG TO Tipnpa tg avapyiag duvatat va PeAtiobel Adyw
G OTPOPIG TOV TIAIKIMV TIPOS AKPEG TIoU 11 BEATiotn Avon Sa emédeye yia
autoug. To mpoBAnpa nou opidetal mpog autn v Kateubuvor) Potadet pe v
EPLOPIoEVT] Xpron 6106iwv oe Hiktua katl anotedéopata Pmopouv va Tpo-
KUWPoUuVv and ekel. Tinv epyaocia divovial arnotedéopata rmou rpoonadoviag
va akoAoubrjocouv 11ig Karush Kuhn Tucker ouvOrikeg BeAtiototntag Sivouv
Ha “owkovopikotepn” Kat Kadutepn diaxeiplon g aBeBaidotnrag Kail rnapé-
Xouv KaAuteprn 61aicBnorn yla tnv mporuUmtoucd BeATi®Oon ToU TIPINPIATOS TG
avapxyiag.



Abstract

The subject of this thesis is the theoretical analysis and generalization
of congestion games models and it aims to provide a study on mehtods for
reducing the Price of Anarchy and a study related to stochastic extensions
of congestion games and in which extend the Price of Anarchy may be af-
fected within them. First, the literature that relates mostly to the problems
studied is presented and rightafter an extensive presentation of the results
of the thesis follows.

The problem of finding or approximating the best subnetwork in bot-
tleneck routing games is studied. Although the corresponding problem in
additive costs congestion games is almost fully understood, for the prob-
lem studied here, the existing results hold for more general games and in
fact are much weaker than the ones presented here. For the simplest ver-
sion of this problem, via a complex reduction, an NP-hardness results for
finding or approximating the best subnetwork of the underlying network is
proved: it is NP-hard to approximate the best subnetwork by a factor less
than O(n®!?!) (where n is the number of nodes of the network). In the pos-
itive side it is proven that in some subclasses of these games the paradox
does not appear at all and also it is given an approximation algorithm for
some cases where the NP-hardness reductions cannot apply.

Results that have to do with Braess paradox in additive costs congestion
games are presented. Prior to the work presented here, it has been proved
that if the underlying network of a congestion game is a random Erdos-
Rényi graph then with high probability it suffers from Braess Paradox.
Here, it is proven that the problem of finding the best subnetwork in such
random networks can be essentially reduced to the problem of finding the
best subnetwork of a network belonging to the simplest class of graphs that
may suffer from the paradox. Using a very recent result from the theory of
probabilities, it is given a polynomial approximation algorithm for finding
best subnetworks in such networks. Then, the expansion properties of
Erdos-Rényi graphs are used and an approximately good subnetwork for
the initial network is drawn.



By slightly changing direction, the basic properties of congestion games
with uncertain delays and risk averse users are studied. The classic for-
mulation of congestion games ignores uncertainty in delays that arises in
many real life situations. Modeling the cause of uncertainy in delays, two
orthogonal models are introduced, one with stochastic players, where each
players participates in the game with a given probability and thus the ac-
tual delay on the edges that players choose gets uncertain, and another
with stochastic edges where each edge, with a given probability, may “fail”
and provide greater delay to the players using it. For the arising classes
of games, the existence of pure Nash equilibrium and potentials and the
behavior of the price of anarchy is studied.

Uniting the above directions, a new way for improving the price of an-
archy in congestion games with uncertain delays and risk averse users is
given. More specifically, it is shown that if one can insert uncertainty in
the edges of the network in a way that the expected cost of those edges
remains the same, then, because of the risk aversion of the players, these
edges become less attractive for the players. Thus, the price of anarchy
may improve as more players may turn to edges that the optimal solu-
tion would choose for them. The arising algorithmic problem relates to
congestion games with restricted tolls and results can also be drawn from
there. In this thesis Karush Kuhn Tucker conditions are closely followed
and there are given results that give a better and “less cheap” use of extra
uncertainty and provide better insight of the improvement in the price of
anarchy.
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A1épBpwon ¢ AlatpiPnc

Ta natyvia oupgopnong anoteAouv onuavilké Koppdtt g (aAyopOpt-
K1ng) Yewpiag maryviov. Apou cuvoyicoupe Kamnola Bacikd ototxeia g Pi-
BAoypagiag ou peAetnOnke, Sa emkevipoboupe os YEpata autng pe ta
oroia aoXoAnOnKape epeuvnTIKA Kal Sa mapabécoulie Ta eUprpatd TV TIPO-
orabe1®v pag, mou £€Xouv va Kavouv pe to rapadodo tou Braess, addda kat
HE TN oupneplpopd dU0 YEVIKEUOEDV ALY VIOV oUpP(OPNnong IoU Ipoortadouv
va IIPOCOPO01A00UV KAAUTEPA KATIOEG MTPAYHATIKEG KATACOTAOELS NG {ONG.

10 pato REPAAA10 CUYKEVIP®VOUE OAn v BiBAloypadia rou oxetidetal
HE Ta Tailyvia cupgpopnong Kat IV EPEUVITIKI 1ag 60UAE1d KAl TTapouctd-
JoUlIE TIG TEXVIKEG TIOU TIPOOTIAB0UV va PEIWO0oUV TV UTtoBad|ion tou S1KkTtuou
TTOU TTPOKAAEL ] EYDI0TIKI] CUPITEPIPOPA TV TTATKIMV.

Zto deutepo kePpadalo rapouotadoupe H1a100nTKA TV oUVEIOPOPA Pag &-
V@ 010 Tp1to KedpdAaio Hivoupie YEVIKOUG OP10110UG TTIOU 9a XP1O1HOTIO)COUHE
otV ntapouciaon tng 60uAeldg pag.

210 TETapto Kat rePTto kepdadatio Sa eotidilocoupe oto rapadodo tou Braess,
n €Sadelyn ToU oroiou artotedel TOV MO Clyoupo KAl APECO TPOIO yld TV
pelwon g unoBdadpiong tou S1ktuou. Oa MAPOUCIACOUHE TEXVIKA TNV O1KI)
pag ouvelopopd oto Medio auto Pe amoteAéopata rmou £€Xouv va Kavouv 1)
pe mv e€ddewyn tou napadofou oe tuyaiag @uong Siktua mou arodedetry-
péva maoxouv arnod 1o rmapadofo otav ta Koot £ival mpoobetkda Kat 2) pe
Vv 8UoKOAia £VIOITIOPOU TOU MApadogou KAl ArodoTIKLG UPEonS £0TM KAl
IIPOOEYY10TIKA KAAOU UTTOHIKTUOU O€ maiyvia OIou ta KOOt T@V POVOIIati®V
1oouviat pe 10 Bdpog g Baputepng TOUg AKPLG.

Z10 éK10 KeEPAAAlo, apou opicoupe HUO YEVIKEUOEIG TOV TIAYVIOV CUM-
(PoOpnong rou adopouv rnaikieg suvaiobnroug oty aBeBaidnta, Sa tg ava-
AUooupEe ®G TPOG TNV UIAPEn 100pPOITAOV KAl CUVAPTNOE®V SUVAIIKOU KAt
9a peldstiooupe v oUPMEPIPOPA TOU TIUNHATOS NG avapyiag, tn povada
pétpnong g unoBabpiong tou Siktuou.

Zto €é86opo kedpdldalo, Helyxvoupe TIOG PIOPOULE, O maAlyvid Pe TAIKTeG
euaiobntoug otnv aBeBalotnta, va XPNOHOMOoI|ooUHE TV euaiobnoia v
MAKTIOV Kadl TIpocfEtaviag aBeBalotnta os PEPOG TOU S1KTUOU va BeAtimooupe
TNV OUPIEPIPOPA TOU TIPNHATOG TS avapyiag.

210 0y6oo kat tedeutaio kepdAaio, e§ayoupe teAika ouprepdopata, Kat
napabEtouie-Katade1kvuoue avolktd rpoBAnpata.
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Chapter 1

Infroduction

Congestion Games provide a natural model for non-cooperative resource
allocation in large-scale communication networks and have been the sub-
ject of intensive research in Algorithmic Game Theory. In this chapter, we
first give a small introduction to the “Congestion Games Space", inside of
which all the (leading, studied) different cases and generalizations of Con-
gestion Games (CGs in short) lie. A literature overview follows right after
with emphasis given to the bibliography part that strongly relates to our
work.

1.1 Congestion Games

In a Congestion Game [73], a set of identical non-cooperative players, con-
trolling an equal amount of load, compete over a finite set of resources. All
players using a particular resource, experience a cost (or latency) given by
a non-negative and non-decreasing function of the resource’s load (or con-
gestion). Each player selects her strategy, a subset of resources, selfishly
trying to minimize her individual cost.

The focus on CGs is on the so-called network CGs where there is an
underlying network given and each player’s strategy space is formed by
the paths from her origin node to her destination node in the network.
The edges of the network, that come together with a cost function, are the
resources of the network CG. The following hold for general CGs although
most of the work in the literature and also our work deals with network
CGs.

19



20 INTRODUCTION

Cases

Many different cases of CGs arise if one considers different assumptions
on the players’ strategy spaces, on the players’ types or on the players’
strategies’ costs. More specific, players may all have the same strategy
space, symmetric games case, or different strategy spaces, asymmetric
games case. Also, players might be finite and route a significant amount
(@ unit) of load through the network, and thus may affect the resources’
cost, atomic games case, or be infinite and route a negligible (infinitesimally
small) amount of flow through the network and thus cannot unilaterally
affect the resources’ costs, non atomic games. Moreover each player’s costs
might be the sum of the resources’ costs on player’s strategy, additive
costs games, or the maximum resource’s cost among the resources’ costs
in player’s strategy, bottleneck costs. Figure 1.1 schematically presents

the above.
Qveighted pIayerD @ayer specific 0039 stochastic delays
// ///// /////

e . -
/ Gensrdlizations =~

=
7/ -
-

( Congestion Games )—

ent ca

( symmetric )—( atomic additive costs
C non symmetric bottleneck costs

Figure 1.1: Network Congestion Games (small) map. The upper part captures the
leading generalizations of CGs. The lower part captures the different cases arising
by considering assumptions on the players’ strategy spaces, on the players’ types
and on the players’ strategies’ costs.

non atomic




1.1. CONGESTION GAMES 21

Generalizations

CGs can be naturally generalized to games where players have different
demands (for the atomic case), called weights, i.e. route different amounts
of flow through the network (in network congestion games). These games
are called weighted CGs. Another natural generalization assumes that
resources’ cost functions are player dependent, i.e. each player perceives
a (possibly) different cost function on each resource. These are CGs with
player-specific cost functions. Deciding under uncertainty has drawn much
attention in CGs in the very last few years. Models of congestion games with
stochastic delays and risk averse players extend CGs in order to capture
real life situations and predict human behavior. Figure 1.1 helps.

Performance

In a Congestion Game, a natural solution concept is that of a pure Nash
equilibrium (PNE), a configuration where no player can decrease her cost by
unilaterally changing her strategy. At the other end, the network manager
cares about the public benefit and aims to minimize the total cost incurred
by all players. Since a Nash equilibrium does not need to optimize the
total cost, one seeks to quantify the inefficiency due to selfish behavior.
The Price of Anarchy was introduced in [57] and has become a widely ac-
cepted measure of the performance degradation due to the players’ selfish
behavior. The (pure) Price of Anarchy is the worst-case ratio of the total
cost of a (pure) Nash equilibrium to the optimal total cost. Many recent
contributions have provided strong upper and lower bounds on the Price
of Anarchy (PoA) for several classes of CGs. The forthcoming literature
overview includes also these results.

The prevailing questions in CGs of any of the different cases described
above (or even for subcases of them), have to do with the existence and
computation of equilibria, with the convergence time of better or best re-
sponse dynamics (i.e. the steps to reach an equilibrium starting from
an initial configuration and letting players do a better or best response,
one at a time), with deriving bounds on the PoA and with exploring ways
to improve network’s performance (tolls, stackelberg strategies, exploiting
braess paradox, see section 1.3). Citations (together with some details) of
published work dealing with these questions and the main results of the
literature part that relates the most to our work paper are given in the
remaining of the chapter.
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1.2 Bibliography Overview

Next we put together bibliography sources dealing with the prevailing ques-
tions in the different variants of CGs. The biggest portion of this literature
concerns additive costs games although there is a non negligible portion
concerning bottleneck costs games. For results on improving network’s
performance continue to section 1.3 and for games with stochastic delays
see section 1.4

Additive Costs

For results on the existence of Nash equilibrium one should see [73] where
the method of potential function is used to prove the existence of a pure
Nash Equilibrium (PNE) in CGs and [66] where the equivalence of CGs with
potential games is proved. On section 3.3 we open the first pages of these
works.

For results on the complexity of finding PNE see e.g. [33], where the
class PLS was proved to fully capture the difficulty of finding pure Nash
equilibrium in general, symmetric or asymmetric CGs, [30], where hard-
ness results for the existence of PNE in weighted games is given and [3]
where hardness results for the existence and computation of PNE in player-
specific CGs is given.

For results on the PoA in non atomic games see e.g. [74], where PoA
bounds are given that actually depend only to the class of the cost functions
of the resources and are independent of the network topology and [28],
where a simpler proof of the previous result was given that also can be
applied in more general settings. Also, one could see [64], where it is
shown that topological properties might help the network in performing
well.

For results on the PoA in atomic games see e.g. [8], where PoA bounds
are given for cases where the costs are linear functions or polynomials of
degree d, [23], where also bounds (slightly stronger for some cases) for
cases where the costs are linear functions or polynomials of degree d are
given but also a more general method for bounding PoA is introduced and
[4], where exact bounds are given using similar techniques to [23] that also
apply to weighted CGs.

For results on the convergence times to PNE see e.g. [32], where bounds
on convergence time for singleton CGs (strategies are singletons) for both
weighted and unweighted CGs, [39], where, among others, the convergence
time to PNE is investigated for the case of network CGs with linearly in-
dependent paths. For results on the convergence times to approximate
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Nash equilibrium (where players costs are approximately equal) see e.g.
[81], where strong hardness results on convergence times of best response
dynamics are drawn, [21], where positive results for the convergence times
in symmetric games are given, [9], where the above work is extended to
the asymmetric case when a special property that helps to bypass the in-
approximability of [81] holds and [1] where properties of strategies’ spaces
are investigated so as to have fast convergence times.

For games with player-specific cost functions see e.g. [63], where the
study of player-specific cost functions was initiated in singleton CGs, [2],
where, among others, more general networks that guarantee PNE exis-
tence are investigated, [61], where the differences in the player-specific cost
functions that players perceive are only constants, [2], where the networks
found in [61] are proved to be optimal topologically and a polynomial algo-
rithm of finding the guaranteed to exist pure PNE is given and [46] where
properties of the class of cost functions are investigated for both the cases
of weighted or unweighted CGs in order to have PNE.

For games with weighted players see e.g. [44], where the model of
weighted CGs is introduced and results on the existence of equilibrium
and potential functions are presented, [69] for experimental results on
computing PNE in the model of [44], [2] where, as in player-specific games,
more general networks that guarantee PNE existence are investigated, [14],
where the PoA (whenever a PNE exists) is related with the class of allowable
cost functions and worst case results are proved in close relation with the
ones in unweighted games, [65], where topological properties are shown
to strongly relate with the existence of a PNE and [50], where an exact
characterization of the set of cost functions that guarantee a PNE existence
is given.

Bofltleneck Costs

For results in non atomic games see e.g. [27], where the theoretical study
of bottleneck games were initiated and [62], where the uniqueness and op-
timality of PNE is investigated in parallel-links, series parallel and general
networks. For results concerning Braess’s paradox see section 1.3.

For results in atomic games see e.g. [11], where the study for atomic
games was initiated, the non uniqueness of PNE was proved, convergence’s
rates were studied and bounds on PoA were achieved, [18], where results
on the PoA related to the network structure are presented while existence of
a social optimal PNE is also proved, [31], where complete characterizations
of the networks that have optimal PoA is given (series-parallel networks for
the pre-described version of bottleneck games and extended parallel net-
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works for another version defined therein) and [19], where results related to
the existence, complexity, and price of anarchy of PNE for several network
games (symmetric and asymmetric, with identical or weighted players) are
given.

1.3 Reducing the Price of Anarchy

The degradation of the network due to players’ selfish behavior has drawn
much attention in the past. In the literature, there are three prevailing
ways to tackle this degradation.

Taxing the edges: changing the cost functions of the players by adding
taxes on the edges (resources) of the network.

Stackelberg strategies: changing the fraction of selfish players by assum-
ing that some players are willing to cooperate for social welfare.

Excluding the Braess’s paradox: changing the network topology by mak-
ing some edges (resources) unavailable.

1.3.1 Taxing the Edges of the Network

A CG with taxes is a typical CG with an extra tax vector that gives the
taxes for the edges of the network. The players’ cost are modified so as
to consider also the cost due to taxes on the edges they choose. Players
may have different sensitivities in taxes and this is captured by a constant
coming along with each player.

Taxes increase the cost of the players without affecting the social cost
function and thus can be used without charge by the network manager.
Ideally, one would like, by taxing the edges, to have the Nash Equilibria of
the new game be an optimum flow in the original game. These taxes are
called optimal taxes.

Non Atomic Case

In non atomic games the problem of designing optimal tax vectors has been
studied extensively. A classic result going all the way back to Pigou [70]
states that marginal cost taxes induce the optimal traffic pattern for homo-
geneous players [13]. A significant volume of recent work on optimal taxes
for non atomic CGs considers the more intriguing and realistic case of het-
erogeneous players, which may have different valuations of time (latency)
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in terms of money (taxes). Yang and Huang [86] established the existence
of optimal taxes for non atomic asymmetric network CGs with heteroge-
neous players. Subsequently, their result was rediscovered by Fleischer,
Jain, and Mahdian [36], and Karakostas and Kolliopoulos [54]. Previously
the single-source special case had been investigated by Cole, Dodis, and
Roughgarden [26].

The existence of optimal taxes for non atomic CGs with heterogeneous
players follows from Linear Programming duality ([36, 54]), and thus an
optimal tax vector can be computed efficiently by solving a linear program.

For non atomic games, under mild assumptions on the latency func-
tions the edge flow at equilibrium is unique. Hence the taxes of [13, 26, 36,
54, 86] induce the optimal solution as the unique edge flow of the equilibria
of the game with taxes.

Atomic Case

Atomic CGs, even with splittable traffic (players can use more than one
paths to route their flow), may admit many different Nash equilibria, pos-
sibly with different edge flows. Therefore, when considering atomic games,
one has to distinguish between

e weakly-optimal tax vectors, for which at least one Nash equilibrium
of the game with taxes minimizes the total latency, and

e strongly-optimal tax vectors, for which all Nash equilibria of the game
with taxes minimize the total latency.

For atomic CGs with splittable traffic and heterogeneous players, Swamy
[82] proved that weakly-optimal tax vectors exist and can be computed ef-
ficiently. In fact they can be computed by solving a convex program similar
to the ones in [36] and [54].

As for atomic CGs with unsplittable traffic, the existence and efficient
computation of optimal taxes has been studied in the setting of homoge-
neous players.

Caragiannis, Kaklamanis, and Kanellopoulos [20] considered atomic
games with linear latency functions and homogeneous players, and inves-
tigated how much taxes can improve the price of anarchy. On the negative
side, they established that if the players either do not share the same
source and sink or have different traffic demands, then strongly-optimal
taxes may not exist. On the positive side, they presented an efficient con-
struction of strongly-optimal taxes for parallel-link games with linear la-
tencies and unit-demand players.
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Subsequently, Fotakis and Spirakis [45] proved that weakly-optimal
taxes exist and can be computed efficiently for atomic symmetric network
CGs, and that such taxes are strongly-optimal if the network is series-
parallel.

For the case of heterogeneous players, results follow from the technique
used in the non atomic case. Fotakis, Karakostas and Kolliopoulos in
[43], using a linear program like one in [54], prove the existence of weakly
optimal tolls for games with heterogeneous players with the same source
node. Also, in [43], it is given a counter example that shows that players’
heterogeneity precludes the existence of strongly-optimal taxes even on the
simplest topology of parallel-link networks.

Restrictions on the Allowable Taxes

More recently, Hofer et al. ([51]) studied non atomic CGs with taxes where
only a subset of the resources is allowed to get taxes and, on the negative
side they provided an NP-hardness result for finding optimal taxes for gen-
eral networks with linear latency functions and two commodities while on
the positive side, for single-commodity networks with parallel links and lin-
ear latency function, they provided a polynomial time algorithm for finding
optimal taxes.

Following this work, Bonifaci et al. ([17]) studied the (non atomic) case
where along with each edge, an upper bound on the allowable tax on that
edge is given. They provide a characterization for the flows that can be
imposed by the restricted taxes and compute the optimal taxes when the
optimal flow is inducible. Also based on this characterization, they manage
to compute the taxes that induce the smallest cost at equilibrium for par-
allel links networks. They also derive tight (even for parallel link networks)
bounds on the efficiency of restricted tolls for multi-commodity networks
and polynomial latency functions.

Jelinek et al. in [53] generalized the above model to atomic CGs and to
CGs with taxes with heterogeneous players. For non atomic and hetero-
geneous players, they prove that the problem is NP-hard even for single-
commodity networks and affine latency functions. On the positive side
they give an algorithm for optimally taxing subnetworks with affine latency
functions. For weighted atomic players, the problem is NP-hard already
for parallel-arc networks and linear latency functions, even if players are
homogeneous. Focusing on parallel links games, for unweighted atomic
and homogeneous players, they develop an algorithm to compute optimal
restricted tolls and for unweighted atomic and heterogeneous players, they
derive an algorithm for optimally taxing subnetworks.
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1.3.2 Stackelberg Strategies

In Stackelberg routing, the network manager, as a central authority, coor-
dinates a fixed fraction a of the players and assigns them to appropriately
selected strategies trying to minimize the performance degradation due to
the selfish behavior of the remaining players.

A Stackelberg strategy is an algorithm that determines the strategies
of the coordinated players. The problem that arises for the coordinating
authority is, given a fraction a under her influence, to find the best stack-
elberg strategy so as to minimize the inefficiency caused by the selfishness
of the other players. Note that for a = O we get a classical congestion game.

The first case that has been thoroughly studied is the case of parallel
link networks (networks with two nodes and parallel edges joining them)
with linear latency functions.

Roughgarden in [75] proved that it is NP-hard to compute the optimal
Stackelberg strategy via a technical reduction from the 32 PARTITION prob-
lem. He also presented three simple strategies with provable performance
guarantees. The first of the three, computes the optimum of the game
with an players (n the number players in the original game) and finds the
edges for these players. In the original game the algorithm assigns the
coordinated players on the same edges they would stay in the optimum he
computed. The second one, namely the SCALE algorithm, after computing
the optimal solution x* assign to each link e, ax; players. The third one,
the Largest Latency First (LLF) algorithm, computes the optimal solution
and assigns the coordinated players to the most costly edges (links), fulling
them in decreasing order.

Swamy in [82] obtained the first results for non atomic routing in graphs
more general than parallel-link graphs, and strengthen existing results for
parallel-link graphs. In series-parallel graphs (sepa) he showed that Stack-
elberg routing reduces the PoA to a constant (depending on the fraction of
flow controlled). The algorithm that does the work is the LLF. For general
graphs, he obtained latency-class specific bounds on the PoA with Stackel-
berg routing, which give a continuous trade-off between the fraction of flow
controlled and the PoA. The bounds come from analyzing the performance
of the SCALE and the LLF algorithm. A part of this proof followed the same
technique as the one in Correa et. al ([28]). In parallel-link graphs, he
showed that Stackelberg routing reduces the PoA to a convex combination
of the worst case PoA when a = 0 and the optimal performance when a = 1.
The convex combination factors are 1 — a and a repsectively.

Karakostas and Kolliopoulos in [54] analyzed LLF and SCALE algo-
rithms, for general topology networks, multicommodity players, and linear
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latency functions. They showed a PoA bound for SCALE which decreases
from worst case PoA to 1 as a increases from O to 1, and depends only on
a, generalizing this way the known bound for the parallel links network
which nevertheless has one single commodity. An interesting fact is that a
good lower bound for SCALE is the instance of Braess’s Paradox which we’ll
see later on (section 1.3.3). A weaker bound for LLF and some extensions
to general latency functions were also shown.

Bonifaci et al. in [16], constructed a family of singlecommodity (non
atomic) instances such that every Stackelberg strategy induces a price
of anarchy that grows linearly with the size of the network. This bound
does not depend on the fraction a of the coordinated players. Moreover,
they prove upper bounds on the price of anarchy of the largest-latency-
first (LLF) strategy that only depend on the size of the network. Besides
other implications, this rules out the possibility to construct constant-
size networks to prove an unbounded price of anarchy. They also analyze
the effectiveness of SCALE, proving bounds for a general class of latency
functions that includes polynomial latency functions as a special case.
Their analysis is based on an approach that is simple yet powerful enough
to obtain (almost) tight bounds for SCALE in general networks improving
this way the bounds of Swamy ([82]) presented above

Fotakis in [38] investigated the effectiveness of Stackelberg strategies
for atomic CGs with unsplittable demands. Two orthogonal cases were
considered: i) linear CGs with arbitrary strategies and ii) CGs on parallel
links with arbitrary non-negative and non-decreasing latency functions.
For the second case, the same bound as in non atomic games (Swamy [82])
was proved. For the case of linear CGs with arbitrary strategies, algorithms
SCALE (changed appropriately for the atomic case) and LLF were analyzed
and upper and lower bounds were derived

In [38], a new stackelberg strategy was proposed. An interesting case
arises when the number of players is large and the number of coordinated
players is considerably larger than the number of resources, even if a is
small. To take advantage of this possibility, a simple Stackelberg strategy
was introduced, called COVER. Assuming that the ratio of the number of
coordinated players to the number of resources is no less than a positive
integer A, COVER assigns to every resource either at least j1 or as many
coordinated players as the resource has in the optimal configuration. The
PoA of COVER tends to the PoA of the corresponding non atomic linear CG
as jl grows. The idea proposed was to combine algorithms LLF and SCALE
with COVER to take advantage of the above fact. On the negative side,
in [38], it is presented a lower bound that holds not only for SCALE, but
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also for any randomized Stackelberg strategy that assigns the coordinated
players to their optimal strategies.

1.3.3 Tackling the Braess’s Paradox

Braess’s Paradox is a counter intuitive fact stating that when removing
(adding) edges from (to) a network, its performance may increase (de-
crease). Figures 1.2 and 1.3 are examples for additive and bottleneck
costs games respectively.

Figure 1.2: A unit of flow is to be routed from s to t. (a). The optimal (additive
costs) flow routes 1/2 unit of traffic on the upper path (s, v, t) and 1/2 unit on
the lower path (s, w, t), and achieves a total latency of 3/2. In the Nash flow, all
traffic goes through the path (s, v, w, t). The players’ latency is 2, and the PoA is
4/3. (b). Without the edge (v, w), the Nash flow coincides with the optimal flow.

The idea is to improve the network performance at equilibrium by ex-
ploiting the essence of the Braess’s paradox, that is to remove some net-
work edges in order to decrease the latency of the Nash flow (the induced
flow on Nash equilibrium). Thus, given a CG, we seek for the best sub-
network, i.e. the subnetwork minimizing the players’ latency at (worst)
equilibrium.

Valiant and Roughgarden [84], in order to theoretically support that
Braess’s paradox is not an artifact of theory, proved that (under additive
costs) it occurs with high probability on random networks, and that for a
natural distribution of linear latencies, edge removal may improve, with
high probability, the equilibrium latency by a constant factor. Across the
same lines, Chung and Young in [24] adopting the random graphs model
of Erdos-Rényi showed that Braess’s paradox occurs when np > clog(n)
for some ¢ > 1 (n, p the random graphs’ parameters). See also [47] for a
slight generalization by the same authors.
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Additive Costs Games

Unfortunately, Roughgarden [78] proved that it is NP-hard not only to
find the best subnetwork, but also to compute any meaningful approxima-
tion to the equilibrium latency on the best subnetwork. In particular, he
showed that even for linear latencies, it is NP-hard to distinguish between
paradox-free instances, where edge removal cannot improve the equilib-
rium latency, and paradox-ridden instances, where the total latency of the
Nash flow on the best subnetwork is equal to the optimal total latency
(i.e. edge removal can decrease the PoA to 1). This implies that the only
known algorithm for approximating the equilibrium latency on the best
subnetwork is the trivial one, which does not remove any edges!

Fotakis, Kaporis and Spirakis in ([42]) examined the "Braess’s paradox
problems" for some practically interesting settings and managed to provide
a polynomial-time algorithm that decides if a network is paradox-ridden,
when latencies are linear and strictly increasing, a polynomial-time algo-
rithm for the problem of finding the best subnetwork, which outperforms
any known approximation algorithm for the case of strictly increasing lin-
ear latencies and an algorithm for finding a subnetwork that is almost
optimal wrt equilibrium latency which is subexponential when the number
of paths is polynomial and each path is of polylogarithmic length.

They also prove that the problem of deciding if a network with arbitrary
linear latencies is paradox-ridden reduces to the problem of generating all
optimal basic feasible solutions of a Linear Program that describes the op-
timal traffic allocations to the edges with constant latency. As an extension
of exploiting the paradox, it was provided a polynomial-time method that
turns the optimal flow into a Nash flow by deleting the edges not used by
the optimal flow, and performing minimal modifications to the latencies of
the remaining ones.

Since Roughgarden’s negative results, trying to detect Braess’s Para-
dox wasn'’t incentive. Considering the results of [42] though, the problem
of detecting the "bad", Braess’s paradox’s edges, if any, gets a lot more
interesting.

Bottleneck Costs Games

Every bottleneck routing game is known to admit a Nash flow that is opti-
mal for the network, in the sense that it minimizes the maximum latency
on any used edge, a.k.a. the bottleneck cost of the network (see e.g. [11,
Corollary 2]). On the other hand, bottleneck routing games usually admit
many different Nash flows, some with a bottleneck cost quite far from the
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optimum. Hence, there has been a considerable interest in quantifying the
performance degradation due to the players’ non-cooperative and selfish
behavior in (several variants of) bottleneck routing games.

Simple examples (see, e.g., figure 8.2 or [27, Figure 2]) demonstrate
that the PoA of bottleneck routing games with linear latency functions can
be as large as (n), where n is the number of vertices of the network.

(a) (b)

Figure 1.3: An example of Braess’s paradox for bottleneck routing games. We
consider a routing instance with identity latency functions and a unit of traffic to
be routed from s to t. The worst Nash flow, in (a), routes all flow through the path
(s,u, v, t), and has a bottleneck cost of 1. On the other hand, the optimal flow
routes 1/2 unit through the path (s, u, t) and 1/2 unit through the path (s, v, t),
and has a bottleneck cost of 1 /2. Hence, PoA = 2. In the subnetwork (b), obtained
by removing the edge (u, v), we have a unique Nash flow that coincides with the
optimal flow, and thus the PoA becomes 1.

For atomic splittable bottleneck routing games, where the population of
players is finite, and each player controls a non-negligible amount of traffic
which can be split among different paths, Banner and Orda [11] observed
that the PoA can be unbounded, even for very simple networks, if the
players have different origins and destinations and the latency functions
are exponential. On the other hand, Banner and Orda proved that if the
players use paths that, as a secondary objective, minimize the number
of bottleneck edges, then all Nash flows are optimal. For a variant of
non atomic bottleneck routing games, where the social cost is the average
(instead of the maximum) bottleneck cost of the players, Cole, Dodis, and
Roughgarden [27] proved that the PoA is 4/3, if the latency functions are
affine and a subclass of Nash flows, called subpath-optimal Nash flows, is
only considered. Subsequently, Mazalov et al. [62] studied the inefficiency
of the best Nash flow under this notion of social cost.

For atomic unsplittable bottleneck routing games, where each player
routes a unit of traffic through a single s — t path, Banner and Orda [11]
proved that for polynomial latency functions of degree d, the PoA is O(m%),
where m is the number of edges of the network. On the other hand, Epstein
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et al. ([31]) proved that for series-parallel networks with arbitrary latency
functions, all Nash flows are optimal. Subsequently, Busch and Magdon-
Ismail [18] proved that the PoA of atomic unsplittable bottleneck routing
games with identity latency functions can be bounded in terms of natural
topological properties of the network. In particular, they proved that the
PoA of such games is bounded from above by O(l + log n), where 1 is the
length of the longest s — t path, and by O(k? + log® n), where k is length of
the longest cycle.

Once again, in this setting, one may distinguish two extreme classes
of instances: paradox-free instances, where edge removal cannot improve
the bottleneck cost of the worst Nash flow, and paradox-ridden instances,
where the bottleneck cost of the worst Nash flow in the best subnetwork
is equal to the optimal bottleneck cost of the original network (see also
[78, 42]).

The approximability of selective network design, a generalization of net-
work design where we cannot remove certain edges, was considered by Hou
and Zhang [52]. For atomic unsplittable bottleneck routing games with a
different traffic rate and a different origin and destination for each player,
they proved that if the latency functions are polynomials of degree d, it is
NP-hard to approximate selective network design within a factor of O(m?~*),
for any constant ¢ > 0. Moreover, for atomic k-splittable bottleneck rout-
ing games with multiple origin-destination pairs, they proved that selective
network design is NP-hard to approximate within any constant factor.

However, a careful look at the reduction of [52] reveals that their strong
inapproximability results crucially depend on both (i) that we can only
remove certain edges from the network, so that the subnetwork actually
causing a high PoA cannot be destroyed, and (ii) that the players have
different origins and destinations (and also are atomic and have different
traffic rates). As for the importance of (ii), in a different setting, where the
players’ individual cost is the sum of edge latencies on their path and the
social cost is the bottleneck cost of the network, it is known that Braess’s
paradox can be dramatically more severe for instances with multiple origin-
destination pairs than for instances with a single origin-destination pair.
More precisely, Lin et al. [59] proved that if the players have a common
origin and destination, the removal of at most k edges from the network
cannot improve the equilibrium bottleneck cost by a factor greater than
k+ 1. On the other hand, Lin et al. [58] presented an instance with two
origin-destination pairs where the removal of a single edge improves the
equilibrium bottleneck cost by a factor of 2™, Therefore, both at the
technical and at the conceptual level, the inapproximability results of [52]
do not really shed light on the approximability of the (simple, non-selective)
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network design problem in the simplest, and most interesting, setting of
non atomic bottleneck routing games with a common origin-destination
pair for all players.

1.4 Stochastic Congestion Games

Most research work on CGs essentially ignores the stochastic nature of
edge delays, a feature of most practical applications, and assumes that
the players select their strategies based on precise knowledge of the edge
latencies, which are considered to be deterministic. On the contrary, in
real life transportation or telecommunication networks, the players cannot
accurately predict the actual edge delays. This happens not only because
the players cannot know the exact congestion of every edge, but also due to
(a priori unknown) external events (e.g., some construction work, a minor
accident, a link failure) that may affect the edge latencies and introduce
uncertainty. It is therefore natural to assume that the players decide on
their strategies based only on estimations of their actual delay, and most
important, that they are fully aware of the uncertainty and of the potential
inaccuracy of their estimations. So, to secure themselves from the event
of an increased delay, whenever this may have a considerable influence,
the players select their paths taking uncertainty into account (e.g., people
either take a safe route or plan for a larger-than-usual delay when they
head to an important meeting).

Such considerations give rise to CGs with stochastic delays and risk-
averse players, where instead of the path that minimizes her predicted (or
expected) delay, each player selects a path that guarantees her a reason-
ably low actual delay with a reasonably high confidence. To take uncer-
tainty into account, the actual delay of each player can be modeled by a
random variable. Then, a common assumption is that the players seek to
minimize either a convex combination of the expectation and the variance
of their delay, or a player-specific quantile of the delay distribution (see
also [83, 34] about the cost functions of risk-averse players, and [72] about
possible ways of risk quantification in optimization under uncertainty).

Following the research direction above, Ordonez and Stier-Moses [68]
considered non atomic CGs, where the population of players is infinite and
each player controls a negligible amount of load, and suggested that each
path should be penalized by an additive term that increases with the risk-
aversion of the players and with the maximum deviation from the expected
delay of the path (however, this term does not depend on the actual load
of the edges). For each path, the additive term can be chosen either as a
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6-fraction of (resp. a 6-quantile of a random variable depending on) the
maximum deviation from the expected delay of the path, or simply, as the
sum of the 6-fractions of the maximum deviation from the expected delay of
each edge in the path, where § quantifies the risk-aversion of the players.
Under some general assumptions, [68] proves that an equilibrium exists
and is essentially unique in all the cases above.

Subsequently, Nikolova and Stier-Moses [67] suggested a model of
stochastic selfish routing with risk-averse players, where each player se-
lects a path that minimizes the expected delay plus 6 times the standard
deviation of the delay, where 6 quantifies the risk-aversion of the players.
They considered non atomic and atomic CGs, mostly with homogeneous
players, that share the same risk attitude, and distinguished between the
case where the standard deviation of a path’s delay is exogenous, i.e., it
does not depend on the load of the edges in the path, and the case where
the standard deviation is endogenous, i.e., it is a function of the load.
Nikolova and Stier-Moses [67] proved that in the exogenous case, which
is similar to the model of [68], (non atomic and atomic) stochastic routing
games essentially retain the nice properties of standard CGs: they admit
a potential function and, in the non atomic setting, a unique equilibrium,
and the inefficiency of equilibria can be bounded as for standard CGs.
In the endogenous case, they proved that non atomic stochastic routing
games admit an equilibrium, which is not necessarily unique, but may
not admit a cardinal potential. Moreover, atomic stochastic routing games
may not admit a PNE even in simple extension-parallel networks with 2
players and linear delays.

Following this research agenda, a better understanding of the proper-
ties of (atomic) CGs with stochastic delays and risk-averse players seems
meaningful while cases with different risk-aversions for the players have
not been studied at all.

Actually, there is a significant volume of work on theoretical and prac-
tical aspects of transportation networks with uncertain delays (see e.g.,
the discussion and the references in [67]). However, that line of research
focuses on the non atomic setting and adopts specific notions of individ-
ual cost and viewpoints. Motivated from applications where the players
have only partial knowledge of the number of players participating in the
game, Ashlagi, Monderer, and Tennenholtz [7] considered CGs on paral-
lel links with stochastic players. However, the players’ individual cost in
their model is the expected delay of the link chosen, and thus the players
are risk-neutral. They studied mixed Nash equilibria, and proved that a
generalization of the fully mixed equilibrium remains a mixed equilibrium
if the players are stochastic.



Chapter 2

Contribution

Congestion Games constitute one of the most extensively studied fields of
Algorithmic Game Theory. Nevertheless, as expected, there are still open
problems in this area.

Our focus was twofold, yet finally connected. In one direction we dealt
with problems related to detecting and excluding the Braess’s Paradox,
both in additive costs and bottleneck costs games, which lie in the family
of problems related to reducing the Price of Anarchy of CGs.

In the other direction we addressed with the problem of generalizing
CGs in such a way that uncertainty on the delays is taken under consid-
eration, focusing basically on modeling the source of uncertainty on the
resources. Apart from the drawn results for this model, surprisingly, this
modeling shed light to a new way for improving the Price of Anarchy of a
network, i.e. abuse the players’ risk averse behavior and improve the net-
work’s performance by adding extra uncertainty as "noise" in its resources.
By considering this, the directions of our work get an immediate relation.

Next we outline our contribution in each of the problems we investi-
gated, while in the following sections we get into more detail for each of
them.

e Braess Paradox in (the different versions of) bottleneck routing games
was not fully understood and we managed to clear the field for the
basic version of them (subsection 2.1 and chapter 4).

e Random networks (considered thus far in the literature) with high
probability suffer from the Braess’s Paradox when costs are additive.
We managed to prove essentially that the way to prove the above can
be cleverly yet carefully used to efficiently exploit the paradox in those
networks (subsection 2.2 and chapter 5).
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Figure 2.1: The main results (hardness results) of our work apply to both sym-
metric and asymmetric non atomic bottleneck costs games.

e Stochastic CGs and risk aversion has drawn much attention in the
very recent years. By the work in chapter 6 (contribution in subsec-
tion 2.3), we move one step forward on understanding these classes
of games.

e In certain settings, stochastic delays can actually improve the net-
work performance at equilibrium (see e.g. [71]). In chapter 7 (con-
tribution in 2.4), we show how we can abuse the risk aversion of the
players and improve the network’s performance.

2.1 Braess’s Paradox in Bottleneck Costs Games

We investigate the approximability of the network design problem for the
simplest, and seemingly easier to approximate, variant of non-atomic bot-
tleneck routing games (with a single origin-destination pair). Our main
result is that network design is hard to approximate within reasonable
factors, and holds even for the special case of strictly increasing linear
latencies. To the best of our knowledge, this is the first work that in-
vestigates the impact of Braess’s paradox and the approximability of the
network design problem for the basic variant of bottleneck routing games.
For the original work see [41]. Figure 2.1 captures the model on which the
results of this work hold.
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In Section 4.2, we use techniques similar to those in [31, 27], and show
that bottleneck routing games do not suffer from Braess’s paradox either if
the network is series-parallel, or if we consider only subpath-optimal Nash
flows (definition in section 4.1).

On the negative side, we employ, in Section 4.3, a reduction from
the 2-Directed Disjoint Paths problem, and show that for linear bottle-
neck routing games, it is NP-hard to recognize paradox-ridden instances
(Lemma 4.1). In fact, the reduction shows that it is NP-hard to distin-
guish between paradox-ridden instances and paradox-free instances, even
if their PoA is equal to 4/3, and thus, it is NP-hard to approximate the
network design problem within a factor less than 4/3.

In Section 4.4, we apply essentially the same reduction, but in a re-
cursive way, and obtain a much stronger inapproximability result. In
particular, we assume the existence of a y-gap instance, which establishes
that network design is inapproximable within a factor less than y, and
show that the construction of Lemma 4.1, but with some edges replaced
by copies of the gap instance, amplifies the inapproximability threshold
by a factor of 4/3, while it increases the size of the network by roughly a
factor of 8 (Lemma 4.4). Therefore, starting from the 4/3-gap instance of
Lemma 4.1, and recursively applying this construction a logarithmic num-
ber times, we show that it is NP-hard to approximate the network design
problem for linear bottleneck routing games within a factor of O(n%!2!7%),
for any constant ¢ > 0. An interesting technical point is that we man-
age to show this inapproximability result, even though we do not know
how to efficiently compute the worst equilibrium bottleneck cost of a given
subnetwork. Hence, our reduction uses a certain subnetwork structure
to identify good approximations to the best subnetwork. To the best of
our knowledge, this is the first rime that a similar recursive construction
is used to amplify the inapproximability threshold of the network design
problem, and of any other optimization problem related to selfish routing.

In Section 4.5, we consider latency functions that satisfy a Lipschitz
condition, and present an algorithm for finding a subnetwork that is almost
optimal w.r.t. the bottleneck cost of its worst Nash flow, when the worst
Nash flow in the best subnetwork routes a non-negligible amount of flow
on all used edges. The algorithm is based on Althéfer’s Sparcification
Lemma [5], and is motivated by its recent application to network design
for additive routing games [42]. For any constant & > O, the algorithm
computes a subnetwork and an £/2-Nash flow whose bottleneck cost is
within an additive term of O(¢) from the worst equilibrium bottleneck cost
in the best subnetwork. The running time is roughly [PPOYloe™/<* and is
quasipolynomial, when the number |P| of paths is quasipolynomial.
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Figure 2.2: The case where the random networks under study lay

2.2 Braess’s Paradox in Additive Costs Games

Departing from [24, 25, 84], that proved that random Erdés-Rényi G,
graphs are prone to the paradox, we adopt a purely algorithmic approach.
We focus on the class of so-called good selfish routing instances, namely
instances with the properties used by [24, 84] to demonstrate the occur-
rence of Braess’s paradox in random networks with high probability. In
fact, one can easily verify that the random instances of [24, 84] are good
with high probability. Rather surprisingly, we prove that, in many inter-
esting cases, we can efficiently approximate the best subnetwork and its
equilibrium latency.

What may be even more surprising is that our approximation algorithm
is based on the expansion property of good instances, namely the very
same property used by [24, 84] to establish the prevalence of the paradox
in good instances! To the best of our knowledge, our results are the first of
theoretical nature which indicate that Braess’s paradox can be efficiently
eliminated in a large class of practically interesting instances. For the
original work see [40]. Figure 2.2 captures the model considered in this
work.

Technically, we present essentially an approximation scheme; given a
good instance and any constant ¢ > O, we compute a flow g that is an
e-Nash flow for the subnetwork consisting of the edges used by it, and
has a latency of L(g) < (1 + ¢)L* + ¢, where L* is the equilibrium latency
of the best subnetwork (Theorem 5.1). Flow g whp has these properties.
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Our results hold for any network in the class of good networks. This, of
course, includes G,,, with p above the connectivity threshold, but it might
also include other types of random expanders. Our approximation scheme
runs in polynomial time for the most interesting case that the network
is relatively sparse and the traffic rate r is O(poly(Inlnn)), where n is the
number of vertices. Specifically, the running time is polynomial if the
good network has average degree O(poly(In n)), i.e., if pn = O(poly(In n)),
for random G, , networks, and quasipolynomial for average degrees up
to o(n). As for the traffic rate, most work on selfish routing and selfish
network design problems assumes that r = 1, or at least that r does not
increase with the network’s size (see e.g., [77], and the references there
in). So, we can approximate, in polynomial-time, the best subnetwork for
a large class of instances that, with high probability, include exponentially
many s — t paths and paths of length ®(n). For such instances, a direct
application of [42, Theorem 3] gives an exponential-time algorithm.

The main idea behind our approximation scheme, and our main techni-
cal contribution, is a polynomial-time approximation-preserving reduction
of the best subnetwork problem for a good network G to a corresponding
best subnetwork problem for a O-latency simplified network Gy, which is
a layered network obtained from G if we keep only s, t and their imme-
diate neighbors, and connect all neighbors of s and t by direct edges of
O latency. We first show that the equilibrium latency of the best subnet-
work does not increase when we consider the O-latency simplified network
Gy (Lemma 5.2). Although this may sound reasonable, we highlight that
decreasing edge latencies to O may trigger Braess’s paradox (e.g., start-
ing from the network in Fig. 5.1.a with d, ;(x) = 1, and decreasing it to
duw)(x) = 0 is just another way of triggering the paradox). The importance
of our O-latency simplified network is that it greatly simplifies the network
design problem, since it allows us to focus on the loads of the s, t incident
edges. In sharp contrast, the corresponding subnetworks in [84, Fig. 3b],
[25, Sect. 2.3 Fig. 2], implicitly exhibit the paradox: they apply Chernoff’s
bounds to show that appropriate parts of these subnetworks whp have
large cardinalities, implying that even more flow r can be routed through
these subnetworks without increasing the selfish latency of the original
network. The paradox implicitly follows by an non obvious yet intuitive
fact [49, 59]: the selfish common latency is strictly increasing with the
total flow r. Hence, we approximate the best subnetwork problem (Theo-
rem 5.7) for our O-latency simplified network by employing an approximate
version of Caratheodory’s Theorem (Theorem 5.6).

The final (and crucial) step of our approximation preserving reduction
is to start with the flow-solution to the best subnetwork problem for the
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O-latency simplified network, and extend it to a flow-solution to the best
subnetwork problem for the original (good) instance. To this end, we show
how to “simulate” O-latency edges by low latency paths in the original good
network. Intuitively, this works because due to the expansion properties
and the random latencies of the good network G, the intermediate subnet-
work of G, connecting the neighbors of s to the neighbors of t, essentially
behaves as a complete bipartite network with O-latency edges. This is also
the key step in the approach of [24, 84], showing that Braess’s paradox
occurs in good networks with high probability (see [24, Section 2]). Hence,
one could say that to some extent, the reason that Braess’s paradox exists
in good networks is the very same reason that the paradox can be efficiently
resolved. Though conceptually simple, the full construction is technically
involved and requires dealing with the amount of flow through the edges
incident to s and t and their latencies. Our construction employs a care-
ful grouping-and-matching argument, which works for good networks with
high probability, see Lemmas 5.8 and 5.9.

We highlight that the reduction itself runs in polynomial time. The time
consuming step is the the one returning the (approximate) solution to the
O-latency simplified network. Since such networks have only polynomially
many (and very short) s — t paths, they escape the hardness result of
[78]. The approximability of the best subnetwork for O-latency simplified
networks is an intriguing open problem arising from our work that we
discuss in section 8.1.

Our result shows that a problem, that is NP-hard to approximate, can
be very closely approximated in random (and random-like) networks. This
resembles e.g., the problem of finding a Hamiltonian path in Erdos-Rényi
graphs, where again, existence and construction both work just above the
connectivity threshold, see e.g., [15]. However, not all hard problems are
easy when one assumes random inputs (e.g., consider factoring or the
hidden clique problem, for both of which no such results are known in full
depth).

2.3 Stochastic Congestion Games

We restrict our attention to atomic CGs, and introduce two variants of
stochastic CGs, which are inspired by the main sources of uncertainty in
delays of real transportation and telecommunication networks. We start
from the observation that the variability of edge delays comes either from
the variability of the traffic demand, and the subsequent variability of the
edge loads, or from the variability of the edge performance level. Decou-
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pling them, we introduce two variants of stochastic CGs, namely Conges-
tion Games with Stochastic Players and Congestion Games with Stochastic
Edges, each capturing one of the two sources of uncertainty above. For
the original work see [6]. Figure 2.3 places our models on the congestion
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Figure 2.3: The introduced models and their positioning on the map.

CGs with Stochastic Players aim to model the variability of the traffic
demand. Specifically, each player i participates in the game, by actually
traversing her path, independently with probability p;. As aresult, the total
network load, the edge loads, and the edge and the path latencies are all
random variables. On the other hand, CGs with Stochastic Edges aim to
model variability in the network operation. Now, each edge e may operate
either at the “standard” mode, where its latency is given by a function
Je(x), or at the “faulty” mode, where its latency is given by g.(x), where
ge(Xx) = fo(x) for all x > O (e.g., an edge operates at the “faulty” mode after a
minor accident or a link failure). Each edge e switches to the “faulty” mode
independently with a given probability p.. Hence, the network load and the
edge loads are now deterministic, but the edge and the path latencies are
random variables. In both variants, we assume that the players adopt a
risk-averse attitude to the stochastic delays. Specifically, each player i has
a (possibly different) desired confidence level 6;, and her individual cost on
a path q is the §;-quantile (a.k.a. value-at-risk) of the delay distribution of
g. In words, the individual cost of player i is the minimum delay she can
achieve along g with probability at least &;.
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At the conceptual level, the model of CGs with Stochastic Players is
similar to the model with endogenous standard deviations of [67]. In fact,
using Chernoff bounds, we can show that for linear latency functions, if
the expected edge loads are not too small, our §;-quantile individual cost
can be approximated by the individual cost used in [67]. However, we also
consider stochastic demands, a direction suggested in [67, Sec. 7] to enrich
the model, and players that are heterogeneous with respect to risk attitude.
As for CGs with Stochastic Edges, the model is conceptually similar to the
model with exogenous standard deviations of [67].

In the technical part, we restrict ourselves to the important special case
of parallel-link networks with symmetric player strategies, and investigate
how the properties of stochastic CGs depend on whether the players have
the same participation probabilities and/or confidence levels or not. We
first observe that such games admit a potential function and an efficiently
computable PNE, if the players are homogeneous, namely if they have
the same confidence level 6 and, in case of stochastic players, the same
participation probability p (Theorems 6.1 and 6.8). We also show that if
the players have different confidence levels (and the same participation
probability, if they are stochastic), stochastic CGs belong to the class of
player-specific congestion games [63], and thus admit a PNE computable
in polynomial time (Corollaries 6.2 and 6.9). On the negative side, we
prove that such games do not admit a potential function (Theorems 6.3
and 6.10). For CGs with Stochastic Players that have the same confidence
level and different participation probabilities, we show that they admit a
lexicographic potential (Theorem 6.5), and thus a PNE, and also that a PNE
can be computed by a simple greedy best response algorithm (Theorem
6.4), where the players sequentially adopt their best response strategy in
non-decreasing order of participation probabilities, given the strategies of
the previous players in the order. As for the inefficiency of PNE, we focus
on parallel-link networks with linear latency functions, and prove that the
Price of Anarchy (PoA) is ®(n), where n is the number of players, in the
case of stochastic players (Theorems 7.3 and 6.7), and may be unbounded,
in the case of stochastic edges (Theorem 6.11).

2.4 Improving Selfish Routing through Risk Aversion

Motivated by the results of [71], we consider (nonatomic) routing games
with risk-averse players and investigate how one can exploit risk-aversion
and modify the perceived cost of the players so that the PoA wrt. the total
latency of the players is significantly improved. To the best of our knowl-
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edge, this is the first time that risk-aversion is proposed and investigated
as a remedy to the inefficiency of selfish routing.

Our starting point is that in some practical applications, we may care-
fully introduce exogenous variance in the edge delays so that the expected
delay does not change, but the risk-averse cost of the players increases.
For example, in a transportation network, this can be done by randomly
increasing or decreasing the proportion of time allocated to the green traffic
light for short time intervals or by opening or closing an auxiliary traffic
lane. In a telecommunications network, we might randomly increase or
decrease the link capacity allocated to a particular type of traffic or change
its priority. Thus, we assume that for each edge e, we can increase (by a
small multiplicative factor) the delay through e with some positive prob-
ability p, and also decrease it with some positive probability q., where p.
and g, are typically small, so that the expected latency through e remains
d.(x). On the other hand, the variance in the delay introduced by such
random changes increases the perceived cost of risk-averse players. There-
fore, by carefully adjusting the perceived cost of the players, we can control
the network congestion, in a way conceptually similar to that of refund-
able tolls, and improve the PoA through a delicate and easy to implement
mechanism that exploits the risk-aversion of the players.

More specifically, we assume that all the players are homogenous wrt.
their risk attitude and that random changes on the edge delays cause the
perceived delays of the players to increase by a (typically small) multiplica-
tive factor!. In fact, we assume that the perceived delay function of each
edge e changes from d.(x) to (1 + y.)d.(x), where y. > O may depend on
the edge, the type and the probability of random changes, the risk atti-
tude of the players, the exact formula of the risk-averse individual cost
and most importantly, the practical setting. Although we briefly discuss,
in Section 7.1, how v, is determined and provide some examples, for sim-
plicity and generality, we deliberately avoid getting into the details of how
Ye’s are precisely calculated. In contrast, we simply assume a given upper
bound y on the largest possible change in the delay functions and refer to
the corresponding routing game as a y-modifiable game (or instance), with
the understanding in each particular application, y can be determined by
considering all the factors mentioned above. In this setting, a flow (and

'We mostly have in mind random (relatively small and short-term) changes that affect
the link “capacity”, e.g., opening or closing an auxiliary lane for a short time, increasing
or decreasing the capacity of a telecommunication link by a certain factor, etc. As a
result, we assume that the perceived cost of the players increases by a small multiplicative
factor. This also distinguishes our technical approach and our results from the extensively
studied case of additive refundable tolls (see e.g., [27, 35, 54, 55]).
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in particular, the optimal flow, which minimizes the total actual latency of
the players) is y-enforceable (or simply, enforceable) if it is a Nash flow of
the modified routing game with the perceived cost of each edge e equal to
(1 + yo)d.(x), for some y, € [0, y].

On the technical side, we observe that the maximum ratio of the op-
timal marginal-cost toll to the optimal edge latency gives an upper bound
on the value of y required to enforce the optimal flow (Proposition 8). This
establishes the applicability of our approach and formalizes its connection
to refundable tolls. However, in addition to the fact that we use multiplica-
tive latency modifications, an important difference of our approach from
(additive) refundable tolls is that we always assume an upper bound y on
the change of the perceived latencies, while optimal tolls do not assume
any bounds and can become arbitrarily large, e.g., as large as the delay
on the maximum delay s — t path used by the optimal flow (see e.g., [35,
Theorem 4.1]).

Next, to demonstrate the efficiency of our approach, we focus on the
simple and important special case of parallel-link networks (Section 7.2).
We characterize the class of y-modifiable routing games on parallel-links
for which the optimal flow is enforceable (Theorem 7.1). Based on this char-
acterization, we present a recursive procedure that given a y-modifiable
routing game and its optimal flow, computes a set of y-bounded latency
modifications and a y-enforceable flow with PoA significantly less than the
PoA of the original game (Lemma 7.2). Generalizing the variational in-
equality approach of [29], we prove that the PoA of the resulting flow is at
most max{1, (1 — ﬂy(Z)))‘l}, where D is the class of the delay functions of
the original routing game and

B y(d(x) — d(y)) — y(x — y)d(x)
BOY= S xd(x)

is a natural generalization of the quantity S(9) introduced in [29] (Theo-
rem 7.3). For example, our analysis implies that for linear delays, the PoA
of the y-enforceable flow computed by our approach is at most max{1, (1 —
(1 —y)?/4)™'} (Corollary 7.5), which is significantly less that 4/3 even for
small values of y (e.g., it is less than 6/5 for y = 0.1). We also show
that our PoA analysis in terms of y is tight wrt. all y-enforceable flows
(Theorem 7.7). Finally, we give a procedure that computes a set of y-
bounded latency modifications and a y-enforceable flow with such PoA in
time polynomially related to the time needed for computing Nash flows
in parallel-links (Lemma 7.8). Therefore, given any y-modifiable game on
parallel-links, we can efficiently (for a wide class of latency functions) com-
pute a game with perceived delays changed by a factor of at most 1 + y
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such that the PoA is at most max{1, (1 — 8,(D))"'}.

In Section 7.3 we relate y-modifiable CGs to routing games with re-
stricted tolls ([17]). We point out the results of [17] that can be applied to
y-modifiable CGs while we support our constructive and more complicated
approach for providing better insight for the problem of finding optimal
y-modifications and for the improvement on the PoA.

In section 7.4, we discuss how our approach can be extended to more
general settings. First we give the intuition of how similar to the parallel
links case results can be derived for the case of series parallel networks.
Since we have completed the proofs that our results can be extended to
the case of series parallel networks only recently, we chose not to include
these results in this thesis. Instead, we explain the approach and provide
sketches of the main ideas. Right after we discuss how we can derive
similar results for the case of parallel links with heterogeneous players and
more general restrictions on the uncertainty that is allowed to be added.
Note here that this case is not solved by none of [51], [17] and [53], that
deal with CGs with bounds on the allowable tolls.
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Chapter 3

Congestion Games Preliminaries

In this chapter we state basic definitions needed in the following chap-
ters. Model specific definitions and properties are given separately at the
beginning of each chapter.

3.1 General Notation and Conventions

For a random variable X, E[X] denotes the expectation of X and Var[X]
denote the variance of X. For an event E in a sample space, Pr[E] denotes
the probability of E happening. We say that an event E occurs with high
probability, if there is a constant a > 1, such that Pr[E] > 1-n"%, where n
usually denotes the number of vertices of the network G to which E refers.
We implicitly use the union bound to account for the occurrence of more
than one low probability events.

For any integer n > 1, we let [n] = {1,...,n}
A latency function c.(x) is linear if c.(x) = a.x, for some a, > 0, and affine

if c.(x) = a.x + b, for some a,, b, > 0. We say that a latency function c.(x)
satisfies the Lipschitz condition with constant > O, if for all x, y € [O, r],

|ce(x) — ce(y)l < &lx —yl.

3.2 Congestion Games Definitions

An atomic Congestion Game is a tuple G(NV, E, (S;)en. (de)ecr), Where N de-
notes the set of players, E denotes the set of resources, S; C 2F\ {0} denotes

the strategy space of each player i and d. : IN — IR, is a non-negative and
non-decreasing latency function associated with each resource e.

47
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Network Congestion Games are CGs in which players have a source
node, s;, and a target node, t;, on a directed graph (network) and the
strategy space of each player i is consisted by the paths that connect s;
with t;. The resources of the CG are exactly the edges of the network each
of which comes together with a latency (cost) function.

An atomic Network CG is a tuple G(G(V, E), (de)eck, K, {N}i=1. k), Where

G = (V,E) denotes a directed network, K C V X V is a set of s; — t; source
target pairs, d. : R5o = R;( is a non-negative and non-decreasing latency

function associated with each edge e and N = (n,, ..., n) is the vector of
players, where n; is the number of players that must move from source s;
to target t;.

Non atomic network CGs are like atomic network CGs with infinite,
infinitesimal players, i.e. the presence or the absence of a player on a
resource does not affect the congestion on the resource. The infinite players
that share the same s; — t; pair form an amount of flow that must be routed
from s; to t;.

A non atomic Network CG is a tuple G(G(V, E), (de)ece, K, 7), where G =
(V,E) denotes a directed network, K C V X V is a set of s; — t; source
target pairs, d. : Rsg — R;( is a non-negative and non-decreasing latency
function associated with each edge eand r = (ry, . . ., 1)) is a vector of flows
that must be routed, where r; is the amount of flow that must be routed
from source i to target i.

Network CGs are also referred as Selfish Routing Games. In a CG,
if all players share the same strategy space then we have a symmetric
CG. We deal with symmetric network CGs case where K contains a single
s — t pair and thus, assuming that s and t are specified in G, we use the
terminology G(G(V, E), (d¢)ccg, ) for atomic network CGs, where n is the
number of players that use the network, and G(G(V, E), (de)ecg, 1) for non
atomic network CGs, where r is an amount of flow to be routed in the
network. We let £ be the set of paths connecting s to t. We may also
use G(G(V,E), n) or G(G(V, E), r) respectiely if the set of latency functions
under use is clear from the context or is assumed to be given within the
network G.

Subnetworks and Subinstances. Given an instance G = (G(V, E), (de)ecr, X),
any subgraph H(V,E’), E' C E, obtained from G by edge deletions, is a
subnetwork of G. H has the same origin s and destination t as G, and
the edges of H have the same latency functions as in G. Each instance
H = (H(V,E’), (de)ecr’» X), where H(V,E’) is a subnetwork of G(V,E), is a
subinstance of G.

In atomic CGs, a configuration is a vector s = (sy,...,s,) consisting of
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a strategy s; € S; for each player i. We let s, = |{i : e € s;}| denote the
congestion induced on each resource e by s.

In non atomic network CGs, a (feasible) flow f is a non-negative vector
indexed by ¥ so that },pf, = r. For a flow f and each edge e, we let
Je = X peepp denote the amount of flow that f routes through e. An edge
e is used by flow f if f. > 0. A path p is used by flow f if all its edges are
used, i.e. mingp{fe} > 0. Somehow abusing notation, if p is used we may
write f, > 0.

Additive Costs. In additive costs atomic CGs, the cost of the strategy s;
of player i under configuration s is di(s) = ., de(Se). Similar, for addi-
tive costs non atomic network CGs, the cost of a path p under flow f is
dp(f) = ZeEp de(se)

Bottleneck Costs. In bottleneck costs atomic CGs, the cost of the strat-
egy s; of player i under configuration s is b;(s) = maxees, de(S). Similar, for
bottleneck costs non atomic network CGs, the cost of a path p under flow

f is bp(f) = MaXeep de(se)-

3.3 Equilibria

There are different ways to define an equilibrium. We are concerned in the
case of Pure Nash Equilibrium. Informally, a configuration s or a flow f
is a Pure Nash equilibrium if no player can improve her individual cost by
unilaterally changing her strategy.

Pure Nash Equilibrium - Nash flows. For an atomic additive costs CG, a
configuration s is said to be a Pure Nash Equilibrium (PNE) if d;(s;, s_;) <
di(s;, s_1), Vs, € S;, where d;(k, s_;) denotes the cost of player i for the config-
uration where i plays strategy k and the rest of the players play according
to configuration s. For a non atomic additive costs network CG, f is a
Nash Equilibrium or a Nash flow if for all s — t paths p, p’, if f, > 0, then
d,(f) < dy(f).

Similar, for an atomic bottleneck costs CG, a configuration s is said to
be a Pure Nash Equilibrium if b;(s;, s_;) < bi(s}, s_;), Vs; € S;, where b;(k, s_;)
denotes the cost of player i for the configuration where i plays strategy k
and the rest of the players play according to configuration s. For a non
atomic bottleneck costs network CG, f is a Nash Equilibrium or a Nash
flow if for all s—t paths p, p’, if f, > 0, then b,(f) < by (f). A basic property
of non atomic network CGs is that all players incur the same latency either
under additive or under bottleneck costs.

e-Nash Equlibria (Flows). The definition of a Nash Equilibrium can be
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generalized to that of an “almost Nash” Equilibrium: For some constant
e > 0, a configuration or flow x is an e-Nash Equilibrium if for all s — ¢
paths p, p’, if x, > 0, dy(x) < dy(x) + ¢, for additive costs games and
by(x) < b,y (x) + €, for bottleneck costs games.

Potential Functions. Games do not always possess PNE, though additive
costs CGs always posses one. This can be proved via a potential function
method. A function ® : S; X --- X S, — R, is an ordinal potential function
for a CG if di(s_i, s)) — di(s) < 0 & D(s_;, s;) —D(s) <O

Intuitively an ordinal potential is a function that follows the sign of
change of any players cost when she changes unilaterally. The admittance
of the above type of potential is a necessary and sufficient condition for a
game to have the Finite Improvement Property, i.e. every best response
sequence is finite. So if letting the players, one at a time, to change their
strategy to their best response then, at the end, we get a configuration that
is a PNE.

A more strong kind of potential is the one encountered so far in CGs
where a function tracks not only the sign but also the amount of the
change. A function ® : S; X --- X S, = R, is an exact potential for a
CG if D(s_;, s}) — D(s) = di(s_;, s}) — di(s)

Games that admit an exact potential are called Potential Games. It can
be proved that additive costs CGs are isomorphic to Potential games. One
direction is easy: CGs (atomic or non atomic with additive costs) always
admit an exact potential:

atomic case .
O(s) = > " de(i)
ecE i=1
non atomic case

o)=Y | doax

ecE VYO

For CGs with bottleneck costs, best response dynamics can also be
used to prove the existence of (optimal) equilibrium, e.g. [11, Corollary 2],
although, directly, the optimal solution (with respect to the social cost
function defined in the next section) is a Nash equilibrium.

3.4 Price of Anarchy and Price of Stability

Players’ strategies choices cause an overall charge on the resources of the
game that can be seen as an overall cost charging the network manager or
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the players’ “society”. This is quantified via a Social Cost Function.

A Social Cost Function, for atomic games, is a function SC(s) : S; X ... X
S, — R, . The most popular Social Cost Function used in additive costs
CGs is the sum of the players’ costs (or, somehow equivalently, the average
of the players’ costs), i.e. SC(s) = }; di(s;). For bottleneck costs games,
the most used social cost function is SC(s) = max; b;(s;) = maxe.s,-o de(Se)-
Similar, for non atomic network CGs it is SC(f) : Space of Flows — R,
and for additive costs CGs, SC(f) = X, f,d,(f,) while for bottleneck costs
CGs, SC(f) = maxyy .o by(fy) = maxey,.ode(s.). For ease of notation, for
bottleneck CGs, we may use B(s) and B(f) instead of SC(s) and SC(f) re-
spectively.

Optimal Solutions. A configuration that minimizes the social cost func-
tion is an optimum configuration called OPT. Similar, the optimal flow is
defined as the flow that minimizes the social cost function. PNE are con-
sidered as the possible outcomes of the game, yet they do not necessarily
minimize social cost. This causes inefficiency to the network. To capture
this inefficiency there are two measures, one adopting a worst case ap-
proach (PoA) and the other a best case approach (PoS).

Price of Anarchy (PoA) and Price of Stability (PoS). By letting x denote
a configuration for the case of atomic CGs and a flow for the case of non
atomic CGs, define

SC(x)
SC(OPT)

SC(x)

|X is aPNE} PoS = mm{m

PoA = max{ |x is aPNE}

The PoA of symmetric non atomic additive costs CGs is independent
of the structure of the network as it was first shown in [74]. Correa
et al. in [28] prove a general tight bound for the PoA based only on
the class D of latency functions, which is p(D) = (1 — (D))"}, where
B(D) = SUPaeqp xsyz0 %&Cj@). The same bound holds for the PoS in sym-
metric atomic network CGs and for the PoA on games on extension parallel
networks as shown in [39]. See also e.g. [22] and [79] for similar results
for atomic CGs.

For bottleneck network CGs, although the PoS is equal to 1 (see e.g.
[11, Corollary 2]) the PoA behaves way much worse as simple examples
give a tight bound of Q(|V]) (see figure 8.2 or e.g. [27, Figure 2]), where |V/|

is the number of vertices of the network.
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Chapter 4

On the Hardness of Network Design for
Bottleneck Routing Games

In this chapter, we investigate the computational complexity and the ap-
proximability of the network design problem for non-atomic bottleneck
routing games, where the individual cost of each player is the bottleneck
cost of her path, and the social cost is the bottleneck cost of the network,
i.e. the maximum latency of a used edge.

We first show that bottleneck routing games do not suffer from Braess’s
paradox either if the network is series-parallel, or if we consider only
subpath-optimal Nash flows, a subclass of Nash flows (formally defined
in section 4.1).

On the negative side, we prove that even for games with strictly increas-
ing linear latencies, it is NP-hard not only to recognize instances suffering
from the paradox, but also to distinguish between instances for which
the Price of Anarchy (PoA) can decrease to 1 and instances for which the
PoA cannot be improved by edge removal, even if their PoA is as large as
Q(n%12Y), This implies that the network design problem for linear bottle-
neck routing games is NP-hard to approximate within a factor of O(n%1217¢),
for any constant € > 0. The proof is based on a recursive construction of
hard instances that carefully exploits the properties of bottleneck routing
games, and may be of independent interest.

On the positive side, we present an algorithm for finding a subnetwork
that is almost optimal w.r.t. the bottleneck cost of its worst Nash flow,
when the worst Nash flow in the best subnetwork routes a non-negligible
amount of flow on all used edges. We show that the running time is
essentially determined by the total number of paths in the network, and is
quasipolynomial when the number of paths is quasipolynomial.

53
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4.1 Problem-Specific Definitions and Facts

We deal with a typical instance of a non-atomic bottleneck routing game,
G = (G(V.E), (d¢)eck. 1)

Optimal and Nash Flow Properties. Let o denote the optimal flow of an
instance G. We let B*(G) = B(o). We note that for every subinstance H of
G. B'(H) 2 B'(G).

As noted earlier, in a Nash flow f all players incur a common bottleneck
cost, i.e. B(f) = min, by(f), and for every s — t path p’, B(f) < b,(f). We
observe that if a flow f is a Nash flow for an s — t network G(V, E), then
the set of edges e with d.(f.) > B(f) comprises an s — t cut in G. For the
converse, if for some flow f, there is an s—t cut consisting of edges e either
with f, > 0 and d.(f.) = B(f), or with f, = 0 and d.(f.) > B(f), then f is a
Nash flow. Moreover, for all bottleneck routing games with linear latencies
a.x, a flow f is a Nash flow iff the set of edges e with d.(f.) = B(f) comprises
an s —t cut.

It can be shown that every bottleneck routing game admits at least
one Nash flow (see e.g., [27, Proposition 2]), and that there is an optimal
flow that is also a Nash flow (see e.g., [11, Corollary 2]). In general, a
bottleneck routing game admits many different Nash flows, each with a
possibly different bottleneck cost of the players. Given an instance G, we
let B(G) denote the bottleneck cost of the players in the worst Nash flow of
G, i.e. the Nash flow f that maximizes B(f) among all Nash flows. We refer
to B(G) as the worst equilibrium bottleneck cost of G. For convenience, for
an instance G = (G, ¢, r), we sometimes write B(G, r), instead of B(G), to
denote the worst equilibrium bottleneck cost of G. We note that for every
subinstance H of G, B*(G) < B(H), and that there may be subinstances
H with B(H) < B(G), which is the essence of Braess’s paradox (see e.g.,
Fig. 5.1).

The following proposition considers the effect of a uniform scaling of the
latency functions.

Proposition 1. Let G = (G, c,r) be a routing instance, let a > 0, and let
G = (G, ac, r) be the routing instance obtained from G if we replace the
latency function d.(x) of each edge e with ad.(x). Then, any G-feasible flow
f is also G’'-feasible and has Bg (f) = aBg(f). Moreover, a flow f is a Nash
flow (resp. optimal flow) of G iff f is a Nash flow (resp. optimal flow) of G'.

Proof. Since the traffic rate of both G and G’ is r, any G-feasible flow f is
also G'-feasible. Moreover, the G’'-latency of f on each edge e is ad.(f.).
This immediately implies that Bg/(f) = aBg(f), and that f is a Nash flow
(resp. optimal flow) of G iff f is a Nash flow (resp. optimal flow) of G'. O
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Subpath-Optimal Nash Flows. For a flow f and any vertex u, let by(u)
denote the minimum bottleneck cost of f among all s — u paths. The flow
[ is a subpath-optimal Nash flow [27] if for any vertex u and any s — t path
p with f, > O that includes u, the bottleneck cost of the s — u part of p is
bs(u). For example, the Nash flow f in Fig. 5.1.a is not subpath-optimal,
because b(v) = 0, through the edge (s, v), while the bottleneck cost of the
path (s,u, v) is 1. For this instance, the only subpath-optimal Nash flow
is the optimal flow with 1/2 unit on the path (s, u, t) and 1/2 unit on the
path (s, v, t).
We formally define the problems we will see

Problem Definitions.

e Paradox-Ridden Recognition (ParRidBC): Given an instance G, de-
cide if G is paradox-ridden.

e Best Subnetwork (BSubNBC): Given an instance G, find the best
subnetwork H* of G.

We investigate the complexity and the approximability of these funda-
mental selfish network design problems for bottleneck routing games.

We note that the objective function of BSubNBC is the worst equilib-
rium bottleneck cost B(H, r) of a subnetwork H. Thus, a (polynomial-time)
algorithm A achieves an a-approximation for BSubNBC if for all instances
G. A returns a subnetwork H with B(H,r) < aB(H",r). A subtle point is
that given a subnetwork H, we do not know how to efficiently compute
the worst equilibrium bottleneck cost B(H, r) (see also [10, 52], where a
similar issue arises). To deal with this delicate issue, our hardness results
use a certain subnetwork structure to identify a good approximation to
BSubNBC.

Series-Parallel Networks. A directed s — t network is series-parallel if it
either consists of a single edge (s, t) or can be obtained from two series-
parallel graphs with terminals (s}, t;) and (s3, t;) composed either in series
or in parallel. In a series composition, t; is identified with s,, s; becomes
s, and t, becomes t. In a parallel composition, s; is identified with s, and
becomes s, and t; is identified with t, and becomes t.

4.2 Paradox-Free Network Topologies and Paradox-
Free Nash Flows

We start by discussing two interesting cases where Braess’s paradox does
not occur. We first show that if we have a bottleneck routing game G de-
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fined on an s — t series-parallel network, then p(G) = 1, and thus Braess’s
paradox does not occur. We recall that this was also pointed out in [31]
for the case of atomic unsplittable bottleneck routing games. Moreover, we
note that a directed s — t network is series-parallel iff it does not contain a
8-graph with degree-2 terminals as a topological minor. Therefore, the ex-
ample in Fig. 5.1 demonstrates that series-parallel networks is the largest
class of network topologies for which Braess’s paradox does not occur (see
also [64] for a similar result for the case of additive routing games).

Proposition 2. Let G be bottleneck routing game on an s — t series-parallel
network. Then, p(G) = 1.

Proof. Let f be any Nash flow of G. We use induction on the series-parallel
structure of the network G, and show that f is an optimal flow w.r.t the
bottleneck cost, i.e., that B(f) = B*(G). For the basis, we observe that the
claim holds if G consists of a single edge (s, t). For the inductive step, we
distinguish two cases, depending on whether G is obtained by the series
or the parallel composition of two series-parallel networks G; and Gs.

Series Composition. First, we consider the case where G is obtained
by the series composition of an s — t’ series-parallel network G; and a
t' — t series-parallel network G,. We let f; and f;, both of rate r, be the
restrictions of f into G; and Go, respectively.

We start with the case where B(f) = B(f;) = B(fz). Then, either f; is a
Nash flow in G;, or f; is a Nash flow in G,. Otherwise, there would be a
s — t’ path p; in G, with bottleneck cost b, (fi) < B(f;), and an t’ — t path
p2 in Gy, with bottleneck cost by, (f;) < B(f;). Combining p; and py, we
obtain an s—t path p = p; U p, in G with bottleneck cost smaller than B(f),
which contradicts the hypothesis that f is a Nash flow of G. If f; (or f3) is
a Nash flow in G; (resp. Gy), then by induction hypothesis f; (resp. f5) is
an optimal flow in G, (resp. in Gy), and thus f is an optimal flow of G.

Otherwise, we assume, without loss of generality, that B(f) = B(f;) <
B(f3). Then, f; is a Nash flow in G;. Otherwise, there would be an s — t’
path p; in G, with bottleneck cost b, (f1) < B(f1), which could be combined
with any t’ — t path p, in Go, with bottleneck cost B(f;) < B(f), into an s—t
path p = p; U py with bottleneck cost smaller than B(f). The existence of
such a path p contradicts the the hypothesis that f is a Nash flow of G.
Therefore, by induction hypothesis f; is an optimal flow in G;, and thus f
is an optimal flow of G.

Parallel Composition. Next, we consider the case where G is obtained
by the parallel composition of an s — t series-parallel network G; and an
s — t series-parallel network G,. We let f; and f; be the restriction of f into
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G, and G,, respectively, let r; (resp. 1) be the rate of f; (resp. f3), and
let G, (resp. G.) be the corresponding routing instance. Then, since f is
a Nash flow of G, f; and f; are Nash flows of G, and G, respectively, and
B(f1) = B(f2) = B(f). Therefore, by the induction hypothesis, f; and f; are
optimal flows of G; and G5, and f is an optimal flow of G. To see this, we
observe that any flow different from f must route more flow through either
G, or G,. But if the flow through e.g. G; is more than r;, the bottleneck
cost through G; would be at least as large as B(f}). O

Next, we show that any subpath-optimal Nash flow achieves a minimum
bottleneck cost, and thus Braess’s paradox does not occur if we restrict
ourselves to subpath-optimal Nash flows.

Proposition 3. Let G be bottleneck routing game, and let f be any subpath-
optimal Nash flow of G. Then, B(f) = B*(G).

Proof. Let f be any subpath-optimal Nash flow of G, let S be the set of
vertices reachable from s via edges with bottleneck cost less than B(f), let
6%(S) be the set of edges e = (u,v) with u € Sand v ¢ S, and let 6 (S) be
the set of edges e = (u, v), with u ¢ Sand v € S. Then, in [27, Lemma 4.5],
it is shown that (i) (S,V \ S) is an s — t cut, (ii) for all edges e € 67(S),
d.(f.) = B(f), (iii) for all edges e € 6"(S) with f, > 0, d.(f.) = B(f), and (iv)
for all edges e € 6°(S), f. = 0.

By (i) and (iv), any optimal flow o routes at least as much traffic as
the subpath-optimal Nash flow f routes through the edges in §*(S). Thus,
there is some edge e € 67(S) with o, > f., which implies that d.(o.) >
d.(f.) = B(f), where the second inequality follows from (ii). Since B*(G) =
B(o) > d.(0.), we obtain that B*(G) = B(f). O

4.3 Recognizing Paradox-Ridden Instances is Hard

In this section, we show that given a linear bottleneck routing game G,
it is NP-hard not only to decide whether G is paradox-ridden, but also to
approximate the best subnetwork within a factor less than 4/3. To this
end, we employ a reduction from the 2-Directed Disjoint Paths problem
(2-DDP), where we are given a directed network D and distinguished ver-
tices sy, 9, 11, ty, and ask whether D contains a pair of vertex-disjoint paths
connecting s; to t; and s, to t,. 2-DDP was shown NP-complete in [37, The-
orem 3], even if the network D is known to contain two edge-disjoint paths
connecting s; to t; and s, to t;. In the following, we say that a subnetwork
D’ of D is good if D’ contains (i) at least one path outgoing from each of s;
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and s, to either t; or t,, (ii) at least one path incoming to each of t; and
tp from either s; or sy, and (iii) either no s; — t, paths or no s, — t; paths.
We say that D’ is bad if any of these conditions is violated by D’. We note
that we can efficiently check whether a subnetwork D’ of D is good, and
that a good subnetwork D’ serves as a certificate that D is a YEs-instance
of 2-DDP. Then, the following lemma directly implies the hardness result
of this section.

Lemma 4.1. Let 7 = (D, sy, So, t1, ty) be any 2-DDP instance. Then, we can
construct, in polynomial time, an s—t network G(V, E) with a linear latency
function d.(x) = a.x, a. > 0, on each edge e, so that for any traffic rate
r > 0, the bottleneck routing game G = (G, ¢, r) has B*(G) = r/4, and:

1. If J is a YEs-instance of 2-DDP, there exists a subnetwork H of G with
B(H,r) =r/4.

2. If 1 is a No-instance of 2-DDP, for all subnetworks H’ of G, B(H',r) >
r/3.

3. For all subnetworks H’ of G, either H' contains a good subnetwork
of D, or B(H',r) > r/3.

Proof. We construct a network G(V, E) with the desired properties by adding
4 vertices, s, t, v, u, to D and 9 “external” edges e; = (s,u), e; = (1, v),
es = (v,t), es = (s,v), es = (v,s1), €& = (S,82), 7 = (1, w), eg = (W 1),
ey = (ta, t) (see also Fig. 4.1.a). The external edges e, and e; have latency
de,(x) = de,(x) = x/2. The external edges ey, ..., ey have latency d,, = x.
The external edge e, and each edge e of D have latency d,,(x) = d.(x) = ex,
for some ¢ € (0, 1/4).

We first show that B*(G) = r/4. As for the lower bound, since the
edges e, e4, and ez form an s — t cut in G, every G-feasible flow has a
bottleneck cost of at least r/4. As for the upper bound, we may assume
that D contains an s; — t; path p and an s, — t; path g, which are edge-
disjoint (see also [37, Theorem 3]). Then, we route a flow of r/4 through
each of the paths (e4, es, p, e9) and (e, q, €7, €g), and a flow of r/2 through
the path (e, ey, e3), which gives a bottleneck cost of r/4.

Next, we show (1), namely that if 7 is a YEs-instance of 2-DDP, then
there exists a subnetwork H of G with B(H, r) = r/4. By hypothesis, there
is a pair of vertex-disjoint paths in D, p and g, connecting s; to t;, and s,
to t;. Let H be the subnetwork of G that includes all external edges and
only the edges of p and q from D (see also Fig. 4.1.b). We let H = (H, c,1)
be the corresponding subinstance of G. The flow routing r/4 units through
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el: x/2

e5: x

e4:

e6: x

Figure 4.1: (a) The network G constructed in the proof of Lemma 4.1. (b) The
best subnetwork of G, with PoA = 1, for the case where D contains a pair of
vertex-disjoint paths connecting s; to t; and sy to to.

each of the paths (e4, es, p, €7, eg) and (eg, q, €9), and r/2 units through the
path (e, e;, e3), is an H-feasible Nash flow with a bottleneck cost of r/4.

We proceed to show that any Nash flow of H achieves a bottleneck cost
of r/4. For sake of contradiction, let f be a Nash flow of H with B(f) > r/4.
Since f is a Nash flow, the edges e with d.(f.) > B(f) form an s — t cut in
H. Since the bottleneck cost of e; and of any edge in p and q is at most
r/4, this cut includes either e or ey (or both), either e, or e; (or both),
and either e, or eg (or e; or eg, in certain combinations with other edges).
Let us consider the case where this cut includes e;, e;, and ez. Since the
bottleneck cost of these edges is greater than r/4, we have more than r/2
units of flow through e, and more than r/4 units of flow through each
of e, and ez. Hence, we obtain that more than r units of flow leave s, a
contradiction. All other cases are similar.

To conclude the proof, we have also to show (3), namely that for any
subnetwork H’ of G, if H' does not contain a good subnetwork of D, then
B(H’,r) > r/3. We observe that (3) implies (2), because if 7 is a No-instance,
any two paths, p and g, connecting s; to t; and s, to t,, have some vertex in
common, and thus, D includes no good subnetworks. To show (3), we let
H’ be any subnetwork of G, and let H’ be the corresponding subinstance
of G. We first show that either H' contains (i) all external edges, (ii) at least
one path outgoing from each of s; and s, to either t; or t,, and (iii) at least
one path incoming to each of t; and t, from either s; or s,, or H' includes
a “small” s — t cut, and thus any ‘H’-feasible flow f has B(f) > r/3.

To prove (i), we observe that if some of the edges e;, e;, and eg is
missing from H’, r units of flow are routed through the remaining ones,



60 ON THE HARDNESS OF NETWORK DESIGN FOR BOTTLENECK ROUTING GAMES

which results in a bottleneck cost of at least r/3. The same argument
applies to the edges es, eg, and ey. Similarly, if e, is not present in H’, the
edges e4, eg, and eg form an s — t cut, and routing r units of flow through
them causes a bottleneck cost of at least r/3. Therefore, we can assume,
without loss of generality, that all these external edges are present in H'.

Now, let us focus on the external edges es and e;. If e5 is not present
in H' and there is a path p outgoing from s, to either t; or t,, routing 2r/3
units of flow through the path (e}, ey, e3) and r/3 units through the path
(es, p, e9) (or through the path (eg, p, ez, eg)) is a Nash flow with a bottleneck
cost of r/3 (see also Fig. 4.2.a). If s, is connected to neither t; nor t, (no
matter whether es; is present in H' or not), the edges e; and e; form an
s — t cut, and thus, any H’-feasible flow has a bottleneck cost of at least
r/3. Similarly, we can show that if either e; is not present in H’, or neither
S nor s, is connected to t,, any H’-feasible flow has a bottleneck cost of
at least r/3. Therefore, we can assume, without loss of generality, that all
external edges are present in H’, and that H' includes at least one path
outgoing from s, to either t; or t;, and at least one path incoming to t, from
either s; or s,.

Similarly, we can assume, without loss of generality, that H' includes
at least one path outgoing from s, to either ¢, or t;, and at least one path
incoming to t; from either s, or s,. E.g., if s; is connected to neither t;
nor t,, routing 2r/3 units of flow through the path (ey, e;, e3) and r/3 units
through s, and either t; or t, (or both) is a Nash flow with a bottleneck cost
of r/3. A similar argument applies to the case where neither s; nor s, is
connected to t;.

Figure 4.2: Possible subnetworks of G when there is no pair of vertex-disjoint
paths connecting s; to t; and sy to ty. The subnetwork (a) contains an s, — to path
and does not include es. In the subnetwork (b), we essentially have all edges of G.
In (c), we depict a Nash flow that consists of three paths, each carrying r/3 units
of flow, and has a bottleneck cost of r/3.

Let us now consider a subnetwork H’ of G that does not contain a good
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subnetwork of D, but it contains (i) all external edges, (ii) at least one path
outgoing from each of s; and s, to either t; or t;, and (iii) at least one
path incoming to each of t; and t; from either s; or s,. By (ii) and (iii),
and the hypothesis that the subnetwork of D included in H’ is bad, H’
contains an s; — &, path p and an s, — t; path g (see also Fig. 4.2.b). At the
intuitive level, this corresponds to the case where no edges are removed
from G. Then, routing r/3 units of flow on each of the s—t paths (e, e, €3),
(e1, e, €5, p,€), and (eg, q, €7, €2, €3) has a bottleneck cost of r/3 and is a
Nash flow, because the set of edges with bottleneck cost r/3 comprises an
s — t cut (see also Fig. 4.2.c). Therefore, we have shown part (3) of the
lemma, which in turn, immediately implies part (2). O

We note that the bottleneck routing game G in the proof of Lemma 4.1
has p(G) = 4/3, and is paradox-ridden, if 7 is a YEs instance of 2-DDP, and
paradox-free, otherwise. Thus, we obtain that:

Theorem 4.2. Deciding whether a bottleneck routing game with strictly
increasing linear latencies is paradox-ridden is NP-hard.

Moreover, Lemma 4.1 implies that it is NP-hard to approximate BSubNBC
within a factor less than 4 /3. The subtle point here is that given a subnet-
work H, we do not know how to efficiently compute the worst equilibrium
bottleneck cost B(H, r). However, we can use the notion of a good subnet-
work of D and deal with this issue. Specifically, let A be any approximation
algorithm for BSubNBC with approximation ratio less than 4/3. Then, if D
is a YEs-instance of 2-DDP, A applied to the network G, constructed in the
proof of Lemma 4.1, returns a subnetwork H with B(H, r) < r/3. Thus, by
Lemma 4.1, H contains a good subnetwork of D, which can be checked in
polynomial time. If D is a No-instance, D contains no good subnetworks.
Hence, the outcome of A would allow us to distinguish between YEs and NO
instances of 2-DDP.

Remark 4.3. If we let the edges to have more general latency functions,
such as polynomials of greater degree or exponential functions, then we
can get greater inapproximability factors for BSubNBC.

For example, if we use the cost functions x¢ instead of x and x%/2¢
instead of x/2 in network G in the proof of Lemma 4.1 (fig. 4.1), then we
will get an inapproximability ratio of (4/3)<.

Using a* instead of x and a*/? instead of x/2 in the proof of Lemma 4.1
(fig. 4.1), we get an inapproximability ratio of a”/'?> = B(G)'/® (depending
on a and r).
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4.4 Approximating the Best Subnetwork is Hard

Next, we apply essentially the same construction as in the proof of Lemma 4.1,
but in a recursive way, and show that it is NP-hard to approximate BSubNBC
for linear bottleneck routing games within a factor of O(n''?!"%), for any
constant ¢ > 0. Throughout this section, we let 7 = (D, sy, So, 1, t) be
a 2-DDP instance, and let G be an s — t network, which includes (possi-
bly many copies of) D and can be constructed from 7 in polynomial time.
We assume that G has a linear latency function d.(x) = a.x, a. > 0, on
each edge e, and for any traffic rate r > O, the bottleneck routing game
G = (G, ¢, r) has B*(G) = r/y,, for some y; > 0. Moreover,

1. If 7 is a YEs-instance of 2-DDP, there exists a subnetwork H of G with
B(H,r) =r1/y:.

2. If 7 is a No-instance of 2-DDP, for all subnetworks H’ of G, B(H',r) >
r/ya, for a y, € (0, yy).

3. For all subnetworks H’ of G, either H’ contains at least one copy of a
good subnetwork of D, or B(H', r) > r/ys,.

The existence of such a network shows that it is NP-hard to approximate
BSubNBC within a factor less than y = y; /y». Thus, we usually refer to G
as a y-gap instance (with linear latencies). For example, for the network
G in the proof of Lemma 4.1, y; = 4 and y, = 3, and thus G is a 4/3-
gap instance. We next show that given 7 and a y,/y,-gap instance G,
we can construct a (4y,)/(3y,)-gap instance G/, i.e., we can amplify the
inapproximability gap by a factor of 4/3.

Lemma 4.4. Let 7 = (D, sy, S5, 11, t5) be a 2-DDP instance, and let G be
a y1/y.-gap instance with linear latencies, based on 7. Then, we can
construct, in time polynomial in the size of 7 and G, an s — t network G’
with a linear latency function d.(x) = a.x, a. > O, on each edge e, so that
for any traffic rate r > O, the bottleneck routing game G’ = (G’,c,r) has
B*(G) = r/(4y,), and:

1. If 7 is a vEs-instance of 2-DDP, there exists a subnetwork H of G’
with B(H, r) = r/(4y,).

2. If I is aNo-instance of 2-DDP, for every subnetwork H' of G’, B(H’, r) >
r/(3ys).

3. For all subnetworks H’ of G’, either H' contains at least one copy of
a good subnetwork of D, or B(H', r) > r/(3y,).
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Proof. Starting from D, we obtain G’ by applying the construction of Lemma 4.1,
but with all external edges, except for e, replaced by a copy of the gap-
instance G. For convenience, we refer to the copy of the gap-instance
replacing the external edge e;, i € {1,3,...,9}, as the edgework G;. For-
mally, to obtain G’, we start from D and add four new vertices, s, t, v, u. We
connect s to u, with the s — u edgework G;, and v to t, with the s — u edge-
work Gs, where in both G; and Gs, we replace the latency function d.(x) of
each edge e in the gap instance with d.(x)/2 (this is because in Lemma 4.1,
the external edges e; and es have latencies x/2). Moreover, instead of the
external edge e;, i € {4, ...,9}, we connect (s, v), (v, s1), (S, S2), (t1, 1), (u, t),
and (t;, t) with the edgework G;. The latencies in these edgeworks are as in
the gap instance. Furthermore, we add the external edge e, = (u, v) with
latency d,(x) = ex, for some ¢ € (O, 4—1}1) (see also Fig. 4.3.a). Also, each
edge e of D has latency d.(x) = ex. We next consider the corresponding
routing instance G’ with an arbitrary traffic rate r > 0. Throughout the
proof, when we define a routing instance, we omit, for simplicity, the co-
ordinate c, referring to the latency functions, with the understanding that
they are defined as above.

optsub o

\\edg swork G8 \
| S=(e—"
optsub-o
Optsube
;;;;;;;;;;;; °
optsub of optsub of G!

) —

Figure 4.3: (a) The network G’ constructed in the proof of Lemma 4.4. The
structure of G’ is similar to the structure of the network G in Fig. 4.1, with each
external edge e;, except for ey, replaced by the edgework G;. (b) The structure of a
best subnetwork H of G’, with PoA = 1, when D contains a pair of vertex-disjoint
paths, p and g, connecting s; to t; and s, to t;. To complete H, we use an optimal
subnetwork (or simply, subedgework) of each edgework G;.

Intuitively, each G;, i € {4,...,9}, behaves as an external edge (hence
the term edge(net)work), which at optimality has a bottleneck cost of r/y;,
for any traffic rate r entering G;. Moreover, if 1 is a YEs-instance of 2-DDP,
the edgework G; has a subedgework H; for which B(H;, r) = r/y,, for any r,
while if H; does not contain any copies of a good subnetwork of D (or, if 7
is a No-instance), for all subedgeworks H; of G;, B(H],r) > r/y,, for any r.
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The same holds for G; and Gz, but with a worst equilibrium bottleneck cost
of r/(2y,) in the former case, and of r/(2y,) in the latter case, because the
latency functions of G, and Gj are scaled by 1/2 (see also Proposition 1).

The proofs of the following propositions are conceptually similar to the
proofs of the corresponding claims in the proof Lemma 4.1.

Proposition 4. The optimal bottleneck cost of G’ is B'(G’) = r/(4y,).

Proof. We have to show that B*(G’) = r/(4y,). For the upper bound, as
in the proof of Lemma 4.1, we assume that D contains an s; — t, path
p and an s, — t; path g, which are edge-disjoint. We route (i) r/4 units
of flow through the edgeworks G4, Gs, next through the path p, and next
through the edgework Gy, (ii) r/4 units through the edgeworks Gg, next
through the path g, and next through the edgeworks G; and Gg, and (ii)
r/2 units through the edgework G;, next through the external edge e,, and
next through the edgework Gs;. These routes are edge(work)-disjoint, and
if we route the flow optimally through each edgework, the bottleneck cost
is r/(4y,). As for the lower bound, we observe that the edgeworks H;, H,,
and Hg essentially form an s —t cut in G’, and thus every feasible flow has
a bottleneck cost of at least r/(4y,). O

Proposition 5. [f I is a YEs-instance, there is a subnetwork H of G’ with
B(H9 r) = r/(4y1)'

Proof. If 1 is a YEs-instance of 2-DDP, then (i) there are two vertex-disjoint
paths in D, p and g, connecting s; to t; and s, to f, and (ii) there is
an optimal subnetwork (or simply, subedgework) H; of each edgework G;
so that for any traffic rate r routed through H;, the worst equilibrium
bottleneck cost B(H;, r) is r/y,, ifi € {4,...,9}, and r/(2y,), if i € {1, 3}. Let
H be the subnetwork of G’ that consists of only the edges of the paths p
and q from D, of the external edge e,, and of the optimal subedgeworks
H;, i€ {1,3,...,9} (see also Fig. 4.3.b). We observe that we can route: (i)
r/4 units of flow through the subedgeworks H,, Hs, next through the path
p, and next through the subedgeworks H; and Hg, (ii) r/4 units of flow
through the subedgework Hg, next through the path g, and next through
the subedgework Hg, and (iii) r/2 units of flow through the subedgework
H;, next through the external edge e,, and next through the subedgework
H;. These routes are edge(work)-disjoint, and if we use any Nash flow
through each of the routing instances (H;, r/4), i € {4,...,9}, (H;, r/2), and
(Hs, r/2), we obtain a Nash flow of the instance (H, r) with a bottleneck cost
of r/(4yy).

We next show that any Nash flow of (H, r) has a bottleneck cost of at
most r/(4y;). To reach a contradiction, let us assume that some feasible
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Nash flow f has bottleneck cost B(f) > r/(4y;). We recall that f is a Nash
flow iff the edges of G’ with bottleneck cost B(f) > r/(4y,) form an s—t cut.
This cut does not include the edges of the paths p and g and the external
edge e;, due to the choice of their latencies. Hence, this cut includes a
similar cut either in Hg or in Hy (or in both), either in H; or Hs (or in both),
and either in H, or in Hg (or in Hy or in Hg, in certain combinations with
other subedgeworks, see also Fig. 4.3.b). Let us consider the case where
the edges with bottleneck cost B(f) > r/(4y,) form a cut in H,, H,;, and
Hg. Namely, the edges of H;, Hy, and Hg, with bottleneck cost equal to
B(f) > r/(4y,) form an s — u, an s — v, and an s — s, cut, respectively, and
thus the restriction of f to each of H;, Hy, and Hg, is an equilibrium flow of
bottleneck cost greater than r/(4y,) for the corresponding routing instance.
Since 7 is a YEs-instance, this can happen only if the flow through H; is
more than r/2, and the flow through each of H, and Hg is more than r/4
(see also property (ii) of optimal subedgeworks above). Hence, we obtain
that more than r units of flow leave s, a contradiction. All other cases are
similar. O

The most technical part of the proof is to show (3), namely that for any
subnetwork H’ of G’, if H' does not contain any copies of a good subnetwork
of D, then B(H’,r) > r/(3y,). This immediately implies (2), since if J is a
No-instance of 2-DDP, D includes no good subnetworks. To prove (3), we
consider any subnetwork H’ of G’, and let H; be the subedgework of each
G; present in H'. We assume that the subedgeworks H; do not contain any
copies of a good subnetwork of D, and show that if the subnetwork of D
connecting s; and s, to t; and t, in H’ is also bad, then B(H’, r) > r/(3y,).

At the technical level, we repeatedly use the idea of a flow f; through
a subedgework H; that “saturates” H;, in the sense that f; is a Nash flow
with bottleneck cost at least r;/(3y,) for the subinstance (H;, r;). Formally,
we say that a flow rate r; saturates a subedgework H; if B(H, r;) > r;/(3ys).
We refer to the flow rate r; for which B(H;, r7) = r7 /(3y») as the saturation
rate of H;. We note that the saturation rate r;y is well-defined, because
the latency functions of G;s are linear and strictly increasing. Moreover,
by property (3) of gap instances, the saturation rate of each subedgework
H isr’ <r/3,ifie{4,...,9}, and r7 < 2r/3, if i € {1,3}. Thus, at
the intuitive level, the subedgeworks H; behave as the external edges of
the network constructed in the proof of Lemma 4.1. Hence, to show that
B(H’,r) > r/(3y,), we need to construct a flow of rate (at most) r that
saturates a collection of subedgeworks comprising an s — t cut in H'.

Our first step in this direction is to simplify the possible structure of
H'.
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Proposition 6. Let H' be any subnetwork of G’ whose subedgeworks H]
do not contain any copies of a good subnetwork of D. Then, either the
subnetwork H’' contains (i) the external edge e, (ii) at least one path outgoing
Jrom each of s; and s, to either t; or ty, and (iii) at least one path incoming
to each of t; and t, from either s, or s,, or B(H',r) > r/(3y,).

Proof. For convenience, in the proofs of Proposition 6 and Proposition 7, we
slightly abuse the terminology, and say that a collection of subedgeworks
of H' form an s—t cut, if the union of any cuts in them comprises an s—t cut
in H'. Moreover, whenever we write that r; units of flow are routed through
a subedgework H;, we assume that the routing through H; corresponds to
the worst Nash flow of (H;, ;). Also, we recall that since subedgeworks H;
do not contain any copies of a good subnetwork of D, by property (3) of gap
instances, the saturation rate of each H; is r7 < r/3,if i € {4,...,9}, and
rP <2r/3,if i € {1, 3}.

We start by showing that either the external edge e, is present in H’,
or B(H',r) > r/(3y,). Indeed, if e, is not present in H’, the subedgeworks
Hj, Hg, and H{ form an s—t cut in H’. Therefore, we can construct a Nash
flow f that routes at least r/3 units of flow through H,, H}, and Hg, and
has B(f) > r/(3y,). Therefore, we can assume, without loss of generality,
that e, is present in H'.

Similarly, we show that either H’ includes at least one path outgoing
from s, to either t; or t;, and at least one path incoming to t, from either
S or sy, or B(H',r) > r/(3y,). In particular, if s, is connected to neither
t; nor ty, the subedgeworks H] and H; form an s — t cut in H’. Thus, we
can construct a Nash flow f that saturates the subedgework Hj (or the
subedgeworks H} and HY, if r7 > r; + rg) and the subedgework H (or the
subedgeworks H; and either H;, or H) and at least one of the H; and Hj,
depending on r; and the saturation rates of the rest). We note that this
is always possible with r units of flow, because r{ < 2r/3 and r; < r/3.
Therefore, the bottleneck cost of f is B(f) > r/(3y,). In case where there
is no path incoming to t, from either s, or s,, the subedgeworks H} and
H} form an s — t cut in H'. As before, we can construct a Nash flow f
that saturates the subedgeworks H; and Hy (or, as before, an appropriate
combination of other subedgeworks carrying flow to H and Hg), and has
B(f) > r/(3y,). Therefore, we can assume, without loss of generality, that
H’ includes at least one path outgoing from s, to either t; or t;, and at least
one path incoming to t, from either s; or s,.

Next, we show that either H' includes at least one path outgoing from
s; to either t; or t;, and at least one path incoming to t; from either s, or
Sy, or B(H',r) > r/(3y,). In particular, let us consider the case where s,
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is connected to neither t; nor t, (see also Fig. 4.4.a, the case where there
is no path incoming to t; from either s; or s, can be handled similarly).
In the following, we assume that s, is connected to t, (because, by the
analysis above, we can assume that there is a path incoming to t,, and
s; is not connected to T3), and construct a Nash flow f of bottleneck cost
B(f) 2 r/(3ys).

We first route min{r§, rg} < r/3 units of flow through the subedgework
H{, next through an s, — t, path, and finally through the subedgework
Hj, and saturate either Hg or H{ (or both). If there is an s, — t; path and
HY is not saturated, we keep routing flow through Hj, next through an
s, — t; path, and next through the subedgeworks H, and Hg, until either
the subedgework HY or at least one of the subedgeworks H;, and H} become
saturated. Thus, we saturate at least one edgework on every s—t path that
includes s,.

Next, we show how to saturate at least one edgework on every s—t path
that includes either v or u. If r{ < r§ < 2r/3, we route rj units of flow
through Hj, e;, and Hj, and route min{r; — r7, rj} units of flow through Hj
and Hj, and saturate either H; and H; or H; and H;. If r; < r] < 2r/3,
we route r3 units of flow through Hj, e,, and H;, and route min{r; — r7, rg}
units of flow through H] and H{, and saturate either H; and H} or H} and
H.

The remaining flow (if any) can be routed through these routes, in pro-
portional rates. In all cases, we obtain an s — t cut consisting of saturated
subedgeworks. Thus, the resulting flow f is a Nash flow with a bottleneck
cost of at least r/(3y,).

O

Now, let us focus on a subnetwork H’ of G’ that contains (i) the external
edge e,, (ii) at least one path outgoing from each of s; and s, to either t; or
to, and (iii) at least one path incoming to each of t; and ¢, from either s; or
s,. If the copy of the subnetwork of D connecting s; and s, to t; and ¢, in
H’ is also bad, properties (ii) and (iii) imply that H’ contains an s; — t; path
p and an s, — t; path g. In this case, the entire subnetwork H’ essentially
behaves as if it included all edges of G’. Then, a routing similar to that in
Fig. 4.2.c gives a Nash flow with a bottleneck cost of r/(3y,). This intuition
is formalized by the following proposition.

Proposition 7. Let H' be any subnetwork of G’ that satisfies (i), (ii), and (iii)
above, and does not contain any copies of a good subnetwork of D. Then
B(H', 1) > r/(3y,).
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(a) (b)

Figure 4.4: The structure of possible subnetworks of G’ when there is no pair of
vertex-disjoint paths connecting s; to t; and sy to tp. The subnetwork (a) contains
a path outgoing from sy to either t; or ty, and no path outgoing from s; to either
t) or t. Hence, no flow can be routed through the edgework Gs, and thus we can
regard Gs as being absent from H’. The subnetwork (b) essentially corresponds
to the case where all edges of G’ are present in H'.

Proof. In the following, we consider a subnetwork H' of G’ which does not
include any copies of a good subnetwork of D, and contains (i) the external
edge e, (ii) at least one path outgoing from each of s; and s, to either t; or
t,, and (iii) at least one path incoming to each of t; and t, from either s; or
So. Since the copy of the subnetwork of D connecting s, and s, to t; and t,
in H' is bad, properties (ii) and (iii) imply that H’ contains an s; — t, path p
and an s, — t; path g. Moreover, since the subedgeworks H; do not include
any copies of a good subnetwork of D, by property (3) of gap instances, the
saturation rate of each H; is 17 < r/3, if i € {4,...,9}, and r7 < 2r/3, if
i€{l,3}

We next show that for such a subnetwork H’, we can construct a Nash
flow f of bottleneck cost B(f) > r/(3y,). At the conceptual level, as in the
last case in the proof of Lemma 4.1, we seek to construct a Nash flow by
routing r/3 units of flow through each of the following three routes: (i) H;,
ey, and H, (ii) H}, ey, H,, p, and Hg, and (iii) H}, q, H,, e,, and H;. However,
for simplicity of the analysis, we regard the corresponding (edge) flow as
being routed through just two routes: a rate of 2r/3 is routed through H/,
ey, and Hé, and a rate of r/3 is routed through the (possibly non-simple)
route HY, q, H,, e;, H,, p, and Hj. We do so because the latter routing
allows us to consider fewer cases in the analysis. We conclude the proof
by showing that if the latter route is not simple, we can always decompose
the flow into the three simple routes above.

In the following, we assume that with a flow rate of at most 2r/3, routed
through Hj, e,, and H; (and possibly through H; and Hg), we can saturate
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both subedgeworks H; and Hj. Otherwise, as in the last case in the proof
of Proposition 6, we can show how with a total flow rate of at most 2r/3,
part of which is routed through either H; or Hg, we can saturate either H]
and Hy, or H; and Hg. Then, the remaining r/3 units of flow can saturate
either Hg, in the former case, or Hy, in the latter case. Thus, we obtain a
Nash flow with a bottleneck cost of at least r/(3y»).

Having saturated both subedgeworks H; and Hj, using at most 2r/3
units of flow, we have at least r/3 units of flow to saturate the subedge-
works HZ, H{, H;, and H{, or an appropriate subset of them, so that
together with H; and Hj, they form an s — t cut in H'. We first route
T = min{rg, 15, 15, 1§} < r/3 units of flow through H, q, H;, e;, H., p, and Hy,
until ¢, and consider different cases, depending on which of the subedge-
works HZ, Hg, H, and H] has the minimum saturation rate.

e If T =15, H] is saturated. We first assume that H' contains an s, — t;
path, and route (some of) the remaining flow (i) through H;, H;, an
s; — t; path, H,, and Hg, and (ii) through H}, q. H,, and H;. We
do so until either at least one of the subedgeworks H; and Hg or
the subedgework Hj and at least one of the subedgeworks H; and
H{ become saturated. Since min{r$,rg} < r/3, this requires at most
r/3 — t additional units of flow. If H' does not contain an s; — t;
path, we route the remaining flow only through route (ii), until either
at least one of the subedgeworks H;, and H; or the subedgework Hj
become saturated. In both cases, the newly saturated subedgeworks,
together with the saturated subedgeworks Hj, H;, and H{, form an
s —t cut of saturated subedgeworks, and thus the worst equilibrium
bottleneck cost is at least r/(3ys).

e If T = 15, Hy is saturated. As before, we first assume that H’ contains
an s, —t; path, and route the remaining flow (i) through Hj, HZ, p, and
H{, and (ii) through H,, H,, an s, — t; path, Hj and H{, until either at
least one of the subedgeworks H; and H, or the subedgework Hj and
at least one of the subedgeworks H, and Hg become saturated. Since
min{ry, r;} < r/3, this requires at most r/3 — t additional units of flow.
If H' does not contain an s; —t; path, we route the remaining flow only
through route (i), until either at least one of the subedgeworks H; and
H{ or the subedgework H] become saturated. In both cases, the newly
saturated subedgeworks, together with the saturated subedgeworks
Hj, H;, and Hf, form an s — t cut of saturated subedgeworks, and
thus the worst equilibrium bottleneck cost is at least r/(3yy).

e If T = r7, H, is saturated. Then, we first assume that H' contains
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an s, — t, path, and route the remaining flow (i) through H;, H;, p,
and Hj, and (ii) through Hg, an s, — t; path, and Hj, until either
the subedgework H{, or the subedgework Hg and at least one of the
subedgeworks H, and H] become saturated. Since r§ < r/3, this
requires at most r/3 — t additional units of flow. If H does not
contain an s, — t, path, we route the remaining flow only through
route (i), until either at least one of the subedgeworks H; and H
or the subedgework H{ become saturated. In both cases, the newly
saturated subedgeworks, together with the saturated subedgeworks
Hj, H;, and H,, form an s — t cut of saturated subedgeworks, and
thus the worst equilibrium bottleneck cost is at least r/(3ys).

e If t =1, H; is saturated. As before, we first assume that H’ contains
an s, — t, path, and route the remaining flow (i) through H{, q, H,
and Hg, and (ii) through Hj, an s, — t, path, and Hg, until either
the subedgework H, or the subedgework Hg and at least one of the
subedgeworks H, and Hj become saturated. Since r§ < r/3, this
requires at most r/3 — t additional units of flow. If H does not
contain an s, — t, path, we route the remaining flow only through
route (i), until either at least one of the subedgeworks H, and Hy
or the subedgework H; become saturated. In both cases, the newly
saturated subedgeworks, together with the saturated subedgeworks
H{, H}, and H;, form an s — t cut of saturated subedgeworks, and
thus the worst equilibrium bottleneck cost is at least r/(3y).

Thus, in all cases, we obtain an equilibrium flow with a bottleneck
cost of at least r/(3y,). However, in the construction above, the route
H{, q, H;, e;, H,, p, H) may not be simple, since p and g may not be
vertex-disjoint. If this is the case, this route is technically not allowed
by our model, where the flow is only routed through simple s — t paths.
Nevertheless, the corresponding edge flow can be decomposed into the
following three simple routes: (i) Hj, e,, and H, (ii) Hj, e,, H,, p, and
Hg, and (iii) H;, q, H,, e;, and H;, unless min{ry, 5} < r/3. Moreover, if
min{ry, r§} < r/3, we can work as above, and saturate both H; and H} with
at most r/3 units of flow. The remaining 2r/3 units of flow can be routed
(i) through Hf, q. H;, and Hg, and (ii) through Hj, H., p, and Hj, and
possibly either through Hj, an s, — t, path', and Hy, or through H,, H,,
an s; — t; path, H}, and Hg, until either H; (or H)) and H{, or H; (or H)
and H] are saturated. This routing only uses simple routes. In addition,

!We note that if the paths p and q are not vertex-disjoint, we also have an s; — t; path
and an sy — t; path in H'.
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these saturated subedgeworks, together with the saturated subedgeworks
H] and Hj, form an s—t cut of saturated subedgeworks, and thus the worst
equilibrium bottleneck cost is at least r/(3y). O

Propositions 6 and 7 immediately imply part (3) of the lemma, which,
in turn, implies part (2). O

Each time we apply Lemma 4.4 to a y-gap instance G, we obtain a 4y/3-
gap instance G’ with a number of vertices of at most 8 times the vertices of
G plus the number of vertices of D. Therefore, if we start with an instance
I = (D, sy, sa, t1, tp) of 2-DDP, where D has k vertices, and apply Lemma 4.1
once, and subsequently apply Lemma 4.4 for |log, 5 k| times, we obtain a
k-gap instance G’, where the network G’ has n = O(k®2%) vertices. Suppose
now that there is a polynomial-time algorithm A that approximates the best
subnetwork of G’ within a factor of O(k!™®) = O(n%!2!"?), for some small
e > 0. Then, if 7 is a vEs-instance of 2-DDP, algorithm A, applied to
G’, should return a best subnetwork H with at least one copy of a good
subnetwork of D. Since H contains a polynomial number of copies of
subnetworks of D, and we can check whether a subnetwork of D is good
in polynomial time, we can efficiently recognize 7 as a yEs-instance of
2-DDP. On the other hand, if 7 is a No-instance of 2-DDP, D includes no
good subnetworks. Again, we can efficiently check that in the subnetwork
returned by algorithm A, there are not any copies of a good subnetwork of
D, and hence recognize 7 as a No-instance of 2-DDP. Thus, we obtain that:

Theorem 4.5. For bottleneck routing games with strictly increasing lin-
ear latencies, it is NP-hard to approximate BSubNBC within a factor of
O(n®!21-%), for any constant & > 0.

Remark 4.6. If in the network G in the proof of Lemma 4.1 (fig. 4.1)
we replace the cost functions x and x/2 with x? and x%/2¢ respectively,
we will get an instance with y; = 4% and y, = 3¢, and thus G would be
a (4/3)%-gap instance. Moreover, if we apply the same techniques as in
lemma 4.4, we can amplify the inaproximability gap. As in Lemma 4.4
we inductively create a new network using as a base the base network of
figure 4.1 with cost functions x¢ instead of x and x%/2¢ instead of x/2. In
the new network the edges e, ..., ey are replaced with a copy of the old
network with the known gap (4/3)?. Edges e, e; are replaced with a copy
of the old network but with all the cost functions divided by 2¢. This will
result to a graph that gives an inapproximability gap of (4/3)?%. Doing
this t = log, /3« N times, we result to a network with O(n'°2a/48+1Y yertices
and an inapproximability gap of n. So, in a similar way like before, we get
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that (unless P=NP), we cannot polynomially approximate BSubNBC within
a factor of O(n'/1°2a/s2 8+ _ ¢)

Using a* instead of x and a*/? instead of x/2 and applying the same
technique for say t times we get a network with gap B*(G)*/?'"!

4.5 Networks with Quasipolynomially Many Paths

In this section, we approximate, in quasipolynomial-time, the best subnet-
work and its worst equilibrium bottleneck cost for instances G = (G, c, 1)
where the network G has quasipolynomially many s — t paths, the latency
functions are continuous and satisfy a Lipschitz condition, and the worst
Nash flow in the best subnetwork routes a non-negligible amount of flow
on all used edges.

We highlight that the restriction to networks with quasipolynomially
many s — t paths is somehow necessary, in the sense that Theorem 4.5
shows that if the network has exponentially many s—t paths, as it happens
for the hard instances of 2-DDP, and thus for the networks G and G’
constructed in the proofs of Lemma 4.1 and Lemma 4.4, it is NP-hard to
approximate BSubNBC within any reasonable factor. Also, we can always
assume, without loss of generality, that the worst Nash flow of the best
subnetwork H* assigns positive flow to all edges of H*. Otherwise, we
can remove any unused edges, without increasing the worst equilibrium
bottleneck cost of H*. In addition, we assume here that there is a constant
6 > 0, such that the worst Nash flow in H* routes more than 6 units of
flow on all edges of the best subnetwork H".

In the following, we normalize the traffic rate r to 1. This is for con-
venience and can be made without loss of generality?>. Our algorithm is
based on [42, Lemma 2], which applies Althofer’s “Sparsification” Lemma
[5] (similar technique in [60], independently), and shows that any flow can
be approximated by a “sparse” flow using logarithmically many paths.

Lemma 4.7. Let G = (G(V, E), c, 1) be a routing instance, and let f be any
G-feasible flow. Then, for any € > 0, there exists a G-feasible flow f using at
most k(eg) = [log(2m)/(2€%)] + 1 paths, such that for all edges e, I. —f <&,
if £, > 0, and f. = 0, otherwise.

By Lemma 4.7, there exists a sparse flow f that approximates the worst
Nash flow f on the best subnetwork H* of G. Moreover, the proof of [42,

2Given a bottleneck routing game G with traffic rate r > 0, we can replace each latency
function d(x) with d.(rx), and obtain a bottleneck routing game G’ with traffic rate 1,
and the same Nash flows, PoA, and solutions to BSubNBC.
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Lemma 2] shows that the ﬂowf is determined by a multiset P of at most
k(e) paths, selected among the paths used by f. Then, for every path p € P,
ﬁ, = |P(p)|/|P|, where |P(p)| is number of times the path p is included in the
multiset P, and |P| is the cardinality of P. Therefore, if the total number
|P| of s — t paths in G is quasipolynomial, we can find, in quasipolynomial-
time, by exhaustive search, a flow-subnetwork pair that approximates the
optimal solution of BSubNBC. Based on this intuition, we next obtain an
approximation algorithm for BSubNBC on networks with quasipolynomially
many paths, under the assumption that there is a constant 6 > 0, such
that the worst Nash flow in the best subnetwork H* routes more than 6
units of flow on all edges of H*. This assumption is necessary so that the
exhaustive search on the family of sparse flows of Lemma 4.7 can generate
the best subnetwork H*, which is crucial for the analysis.

Theorem 4.8. Let G = (G(V,E), c, 1) be a bottleneck routing game with
continuous latency functions that satisfy the Lipschitz condition with a
constant £ > 0, let H* be the best subnetwork of G, and let f* be the worst
Nash flow in H*. If for all edges e of H*, f > &, for some constant 6 > 0O,
then for any constant ¢ > 0, we can compute in time [f|C00g2m)/ min{6*.£*/¢*)
a flow f and a subnetwork H such that: (i) f is an ¢/2-Nash flow in the
subnetwork H, (ii) B(f) < B(H*, 1) + ¢, (iii) B(H, 1) < B(f) + /4, and (iv)
B(f) < B(H, 1) + /2.

Proof. Let € > 0 be a constant, and let ¢, = min{§, ¢/(4¢)}, and €, = £/2. We
show that a flow-subnetwork pair (H, f) with the desired properties can be
computed in time |P|°*) where k(e,) = [log(2m)/ min{26%, €2 /(8E%)}] + 1,
For convenience, we say that a flow g is a candidate flow if there is a
multiset P of paths from $, with |P| < k(e;), such that g, = |P(p)|/IP|,
for each p € . Namely, a candidate flow belongs to the family of sparse
flows, which by Lemma 4.7, can approximate any other flow. Similarly,
a subnetwork H is a candidate subnetwork if there is a candidate flow g
such that H consists of the edges used by g (and only of them), and a
subnetwork-flow pair (H, g) is a candidate solution, if g is a candidate flow,
H is a candidate subnetwork that includes all the edges used by g (and
possibly some other edges), and g is an e;-Nash flow in H.

By exhaustive search, in time |P|°*)) we generate all candidate flows,
all candidate subnetworks, and compute the bottleneck cost B(g) of any
candidate flow g. Then, for each pair (H, g), where g is a candidate flow and
H is a candidate subnetwork, we check, in polynomial time, whether gis an
e;-Nash flow in H, and thus whether (H, g) is a candidate solution. Thus,
in time |P|°*1) we determine all candidate solutions. For each candidate
subnetwork H that participates in at least one candidate solution, we let
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B(H) be the maximum bottleneck cost B(g) of a candidate flow g for which
(H, g) is a candidate solution. The algorithm returns the subnetwork H
that minimizes B(H), and a flow f for which (H, f) is a candidate solution
and B(H) = B(f).

The exhaustive search above can be implemented in |P|°*¢) time. As
for the properties of the solution (H, f), the definition of candidate solutions
immediately implies (i), i.e., that f is an &/2-Nash flow in H.

In the following we use Lemma 4.7, and show (ii), (iii), and (iv).

We first show (ii), i.e., that B(f) < B(H", 1)+ &. We recall that H* denotes
the best subnetwork of G and f* denotes the worst Nash flow in H*. Also,
by hypothesis, f; > 6 > 0, for all edges e of H".

By Lemma 4.7, there is a candidate flow f such that for all edges e of
H*, [fe —fJ] £ €. Thus, since €, < 6, H" is a candidate network, because
f. > 0 for all edges e of H*. Moreover, by the Lipschitz condition and the
choice of e, for all edges e of H*, |d(f.)— d.(f")| < /4. Therefore, since f* is
a Nash flow in H*, f is an e,-Nash flow in H*, and thus (H, f) is a candidate
solution. Furthermore, |B(f) — B(f*)| < £/4, i.e., the bottleneck cost of f is
within an additive term of /4 from the worst equilibrium bottleneck cost
of H*. In particular, B(f) < B(H*, 1) + /4.

We also need to show that for any other candidate flow g for which
(H*,g) is a candidate solution, B(g) < B(f) + 3¢/4, and thus B(H*) <
B(f) + 3¢/4 < B(H*,1) + €. To reach a contradiction, let us assume that
there is a candidate flow g that is an e-Nash flow in H* and has B(g) >
B(f) + 3¢/4. But then, we should expect that there is a Nash flow ¢’ in H*
that closely approximates g and has a bottleneck cost of B(g') ~ B(g) >
B(f*), a contradiction. Formally, since g is an e,-Nash flow in H*, the set
of edges with d.(g.) > B(g) — ¢/2 comprises an s — t cut in H*. Then, by
the continuity of the latency functions, we can fix a part of the flow routed
essentially as in g, so that there is an s — t cut consisting of used edges
with latency B(g) — ¢/2, and possibly unused edges with latency at least
B(g) — £/2, and reroute the remaining flow on top of it, so that we obtain a
Nash flow g’ in H*. But then,

B(g) > B(g) — £/2 > B(f) + ¢/4 > B(f")

which contradicts the hypothesis that f* is the worst Nash flow in H*.

Therefore, B(H*) < B(H*, 1) + . Since the algorithm returns the can-
didate solution (H,f), and not a candidate solution including H*, B(H) <
B(H"). Thus, we obtain (ii), namely that B(H) = B(f) < B(H*, 1) + ¢.

We proceed to show (iii), namely that B(H, 1) < B(f) + ¢/4. To this end,
we let g be the worst Nash flow in H. By Lemma 4.7, there is a candidate



4.5. NETWORKS WITH QUASIPOLYNOMIALLY MANY PATHS 75

flow g such that for all edges e of H, |g. — ge| < €, if g > 0, and g, = O,
otherwise. Therefore, by the Lipschitz condition and the choice of ¢, for
all edges e of H, |de(ge) — de(ge)l < €/4, if ge > 0, and de(ge) = de(ge) = O,
otherwise. This implies that |B(g) — B(g)| < /4, i.e., that bottleneck cost
of g is within an additive term of £/4 from the bottleneck cost of g. In
particular, B(g) < B(g) + /4.

We also need to show that (H, g) is a candidate solution. Since H is
a candidate subnetwork and g is a candidate flow, we only need to show
that g is an e,-Nash flow in H. Since g is a Nash flow in H, the set of
edges C = {e : d.(g.) > B(g)} comprises an s — t cut in H. In fact, for
all edges e € C, do(g.) = B(9), if ge > 0, and d.(ge) = B(g), otherwise.
Let us now consider the latency in g of each edge e € C. If g. = O, then
de(ge) = de(ge) 2 B(g) > B(g) — ¢/4. If g > 0O, then

B() > de(ge) = de(ge) — €/4 = B(g) — /4 > B(g) — £/2.

Therefore, for the flow g, we have an s — t cut in H consisting of edges
e either with g, > 0 and B(g) — ¢/2 < d.(g.) < B(g), or with g, = 0 and
d.(g.) = B(g) — ¢/4. By the standard properties of e-Nash flows (see also in
Section 4.1), we obtain that g is a €;-Nash flow in H.

Hence, we have shown that (H, §) is a candidate solution, and that
B(g) < B(g) + £/4. Therefore, the algorithm considers both candidate solu-
tions (H, f) and (H, g), and returns (H, f), which implies that B(g) < B(f).
Thus, we obtain (iii), namely that B(H, 1) = B(g) < B(f) + £/4.

To conclude the proof, we next show (iv), namely that B(f) < B(H, 1) +
e/2. For the proof, we use the same notation as in (iii). The argument is
essentially identical to that used in the second part of the proof of (ii). More
specifically, to reach a contradiction, we assume that the candidate flow f,
which is an e,-Nash flow in H, has B(f) > B(H, 1)+&/2. Then, as before, we
should expect that there is a Nash flow f’ in H that approximates f and has
a bottleneck cost of B(f') ~ B(f) > B(H, 1), a contradiction. Formally, since
fis an &-Nash flow in H, the set of edges with d.(f,) > B(f)—&/2 comprises
an s — t cut in H. Then, by the continuity of the latency functions, we can
fix a part of the flow routed essentially as in f, so that there is an s —t cut
consisting of used edges with latency B(f)—e/2, and possibly unused edges
with latency at least B(f) — /2, and reroute the remaining flow on top of it,
so that we obtain a Nash flow f” in H. But then, B(f’) > B(f)—¢/2 > B(H, 1),
which contradicts the definition of the worst equilibrium bottleneck cost
B(H, 1) of H. Thus, we obtain (iv), namely that B(f) < B(H, 1) + /2. O

Therefore, the algorithm of Theorem 5.1 returns a flow-subnetwork pair
(H.f) such that f is an &/2-Nash flow in H, the worst equilibrium bottle-
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neck cost of the subnetwork H approximates the worst equilibrium bottle-
neck cost of H*, since B(H*, 1) < B(H, 1) < B(H*, 1) + 5¢/4, by (ii) and (iii),
and the bottleneck cost of f approximates the worst equilibrium bottleneck
cost of H, since B(H, 1) — ¢/4 < B(f) < B(H, 1) + /2, by (iii) and (iv).



Chapter 5

Resolving Braess’s Paradox in Random
Networks

In this chapter, we study the approximability of the best subnetwork prob-
lem for the class of random Erdds-Rényi G, , instances proven prone to
Braess’s paradox by (Roughgarden and Valiant, RSA 2010) and (Chung
and Young, WINE 2010). Our main contribution is a polynomial-time
approximation-preserving reduction of the best subnetwork problem for
such instances to the corresponding problem in a simplified network where
all neighbors of s and t are directly connected by O latency edges. Building
on this, we obtain an approximation scheme that for any constant € > 0
and with high probability, computes a subnetwork and an e-Nash flow with
maximum latency at most (1 + €)L* + ¢, where L* is the equilibrium latency
of the best subnetwork. Our approximation scheme runs in polynomial
time if the random network has average degree O(poly(In n)) and the traffic
rate is O(poly(Inln n)), and in quasipolynomial time for average degrees up
to o(n) and traffic rates of O(poly(In n)).

5.1 Problem-Specific Definitions

We deal with a typical instance (G(V, E), (dc)ece, ) of a non atomic CG
(selfish routing game). In such instances, as noted earlier, all used paths
under a Nash flow have a unique minimum latency which we denote as
L(G,d,r) or L(G,r), for brevity, assuming that the latency function are
given within G.

The paradox seems not an artifact of optimization theory [56, 77], and
our motivation is whether in some practically interesting settings, where
the paradox occurs, we can efficiently compute a set of edges whose re-

77
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Figure 5.1:

(a) The optimal optimal total latency social cost is 3/2, achieved by routing half of
the flow on each of the paths (s, v, t) and (s, w, t). In the Nash flow, all traffic goes
through the path (s, v, w, t) and has selfish cost 2, thus inducing the worst PoA =
4/3 for linear latencies. (b) If we remove the edge (v, w), the Nash flow coincides
with the optimal social flow. Hence the network (b) is the best subnetwork of
network (a) and achieves the best possible PoA = 1, with no sacrificed players
through slower paths.

moval significantly improves the equilibrium latency.

We only consider linear latencies d.(x) = a.x + b.,, with a., b, > O.
We restrict our attention to instances where the coefficients a. and b, are
randomly selected from a pair of random variables A and 8. Following
[24, 84], we say that A and B are reasonable if:

e A has bounded range [Anin, Amax] and B has bounded range [0, By,
where Ani, > 0 and An.x, Bmax are constants, i.e., they do not depend
on r and |V]|.

e There is a closed interval Iz of positive length, such that for every
non-trivial subinterval I' C I, Pr[A € I'] > 0.

e There is a closed interval Ig, O € Ig, of positive length, such that
for every non-trivial subinterval I’ C Ig, Pr[8 € I'] > 0. Moreover,
for any constant n > O, there exists a constant 6, > 0, such that
Pr(B < n] > 6,

Flows and Nash Flows. Two flows f and g are different if there is an edge
e with f. # ge.

Given a flow f, let the latency of f be L(f) = max, .o dp(f). We some-
times write Lg(f) when the network G is not clear from the context.

For an instance (G(V,E),r) and a flow f, we let E = {e € E : f. > 0}
be the set of edges used by f, and G;(V, Ey) be the corresponding subnet-
work of G. In a Nash flow f, all players incur a common latency on their
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paths, which, according to the previous definitions, is L(f) = min, d,(f) =
maxp~o dp(f). A Nash flow f on a network G(V, E) is a Nash flow on any
subnetwork G'(V’, E’) of G with E; C E'.

Every instance (G, r) admits at least one Nash flow, and the players’
latency is the same for all Nash flows (see e.g., [77]). For linear latency
functions, a Nash flow can be computed efficiently, in strongly polynomial
time, while for strictly increasing latencies, the Nash flow is essentially
unique (see e.g., [77]).

Best Subnetwork. Recall, the best subnetwork H* of (G, r) is a subnetwork
of G with the minimum equilibrium latency, i.e., H* has L(H*,r) < L(H, r)
for any subnetwork H of G. We study the approximability of the Best Sub-
network Equilibrium Latency problem, or BestSubEL in short. In BestSubEL,
we are given an instance (G, r), and seek for the best subnetwork H* of (G, r)
and its equilibrium latency L(H", r).

Good Networks. We restrict our attention to undirected s — t networks
G(V,E). We let n = |V| and m = |E|. For any vertex v, we let I'(v) = {ue V:
{u, v} € E} denote the set of v’s neighbors in G. Similarly, for any non-empty
S C V, welet I'(S) = s '(v) denote the set of neighbors of the vertices in
S, and let G[S] denote the subnetwork of G induced by S. For convenience,
we let Vi, = I(s), E; = {{s,u} : u eV}, V, =I'(t), E; = {{v,t} : v € V{}, and
V. = V\({s, t}UV,UV,). We also let ng = |Vy|, n; = |V¢], n, = max{ng, n,},
n_ = min{n,, n;}, and n,, = |V,,]. We sometimes write V(G), n(G), Vi(QG),
ng(G), ..., if G is not clear from the context.

It is convenient to think that the network G has a layered structure
consisting of s, the set of s’s neighbors Vg, an “intermediate” subnetwork
connecting the neighbors of s to the neighbors of t, the set of t’s neighbors
Vi, and t. Then, any s — t path starts at s, visits some u € Vg, proceeds
either directly or through some vertices of V,, to some v € V;, and finally
reaches t. Thus, we refer to G,, = G[V; U V,, U V;] as the intermediate
subnetwork of G. Depending on the structure of G,,, we say that:

e G is a random G, , network if (i) ns and n, follow the binomial dis-
tribution with parameters n and p, and (ii) if any edge {u, v}, with
uecvV,UVsand v € V, UV, exists independently with probability
p. Namely, the intermediate network G, is an Erddés-Rényi random
graph with n — 2 vertices and edge probability p, except for the fact
that there are no edges in G[V,] and in G[V;].

e G is internally bipartite if the intermediate network G, is a bipartite
graph with independent sets V, and V;. G is internally complete bi-
partite if every neighbor of s is directly connected by an edge to every



80 RESOLVING BRAESS’S PARADOX IN RANDOM NETWORKS

neighbor of t.

e G is O-latency simplified if it is internally complete bipartite and every
edge e connecting a neighbor of s to a neighbor of t has latency
function d.(x) = O.

The O-latency simplification Gy of a given network G is a O-latency
simplified network obtained from G by replacing G[V,,] with a set of O-
latency edges directly connecting every neighbor of s to every neighbor of
t. Moreover, we say that a O-latency simplified network G is balanced, if
Ing — gl < 2n_.

We say that a network G(V, E) is (n, p, k)-good, for some integer n < |V/|,
some probability p € (0, 1), with pn = o(n), and some constant k > 1, if G
satisfies that:

1. The maximum degree of G is at most 3np/2, i.e., for any v € V,
IT(v)| < 3np/2.

2. Gis an expander graph, namely, for any set S C V, [['(S)| > min{np|S|, n}/2.

3. The edges of G have random reasonable latency functions distributed
according to A X B, and for any constant n > 0, Pr[8 < n/Inn]np =
w(1).

4. If k > 1 and we randomly partition V,, into k sets V.,..., VX each of
cardinality |V;,|/k, all the induced subnetworks G[{s, t}U VU V! UV;]
are (n/k, p, 1)-good, with a possible violation of the maximum degree
bound by s and t.

If G is a random G,,, network, with n sufficiently large and p > ckIlnn/n,
for some large enough constant ¢ > 1, then G is a (n, p, k)-good network
with high probability (see e.g., [15]), provided that the latency functions
satisfy condition (3) above. Similarly, the random instances considered in
[24] are good with high probability. Also note that the O-latency simplifi-
cation of a good network is balanced, due to (1) and (2).

5.2 The Approximation Scheme and Outline of the Anal-
ysis

In this section, we describe the main steps of the approximation scheme
(see also Algorithm 1), and give an outline of its analysis. We let ¢ > O be
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Algorithm 1: Approximation Scheme for BestSubEL in Good Networks

Input: Good network G(V, E), rate r > 0, approximation guarantee
e>0
Output: Subnetwork H of G and e¢-Nash flow g in H with
L(g) < (1+¢L(H"r)+¢

1 if L(G, 1) < g, return G and a Nash flow of (G, r) ;

2 create the O-latency simplification Gq of G ;

3 if r > (Bpaxt)/(€Amin), then let Hy = Gy and let f be a Nash flow of
(Go, 1) ;

4 else, let Hy be the subnetwork and f the £/6-Nash flow of Thm. 5.7
applied with error £/6 ;

5 let H be the subnetwork and let g be the e-Nash flow of Lemma 5.9
starting from Hy and f ;

6 return the subnetwork H and the e-Nash flow g ;

the approximation guarantee, and assume that L(G, r) > €. Otherwise, any
Nash flow of (G, r) suffices.

Algorithm 1 is based on an approximation-preserving reduction of BestSubEL
for a good network G to BestSubEL for the O-latency simplification Gy of G.
The first step of our approximation-preserving reduction is to show that
the equilibrium latency of the best subnetwork does not increase when
we consider the O-latency simplification Gy of a network G instead of G
itself. Since decreasing the edge latencies (e.g., decreasing d; ,,,(x) = 1 to
dw)(x) = 0in Fig. 5.1.a) may trigger Braess’s paradox, we need Lemma 5.2
and its careful proof to make sure that zeroing out the latency of the inter-
mediate subnetwork does not cause an abrupt increase in the equilibrium
latency.

Next, we focus on the O-latency simplification Gy of G (step 2 in Alg.
1). We show that if the traffic rate is large enough, i.e., if r = Q(n, /¢), the
paradox has a marginal influence on the equilibrium latency. Thus, any
Nash flow of (Gy, r) is an (1 + g)-approximation of BestSubEL (Lemma 5.3,
step 4). If r = O(n, /¢), we use an approximate version of Caratheodory’s
theorem (Theorem 5.6) to prove that by an efficient exhaustive search we
can obtain an e/6-approximation of BestSubEL for (G, r) (Theorem 5.7,
step 4), which in fact we obtain!

We now have a subnetwork H, and an ¢/6-Nash flow f that comprise a
good approximate solution to BestSubEL for the simplified instance (G, r).
The next step of our approximation-preserving reduction is to extend f to
an approximate solution to BestSubEL for the original instance (G, r). The
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intuition is that due to the expansion and the reasonable latencies of G,
any collection of O-latency edges of Hy used by f to route flow from V to
V; can be “simulated” by an appropriate collection of low-latency paths
of the intermediate subnetwork G,, of G. We first prove this claim for a
small part of Hy consisting only of neighbors of s and neighbors of t with
approximately the same latency under f (Lemma 5.8, the proof draws ideas
from [24, Lemma 5]). Then, using a careful latency-based grouping of the
neighbors of s and of the neighbors of t in Hy, we extend this claim to
the entire Hy (Lemma 5.9). Thus, we obtain a subnetwork H of G and an
e-Nash flow g in H such that L(g) < (1 + ¢)L(H", r) + € (step 5).
We summarize our main result. The proof follows by combining Lemma 5.2,

Theorem 5.7, and Lemma 5.9 in the way indicated by Algorithm 1 and the
discussion above.

Theorem 5.1. Let G(V, E) be (n, p, k)-good network, where k > 1 is a large
enough constant, let r > O be any traffic rate, and let H* be the best
subnetwork of (G, r). Then, for any € > 0, Algorithm 1 computes in time

nf(rQA‘%m/Sz)poly(lVl), a flow g and a subnetwork H of G such that with high
probability, wrt. the random choice of the latency functions, g is an e-Nash
flow of (H, r) and has L(g) < (1 + ¢)L(H") + ¢.

By the definition of reasonable latencies, Ap,x is a constant. Also, by
Lemma 5.3, r affects the running time only if r = O(n, /e). In fact, pre-
vious work on selfish network design assumes that r = O(1), see e.g.,
[77]. Thus, if r = O(1) (or more generally, if r = O(poly(Inlnn))) and
pn = O(poly(ln n)), in which case n, = O(poly(Inn)), Theorem 5.1 gives
a randomized polynomial-time approximation scheme for BestSubEL in
good networks. Moreover, the running time is quasipolynomial for traf-
fic rates up to O(poly(Inn)) and average degrees up to o(n), i.e., for the
entire range of p in [24, 84]. The next sections are devoted to the proofs of
Lemmas 5.2 and 5.9, and of Theorem 5.7.

5.3 Network Simplification

We first show that the equilibrium latency of the best subnetwork does not
increase when we consider the O-latency simplification Gy of a network G
instead of G itself.

Lemma 5.2. Let G be any network, let r > O be any traffic rate, and
let H be the best subnetwork of (G,r). Then, there is a subnetwork H’
of the O-latency simplification of H (and thus, a subnetwork of Gy) with
L(H',r) < L(H,r).
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Proof. Throughout the proof, we assume wlog. that all the edges of H
are used by the equilibrium flow f of (H, r) (otherwise, we can remove all
unused edges from H). The proof is constructive, and at the conceptual
level, proceeds in two steps.

For the first step, given the equilibrium flow f of the best subnetwork H
of G, we construct a simplification H; of H that is internally bipartite and
has constant latency edges connecting I['(s) to I'(t). H; also admits f as an
equilibrium flow, and thus L(H,, r) = L(H, r). We also show how to further
simplify H; so that its intermediate bipartite subnetwork becomes acyclic.

To construct the simplification H; of H, we let f be the equilibrium
flow of H, and let L = L(H,r). For each u; € I'(s) and v; € I'(t), we let
Ji = Zp=(s....v,.0Jp De the flow routed by f from u; to v;. The network H,
is obtained from H by replacing the intermediate subnetwork of H with a
bipartite subnetwork connecting I'(s) and I'(t) with constant latency edges.
More specifically, instead of the intermediate subnetwork of H, for each
u; € I'(s) and v; € I'(t) with f; > 0, we have an edge {u;, v;} of constant
latency by = L — (s ufis.u) + Pisuy) — (Qu.ofiy.0 + b.gy) (the corresponding
a; is set to 0). If f; = O, u; and v; are not connected in H,. We note that by
construction, H; admits f as an equilibrium flow, and thus L(H;,r) = L.

Furthermore, we modify H; by deleting some edges from its interme-
diate subnetwork so that the induced bipartite subgraph H;[I'(s) U I'(t)]
becomes acyclic. Therefore, in the resulting network, for each u; € I'(s)
and each v; € I'(t), there is at most one (s, u;, v;, t) path in H,. Hence, the
resulting network admits a unique equilibrium flow with a unique path
decomposition.

To this end, let us assume that there is a cycle C = (uy, Uy, Ug, . . ., Uk, U, U1, Uy)
in the intermediate subnetwork H;[I'(s) UI'(t)]. We let e, = {uy, v;} be the
edge of C with the minimum amount of flow in f, and let fi; be the flow
through e, (see also Fig. 5.2). Then, removing e;;, and updating the
flows along the remaining edges of C so that f; = f; + fia, 1 < i < k, and
fizm) = fiwr1) —Jier, 1 £ 1 < k=1, we “break” the cycle C, by eliminating the
flow in ey, and obtain a new equilibrium flow f’ of the same rate r and with
the same latency L as that of f. Applying this procedure repeatedly to all
cycles, we end up with an internally bipartite network H; with an acyclic
intermediate subnetwork that includes constant latency edges only. More-
over, H,; admits an equilibrium flow f of latency L. This concludes the first
part of the proof.

The second part of the proof is to show that we can either remove
some of the intermediate edges of H; or zero their latencies, and obtain a
subnetwork H’ of the O-latency simplification of H with L(H’,r) < L(H, r).
To this end, we describe a procedure where in each step, we either remove
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Figure 5.2: In (a), we have a cycle C = (u;, g, ug, . . ., Uk, Uy, U1, W) in the interme-
diate subnetwork H; [['(s)UI'(t)]. We assume that fi; is the minimum amount flow
through an edge of C in the equilibrium flow f. In (b), we have removed the edge
ex1, and show the corresponding change in the amount of flow on the remaining
edges of C. Since the latency functions of the edges in C are constant, the change
in the flow does not affect equilibrium.

some intermediate edge of H; or zero its latency, without increasing the
latency of the equilibrium flow.

Let us focus on an edge ey = {u, v} with by > 0, and attempt to set
its latency function to b;; = 0. We have also to change the equilibrium
flow f to a new flow f’ that is an equilibrium flow of latency at most L in
the modified network with b;;, = 0. We let r,, be the amount of flow moving
from an s — t path p = (s, u;, v;, t) to the path piq = (s, u, v, t) during this
change. We note that r, may be negative, in which case, |r,| units of flow
actually move from pyy to p. Thus, r,’s define a rerouting of f to a new flow
S, with f = f, — 1p, for any s — t path p other than py, and f; = fiu + 2 1p-

Next, we show how to compute r,’s so that f” is an equilibrium flow
of cost at most L in the modified network (where we want to set b}, = 0).
We let P = Py, \ {pu} denote the set of all s — t paths in H; other than
pr- We let F be the |P| x |P| matrix, indexed by the paths p € P, where
Flpi.p2] = Dicepinps Ge — Qieepinpa Ges and let T be the vector of r,’s. Then,
the p-th component of FF is equal to d,(f) — dp(f’). In the following, we
consider two cases depending on whether F is singular or not.

If F is non-singular, the linear system FF = £1 has a unique solution
T, for any € > 0. Moreover, due to linearity, for any a > 0, the unique
solution of the system FF = ae1 is aF.. Therefore, for an appropriately
small € > 0, the linear system Q, = {FF = ¢ T,ﬁ,— 20VpeP, fiatd,mp=
0,d,,(f") £ L + by — €} admits a unique solution . We keep increasing ¢
until one of the inequalities of Q. becomes tight. If it first becomes r, = f,
for some path p = (s, u;, v, t) € P, we remove the edge {u;, v;} from H;, and
adjust the constant latency of e, so that d, (f') = L — e. Then, the flow f”
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is an equilibrium flow of cost L — ¢ for the resulting network, which has one
edge less than the original network H,. If };,r, < O and it first becomes
Zp T, = —fie,» we remove the edge ey from H,. Then, f” is an equilibrium
flow of cost L — ¢ for the resulting network, which again has one edge less
than H,. If 3}, r, > 0 and it first becomes d,, (') = L + by — €, we set the
constant latency of the edge eq to by, = 0. In this case, f’ is an equilibrium
flow of cost L — ¢ for the resulting network that has one edge of O latency
more than the initial network H;.

If F is singular, proceeding similarly, we compute r,’s so that f” is an
equilibrium flow of cost L in a modified network that includes one edge
less than the original network H;. When F if singular, the homogeneous
linear system FF¥ = 0 admits a nontrivial solution ¥ # 0. Moreover, due to
linearity, for any a € R, aTF is also a solution to FF = 0. Therefore, the
linear system Qo = {F7 = 0.f, -1, >0 ¥p € P.fiu + X, 1, = O} admits a
solution ¥ # 0 that makes at least one of the inequalities tight. We recall
that the p-th component of FF is equal to d,(f) — d,(f’). Therefore, for the
flow f” obtained from the particular solution 7 of Qy, the latency of any path
p € Pis equal to L. If Fis such that r, = f, for some path p = (s, w;, v, t) € P,
we remove the edge {u;, v;} from H, and adjust the constant latency of ey
so that d,,,(f') = L. Then, the flow f’ is an equilibrium flow of cost L for
the resulting network, which has one edge less than the original network
H,. If ¥ is such that };,r, = —fiq, we remove the edge e, from H,. Then, f’
is an equilibrium flow of cost L for the resulting network, which again has
one edge less than H;.

Each time we apply the procedure above either we decrease the number
of edges of the intermediate network by one or we increase the number of
O-latency edges of the intermediate network by one, without increasing the
latency of the equilibrium flow. Moreover, if py; is disjoint to the paths
p € P, F is non-singular (next paragraph) and the procedure above leads
to a decrease in the equilibrium latency, and eventually to setting b, = O.
So by repeatedly applying these steps, we end up with a subnetwork H’ of
the O-latency simplification of H with L(H’,r) < L(H, r).

To show that if p, is disjoint to the paths p € P, F is non-singular
we show that the matrix F is positive definite (which implies that F is
non-singular). We first note that if py is disjoint to all p € #, then for
all p1.po € P, FIp1.pal = Yecpnp, G- Hence, for all ¥ € R”, ¥'Fx =
Y ecep) AeXz > 0, where E(P) denotes the set of edges included in the paths
of # and X, = X ,.cep Xp- Since the intermediate network of H; is acyclic
and any flow in H; has a unique path decomposition, if X has one or more
non-zero components, there is at least one edge e adjacent to either s or ¢
such that x, > 0, and thus X' FxX > 0. Otherwise, the difference of the flow
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defined by X with the trivial flow defined by 0 would indicate the existence

of a cycle in the intermediate subnetwork of H;. This is a contradiction,

since by the first part of the proof, the intermediate part of H; is acyclic.
O

5.4 Approximating the Best Subnetwork of Simplified
Networks

We proceed to show how to approximate the BestSubEL problem in a bal-
anced O-latency simplified network G, with reasonable latencies. We may
always regard Gy as the O-latency simplification of a good network G. We
first prove two useful lemmas (lemmas 5.3 and 5.4) about the maximum
traffic rate r up to which BestSubEL remains interesting, and about the
maximum amount of flow routed on any edge / path in the best subnet-
work.

Lemma 5.3. Let Gy be any O-latency simplified network, let r > 0, and
let H] be the best subnetwork of (Gy,r). For any € > O, if r > Bmax”* , then
L(Go, r) < (1+eL(H;,r).

Proof. We first show that for 0-latency simplified instances (G, r), we can
assume, essentially wlog., that the traffic rate r = O(n,/¢). Otherwise, a
Nash flow f of (Go, r) is an (1 + &)-approximation of the BestSubEL problem
in (Go, ).

To go on with the proof, we assume that r > Ifj\““—_"?, let f be a Nash
flow of (Gy, r), and consider how f allocates r units of flow to the edges
of E; = E4(Gp) and to the edges E, = E(Gp). For simplicity, we let L =
L(Go, r) denote the equilibrium latency of Gy, and let As = }.x 1/a. and
At = ZeeEt 1/ae

Since Gy is a 0-latency simplified network and f is a Nash flow of (G, r),
there are L,,L, > O, with L, + L, = L, such that all used edges incident
to s (resp. to t) have latency L; (resp. L) in the Nash flow f. Since
r> B“X‘—*_m, L, L, > By and all edges in Eg U E; are used by f. Moreover,
by anmi’:lveraging argument, we have that there is an edge e € E; with
a.f. < r/As, and that there is an edge e € E; with a.f, < r/At Therefore,
Ly < (r/As) + Bnax and Ly < (r/A;) + Buax, and thus, L < - + & + 2Bpgy.

On the other hand, if we ignore the additive terms b of the latency
functions, the optimal average latency of the players is r/As + r/A;, which

implies that L(H},r) > r/As + r/A;. Therefore, L < L(H}, 1) + 2B.x. More-
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) B
over, since r > =2, A < ng/Apin, and A; < n/Anin, we have that:
‘min

. r r
L(Hy, 1) > — + —
As A

Bax s A Biax Ny Ani
> max ! ts <imin + max ' % 4imin

h Aming ng Aming ny
> 2Bk /€

Therefore, 2By, < eL(Hy.r), and L < (1 + )L(H;, ).
]

Lemma 5.4. Let Gy be a balanced O-latency simplified network with rea-
sonable latencies, let r > 0, and let f be a Nash flow of the best subnetwork
of (Gy, r). For any ¢ > 0, if Pr[8B < ¢/4] > 8, for some constant § > O, there
exists a constant p = 24mbBmx g ch that with probability at least 1 —e %™/,

6eA2
fe < p, for all edges e.

min

Proof. We proceed to show that in a O-latency simplified instance (G, r),
the best subnetwork Nash flow routes O(r/n,) units of flow on any edge and
on any s—t path with high probability (where the probability is with respect
to the random choice of the latency function coefficients). Intuitively, we
show that in the best subnetwork Nash flow, with high probability, all used
edges and all used s—t paths route a volume of flow not significantly larger
than their fair share. We first prove the following technical lemma:

Lemma 5.5. Let Gy be a balanced O-latency simplified network with rea-
sonable latencies, let r > O be any traffic rate, and let f be any Nash
flow of the best subnetwork of (Gg,r). For any € > 0, if L(G,r) > € and

Pr[B < £/4] > 6, for some constant § > 0, there exists a constant y = %

such that with probability at least 1 — e~%/8, for all edges e, f. < yr/n,.

Proof. We let L = L(Gy, r) denote the equilibrium latency and g denote a
Nash flow of the original instance (Gy, r). Since Gy is a O-latency simplified
network and g is a Nash flow of (Gy, r), there are L, L, > O, with L, + L, = L,
such that: (i) for any edge e incident to s, if b, < L, g. > 0 and a.g. + b, =
L,, while g. = 0, otherwise, and (ii) for any edge e incident to t, if b, < L,,
de > 0 and a.g. + b. = Ly, while g. = O, otherwise. Namely, all used edges
incident to s (resp. to t) have latency L, (resp. L) in the Nash flow g. Wlog.,
we assume that L, > L,, and thus, L, > L/2 > ¢/2.

We next show that (i) if L > € and Pr[8 < £/4] > 6, then with probability
atleast 1—e /8 L < %r‘::‘”, and (ii) that for any e, f, < L/Anp,. The lemma
follows by combining (i) and (ii).
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We start with the proof of (i). Let e be any edge incident to s with
b, < £/4. By the discussion above, in the Nash flow g of (Gy, r), g. > 0 and

dege + b = L,. Using that L, > L/2 > ¢/2, we obtain that:

L, —¢&/4 L L
1 8/ > 1 >
d, 2a, 4Amax

L1:aege+besaege+8/4:>gez (5.1)

Moreover, since Pr[8 < ¢/4] > 6, we use Chernoff bounds (e.g., [48, (7)]),
and obtain that:

Pr(|{e € Es(Go) with b, < £/4}| > 6ns/2] > 1 — e /8 (5.2)

Combining (5.2) and (5.1), we obtain that if L > ¢ and Pr[B < /4] > 6, with
probability at least 1—e~"/8, the flow rate r is at least 81;5“:‘; , or equivalently,
that:

< 8AnaxT < 24 A0axT
ong oén,

L (5.3)

The last inequality holds because Gy is balanced, and |ns — ny| < 2n_. This
concludes the proof of (i).

To prove (ii), we observe that in the best subnetwork equilibrium flow
S, no used edge e has latency greater than L. Therefore, for any used edge
e incident to either s or t, we have that:

L
Amin

L
Aefe+b. < L= f, < —< (5.4)
A
Moreover, any edge e in the intermediate subnetwork of G has f, < L/Aun

due to the flow conservation constraints. This concludes the proof of (ii).
]

We recall that we always assume that L(G,r) > g, since otherwise the
problem of approximating BestSubEL is trivial. Moreover, by the definition
of reasonable latency functions, we have that for any constant ¢ > O,
there is a constant 6 > 0, such that Pr[8 < /4] > 6. Combining these
assumptions with Lemma 5.3 and Lemma 5.5, we obtain Lemma 5.4. So
from now on, we can assume, with high probability and wlog., that the
Nash flow in the best subnetwork of any simplified instance (Go, r) routes
O(1) units of flow on any used edge and on any used path. O

Approximating the Best Subnetwork of Simplified Networks. First we
state an approximate version of Caratheodory’s theorem, proved in [12],
that is needed for proving the correctness and efficiency of our approxima-
tion scheme.
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Theorem 5.6 ([12], Theorem 3). Let X be a set of vectors X = {x;,...,x,} C
R% and & > 0. For every u € conv(X) and 2 < p < o there exist an O(psl;)
uniform vector y’ € conv(X) such that ||u — p/'l|, < &, where y = max,x ||x||,
and a k uniform vector is a vector that can be written as an average of k
vectors of X with replacements allowed.

We proceed to derive an approximation scheme for the best subnetwork
of any simplified instance (G, r).

Theorem 5.7. Let Gy be a balanced O-latency simplified network with rea-
sonable latencies, let r > 0, and let Hj be the best subnetwork of (Go, r).
Then, for any € > O, we can compute, in time nf(A%“sz/ 82), a flow f and a
subnetwork H, consisting of the edges used by f, such that (i) f is an e-
Nash flow of (Hy, ), (ii) L(f) < L(H}, r)+e/2, and (iii) there exists a constant
p >0, such that f, < p + ¢, for all e.

Proof. We will use theorem 5.6 to prove the existence of a flow with the
properties (i), (ii) and (iii). Then by exhaustive search we will find one such.

For every path p; = (s, w;, v, t) let x;,, be a vector indexed by the edges of
E(Go), i.e. xp, € RIE@ | that contains everywhere O, except from the slots
that correspond to edges (s, u;), (1, v;) and (v;, t) where it contains number
r. Clearly, every feasible flow of Gy can be written as a convex combination
of x,,. Let kc = n, - n_ be the number of different paths in G, and for ease of
notation let X = {xi,...,x} denote the set containing all x,,’s, according
to an arbitrary ordering.

Let u be the Nash flow of the best subnetwork H. Using theorem 5.6
with set X as defined above, the Nash flow u € conv(X), the || - || norm, i.e.
p=2, and with y being y = r V3 we get that there is an O(%) uniform
vector f such that ||[u — flls < anax, which directly implies |, — fe| < 3 Af'nax
and implies property (iii) for f, due to Lemma 5.4.

The cost of a path p; = (s, u;, v;, t) in Hj under f is d,,(f) = afis.u) + bi +

aif(v.0 + bj. Because of |y — fo| < 4Afmx we have

E & & &
i Us,w) + bi - Z + aj.u(l)j,t) + bJ - 4_1- < dpy(f) < Qi (s wy) + bi + 4_1- + ajl’l(Uj,t) + bJ + Z’

which gives d,, (1) — 5 < dp,(f) < dp, (1) + 5. As p is the Nash flow of the

best subnetwork Hj we get
* > « &
L(Hy.1) = 5 < dp(f) < L(H;. 1) + . (5.5)

for any path p in Hy.
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Let Hy be the subnetwork induced by the paths used by f. By 5.5, f in
H, satisfies (i) and (ii) of the theorem.

A?nao(r2
One can find such an f in time KO by exhaustively searching for
2 2
this f in all possible O(ﬁ%) combinations of the k = n, - n_ paths of

Go. By checking all possible O(A%) uniform vectors for each of these
combinations and keeping, among all acceptable flows that satisfy (i) and
(ii), the acceptable flow f that minimizes the maximum amount flow routed
on any edge, we get f. < p + ¢, for all edges e, i.e. we get property (iii). The
latter is because we know that any Nash flow g of (H;,r) routes g. < p
units of flow on any edge e (Lemma 5.4), and that in the exhaustive search
step, one of the acceptable flows f has |g. — f.| < &, for all edges e which
implies that there is an acceptable flow f with f, < p+ ¢, for all edges e. [

5.5 Extending the Solution to the Good Network

Given a good instance (G, r), we create the O-latency simplification Gy of
G, and using Theorem 5.7, we compute a subnetwork H, and an &/6-Nash
flow f that comprise an approximate solution to BestSubEL for (Go, r). Next,
we show how to extend f to an approximate solution to BestSubEL for the
original instance (G, r). The intuition is that the O-latency edges of H, used
by f to route flow from V; to V; can be “simulated” by low-latency paths of
Gn. We first formalize this intuition for the subnetwork of G induced by
the neighbors of s with (almost) the same latency Bs and the neighbors of
t with (almost) the same latency B, for some Bs, B; with Bs + B; = L(f). We
may think of the networks G and H, in the lemma below as some small
parts of the original network G and of the actual subnetwork H, of Gp.
Thus, we obtain the following lemma, which serves as a building block in
the proof of Lemma 5.9.

Lemma 5.8. We assume that G(V,E) is a (n, p, 1)-good network, with a
possible violation of the maximum degree bound by s and t, but with
|Vsl, |Vi| < 8knp/2, for some constant k > 0. Also the latencies of the edges
in E; U E; are not random, but there exist constants Bs, B; > 0O, such that
for all e € E,, d.(x) = B, and for all e € E;, d.(x) = B;. We let r > 0 be
any traffic rate, let Hy be any subnetwork of the O-latency simplification
Go of G, and let f be any flow of (Hp,r). We assume that there exists
a constant o’ > 0, such that for all e € E(Hp), 0 < f. < po’. Then, for
any €; > 0, with high probability, wrt. the random choice of the latency
functions of G, we can compute in poly(|V]) time a subnetwork G’ of G,
with Es(G") = Es(Hp) and E(G’) = E{(H,), and a flow g of (G, r) such that
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(i) ge = f. for all e € E((G") U E((G’), (ii) g is a 7¢;-Nash flow in G’, and
(lll) LG/(g) < BS + Bt + 761.

Proof. For convenience and wlog., we assume that E,(G) = Es(Hp) and that
E(G) = E/(Hp), so that we simply write Vg, V;, E;, and E; from now on. For
each e € E; U E;, we let g. = f.. So, the flow g satisfies (i), by construction.

We compute the extension of g through G;, as an “almost” Nash flow in
a modified version of G, where each edge e € E; U E; has a capacity g. = fe
and a constant latency d.(x) = By, if e € E;, and d.(x) = By, if e € E,.
All other edges e of G have an infinite capacity and a (randomly chosen)
reasonable latency function d.(x).

We let g be the flow of rate r that respects the capacities of the edges
in Es U E;, and minimizes Pot(g) = ) g foge d.(x)dx. Such a flow g can be
computed in strongly polynomial time (see e.g., [85]). The subnetwork G’
of G is simply Gy, namely, the subnetwork that includes only the edges
used by g. It could have been that g is not a Nash flow of (G, r), due to
the capacity constraints on the edges of E; U E,. However, since g is a
minimizer Pot(g), for any u € V5 and v € V;, and any pair of s — t paths p,
p’ going through u and v, if g, > O, then d,(g) < d,(g).

We next adjust the proof of [24, Lemma 5], and show that for any s — ¢
path p used by g, d,(g) < Bs+B;+7¢;. To prove this, weletp = (s, u,..., v, t)
be the s -t path used by g that maximizes d,(g). We show the existence of
apath p’ =(s,u,...,v,t) in G of latency d,(g) < Bs + B; + 7¢,. Therefore,
since g is a minimizer of Pot(g), the latency of the maximum latency g-
used path p, and thus the latency of any other g-used s — t path, is at
most Bs + B; + 7€y, i.e., g satisfies (iii). Moreover, since for any s — t path p,
d,(g) > Bs + B, g is an 7¢;-Nash flow in G’.

Letp=(s,u,..., v, t) be the s — t path used by g that maximizes d,(g).
To show the existence of a path p’ = (s,u,..., v, t) in G of latency d,(g) <
Bs + B; + 7¢;, we start from Sy = {u} and grow a sequence of vertex sets
So €S, C--- C Si, stopping when |['(S;-)| > 3n/5 for the first time. We
use the expansion properties of G, and condition (3), on the distribution
of B, in the definition of good networks, and show that these sets grow
exponentially fast, and thus, i* < In n, with high probability. Moreover, we
show! that there are edges of latency €, + o(1) from S, = {u} to each vertex
of S;, and edges of latency ¢, /Inn+o0(1/1nn) from S; to each vertex of S;, 1,
foralli=1,...,i" — 1. Thus, there is a path of latency at most 2¢; + o(1)
from u to each vertex of Si. Similarly, we start from T, = {v} and grow a

The intuition is that if among the edges e incident to Vi U V;, we keep only those with
b, < €1, and among all the remaining edges e, we keep only those with b, < ¢;/Inn, then
due to condition (3) on the distribution of 8, a good network G remains an expander.
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sequence of vertex sets Tp C Ty C - - - C T}, stopping when |[['(T;-)| > 3n/5 for
the first time. By exactly the same reasoning, we establish the existence
of a path of latency at most 2¢; + o(1) from each vertex of T;- to v. Finally,
since |I['(Sy)| > 3n/5 and |['(T;-)| > 3n/5, the neighborhoods of S;- and T
contain at least n/10 vertices in common. With high probability, most of
these vertices can be reached from S;- and from Tj- using edges of latency
€; + o(1). Putting everything together, we find a u — v path (in fact, many
of them) of length O(In n) and latency at most 6¢; + o(1) < 7e¢;.

For completeness, we next give a detailed proof, by adjusting the argu-
ments in the proof of [24, Lemma 5]. For convenience, for each vertex x,
we let dy(x) (resp. di(x)) be the latency wrt g of the shortest latency path
from s to x (resp. from x to t). Also, for any 6 > 0, we let P,(6) = Pr[B < 6]
denote the probability that the additive term of a reasonable latency is at
most 6. Recall also that by hypothesis, there exists a constant p’ > 0, such
that for all e € E(H,), f. < p’. Hence, the total flow through G (and through
Hy)isr<p'n,.

At the conceptual level, the proof proceeds as explained above. We
start with Sy = {u}. By hypothesis, the flow entering u is at most p’. By the
expansion property of good networks and by Chernoff bounds?, with high
probability, there are at least P,(e;)np/4 edges e adjacent to u with b, <
€1. At most half of these edges have flow greater than Pb(ss ’1’ ;np, thus there
are at least Py(e;)np/8 edges adjacent to u with latency, wrt g, less than
%+el. We now let d,; :BS+I§2‘;+:‘;£;+61 and S, = {x € V : ds(x) < d,}.
By the discussion above, |S,| > P,(¢;)np/8.

We now inductively define a sequence of vertex sets S; and upper
bounds d; on the latency of the vertices in S; from s, such that S; C S;;;
and d; < d;;;. This sequence stops the first time that |[['(S;)| > 3n/5. We
inductively assume that the vertex set S; and the upper bound d; on the
latency of the vertices in S; are defined, and that |I['(S;)| < 3n/5. By the
expansion property of good networks |['(S;) \ S;| > np|S;|/3, for sufficiently
large n. Thus, with probability at least 1 — ef»(e1/InmplSiI/24 *there are at
least P,(;=-)np|S;|/6 vertices outside S; that are connected to a vertex in S;
by an edge e with b, < ¢;/Inn. Let S, be the set of such vertices, and let
E; be the set of edges that for each vertex v € S;, includes a unique edge
e € E; with b, < ¢,/ 1n n connecting v to a vertex in S;. Since the flow g may
be assumed to be acyclic, a volume r < p'n, of flow is routed through the
cut (S;, V'\ S;). Then, at most half of the edges in E; have flow greater than

2We repeatedly use the following form of the Chernoff bound (see e.g., [48]): Let
X1, ..., Xj be random variables independently distributed in {0, 1}, and let X = Zﬁil X;.
Then, for all € € (0, 1), Pr[X < (1 — ¢)E[X]] < e < EIX1/2 where e is the basis of natural
logarithms.
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20'n, /|S]|. Consequently, at least half of the vertices v € S; have latency
from s:

€ 20
ds(x) < di + _1 + Amaxﬂ
Inn A
€ 12A, /
+ 1 + maxO T+
Inn  Py(;5)nplSi

Thus, we define the next latency upper bound d;;; in the sequence as:

€1 + 1214maxp/n~-|—
Inn ~ Py(nplSil

diy = d; +

and we let S;;; = {x € V(G)|ds(x) < d;;1}. By the discussion above, and
using the inductive definition of S;’s, we obtain that:

1Si1| = (éPb(el/ln nnp + 1)|Si|
> (%Pb(el/ln nnp + 1) 1S

We recall that i* is the first index i such that |['(S;)| > 3n/5. Then, the
inequality above implies that:

In (8n/(5]S41)) < In (24n/(5P,(€1)np))
B ln(l—lsz(el/ln n)np + 1) " In (1—12Pb(el/ln n)np + 1)

ok

Using that pn > Inn and that P,(¢;/Inn)np = (1), the inequality above
implies that i* < In n, for sufficiently large n.

Therefore, we obtain an upper bound on the latency from s of any vertex
inS;:

i

€1 Z 1 2Amaxp, n,

e <do+ i + Y ——omaxh
‘ Inn " £ P,GE)nplS]
Inn

€ 12A /
sd1+1—llnn+ maxf T
nn S Py(2np (S Po(2np + 1) 1S

Inn

12Anx0' 1y c
=P,(:)np+1
Pb(lﬁ‘n)nplsll Z 12 Inn )

max 96 Apnax O o
S(Bs+—p+el)+el A . 222‘
Py(e)np Py(55)Po(€1)(np)? 4

8Anax0 " 144Anx0' ke
Py(e)np  Pu(5)Pp(e1)np

:d1+€1+

SBS+2€1+
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For the penultimate inequality, we use that P,(e;/Inn)np = (1), which
implies that 1 + P,(e;/Inn)np/12 > 2, for n sufficiently large. For the
last inequality, we use that n, < 3knp/2, for some constant k > 0, by
hypothesis.

Moreover, we observe that probability that the above construction fails
is at most:

lZ e—Pb(el/ln nnplS;| /24 < lz e—(%Pb(el/ln n)np+1)i|51|/24
i=1 i=1
<In ne—(l—gpb(el/ln n)np+1)Pp(e1)np/192

Therefore, the construction above succeeds with high probability.

Similarly, we start from T, = {v}, and inductively define a sequence
of vertex sets To, € Ty C --- C T, and a sequence of upper bounds dj <
dj < --- < d. on the latency from t of the vertices in each T;. We let
T, = {x € V(G)|di(x) < de}. The sequence stops as soon as |[['(T})| > 3n/5
for the first time. Namely, j* is the first index with |['(T;-)| > 3n/5. Using
exactly the same arguments, we can show that with high probability, we
have that j* < Inn, and that:

BAnup | 144Ano'k
Py(e)np  Pu(;=)Pp(€1)np

(#*SBt+2€1+

Wlog., we assume that S N T = 0. Since |['(Sy)| + I['(T)| > 6n/5,
there are at least n/10 edge disjoint paths of length at most 2 between
Si and T;-. Furthermore, by Chernoff bounds, with high probability, there
are at least P,(€;)>n/12 such paths with both edges e on the path having
b, < €,. At most half of these paths have flow more than 2 Pljf 1;;*n and thus
there is a path from a vertex of S to a vertex of T that costs at most
2¢; + 2Amaxpi‘f§—l';;+n.

Putting everything together, we have that there is a path p’ that starts
from s, moves to u, goes through vertices of the sequence S, ..., S;, pro-
ceeds to a vertex of I'(S;)NI'(T}-), and from there, continues through vertices
of the sequence Tj, ..., T, until finally reaches v, and then t. The latency

of this path is:

8Amaxp, + 48Amaxp,k ) + 4'Slqmaxp,n«i—

d,(g) < Bs+ B, + 6¢, + 2
1 (9) t €1 (Pb(el)np Py(;-)Py(e1)np Py(er)*n

We recall that since the flow g is a the minimizer of Pot(g), for any
g-used path p = (s,u,...,v,t), dy(g) < dy(g). Thus we obtain that any
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g-used path p = (s, u, ..., v, t) has latency

8Amaxp/ + 48Amaxp/k ) + 48Amaxp/n+

d,(g) < By + B, + 6€, +2
p(g) t 1 (Pb(el)np Pb(lz_ln)Pb(el)np Pb(€1)2n

Using the hypothesis that n, < 3knp/2, for constant k > 0, and that
Py(e;/Inn)np = w(1), which is condition (3), in the definition of good net-
works, we obtain that for any constant ¢; > 0, d,(g) < Bs + B; + 7¢,, for

sufficiently large n. O

Grouping the Neighbors of s and t. Let us now consider the entire net-
work G and the entire subnetwork H, of Go. Lemma 5.8 can be applied
only to subsets of edges in E;(Hp) and in E,(Hy) that have (almost) the same
latency under f. Hence, we partition the neighbors of s and the neighbors
of t into classes V! and V{ according to their latency. For convenience, we
let e, = ¢/6, i.e., f is an e-Nash flow, and L = Ly (f). By Theorem 5.7,
applied with error e, = £/6, there exists a p such that for all e € E(H,),
0 <fe <p+ e. Hence, L < 2A,,x(0 + €) + 2B« is bounded by a constant.
We partition the interval [0, L] into x =[L/e,;] subintervals, where the
i-th subinterval is I' = (i, (i + 1)&], i = O,...,k — 1. We partition the
vertices of Vy (resp. of V;) that receive positive flow by f into x classes
V! (resp. V), i = 0,...,k — 1. Precisely, a vertex x € V; (resp. x € V),
connected to s (resp. to t) by the edge e, = {s, x} (resp. e, = {x, t}), is in the
class V! (resp. in the class V}), if d. (f;,) € I;. If a vertex x € V (resp. x € V)
does not receive any flow from f, x is removed from G and does not belong
to any class. Hence, from now on, we assume that all neighbors of s and
t receive positive flow from f, and that V?,... V*! (resp. V?,..., V) isa
partitioning of V; (resp. V;). In exactly the same way, we partition the edges
of E; (resp. of E;) used by f into k classes E. (resp. E}), i=0,...,x— 1.
To find out which parts of the subnetwork H, will be connected through
the intermediate subnetwork of G, using the construction of Lemma 5.8,
we further classify the vertices of V! and V! based on the neighbors of t
and on the neighbors of s, respectively, to which they are connected by
f-used edges in the subnetwork Hy. In particular, a vertex u € V] belongs
to the classes Vs(i‘j), forallj € {0,...,x— 1} such that there is a vertex v € V{
with f,,,) > 0. Similarly, a vertex v € V{ belongs to the classes Vt(i‘j), for all
i € {0,...,x — 1} such that there is a vertex u € V{ with f,,; > 0. We note
that a vertex u € V] (resp. v € V{) may belong to many different classes
Vs(i‘i) (resp. to Vt(i‘j)), and that the class Véi‘j) is non-empty iff the class Vt(i‘j)
is non-empty, i.e., non-empty classes v and Vt(i‘j) appear in pairs. We let
k < x? be the number of pairs (i, ) for which Vs(m and Vt(i‘j) are non-empty.
We note that k is a constant, i.e., does not depend on |V| and r. We let Eg‘j)
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be the set of edges connecting s to the vertices in Vs(i‘j) and Eﬁi‘j) be the set
of edges connecting t to the vertices in Vt(l").

Building the Intermediate Subnetworks of G. The last step is to replace
the O-latency simplified parts connecting the vertices of each pair of classes
Vs(i‘j) and Vt(i‘j) in Hy with a subnetwork of G,,. To this end, we randomly
partition the set V,, of intermediate vertices of G into k subsets, each
of cardinality (roughly) |V,,|/k, and associate a different such subset V,Si‘j)
with any pair of non-empty classes Véi‘j) and Vt(i‘j). For each pair (i,j) for
which the classes Véi‘i) and Vt(i‘j) are non-empty, we consider the induced
subnetwork G = G[{s, t} U V¥ U V¥ U V!*], which is a (n/k, p. 1)-good
network, by condition (4) in the definition of good networks, and because
G is a (n, p, k)-good network. Therefore, we can apply Lemma 5.8 to G®,
with H(()i‘j) = Hy[{s, t} U V¥ U V'] in the role of H,, the restriction f
of f to H(()i‘j) in the role of the flow f, and p° = p + ¢;. Moreover, we let
d.(f.) and Bii‘j) = max d.(f.) correspond to Bs and B,

and introduce constant latencies d(x) = B(si‘j) for all e € Eg‘j) and d)(x) =
Bii‘j) for all e € E?J), as required by Lemma 5.8. Thus, we obtain, with
high probability, a subnetwork H® of G’ and a flow g/ that routes as
much flow as f on all edges of EM U Eii‘j), and satisfies the conclusion
of Lemma 5.8, if we keep in HY the constant latencies d.(x) for all e €
E U EW,

The final outcome is the union of the subnetworks H'”, denoted H (H
has the latency functions of the original instance G), and the union of the
flows g/, denoted g, where the union is taken over all k pairs (i, j) for which
the classes Vs(i‘j) and Vt(i‘j) are non-empty. By construction, all edges of H are
used by g. We obtain lemma 5.9 by showing that if €, = ¢/42 and ¢, = /6,
the flow g is an e-Nash flow of (H, r), and satisfies Ly(g) < Ly, (f) + /2.

(i) _ . .
Bs™ = max, pw ceEW

Lemma 5.9. Let any ¢ > 0, let k =[12(Anax(0 + €) + Bnax)/€1%. let G(V, E)
be an (n, p, k)-good network, let r > 0, let Hy be any subnetwork of the
O-latency simplification of G, and let f be an (¢/6)-Nash flow of (Hp, r)
for which there exists a constant p° > 0, such that for all e € E(H,),
0 < fo £ p’. Then, with high probability, wrt. the random choice of the
latency functions of G, we can compute in poly(|V]) time a subnetwork H
of G and an e-Nash flow g of (H, r) with Ly(g) < Ly, (f) + £/2.

Proof. We consider the subnetwork H (with the original latency functions of
G), computed as the union of subnetworks H'", and the flow g, computed
as the union of the flows g‘*’, where the union is taken over all k pairs
(i.j) for which the classes v and Vt(i‘j) are non-empty. We recall that by
construction, all edges of H are used by g. We show that if ¢, = £/42
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and e, = £/6, the flow g is an e-Nash flow of (H, r), and satisfies Ly(g) <
Ly, (f)+¢e/2. We stress that the edge and path latencies here are calculated
with respect to the original latency functions of G and under the edge
congestion induced by the flow g (or the flow f).

For convenience, we let B = Bgi‘i) + Bgi‘j) for any pair of non-empty
classes Véi‘j) and Vt(i‘j). Since the difference in the latency of any edges
in the same group is at most e;, we obtain that for any edge e € Egi‘j),
BM —¢, < de(fo) < B, and similarly, that for any edge e € Eii‘j), BE"J) — € <
de(f.) < BiiJ). Therefore, since H, is a O-latency simplified network, and
since by hypothesis, all the edges of H, are used by f, for any pair of non-
empty classes Vs(i‘j) and Vt(i‘j), and for any s—t path p going through a vertex
of Vs(i‘j) and a vertex of Vt(i‘j) ,

BY - 26, < dy(f) < BY
Moreover, since f is an e;-Nash flow of (Hp, r), for any s — t path p € Py,

Ly, (f) — €2 < dp(f) < Ly, (f)

Combining the two inequalities above, we obtain that for any pair of non-
(i) (i)
empty classes Vi and Vv,

B(iJ) - 262 < LHO(f) < B(iJ) + €y (56)

As for the flow g, by construction, we have that g. = f. for all edges
e € E; U E;. Therefore, for any edge e € Egd), B(Si‘j) — 6 < do(ge) < B(Si‘j),
and similarly, for any edge e € Eﬁi‘j), BEiJ) — € < do(ge) < Bgi‘j). Thus, by
Lemma 5.8, and since all the edges of any subnetwork H® are used by g,
for any s — t path p in the subnetwork H®, B — 2¢, < d,(g) < BY + 7¢,.
Using that (5.6), we obtain that for any subnetwork H'”) and any s -t path
p of H(iJ),
Ly, (f) — 8ey < dp(g) < Ly, (f) + 265 + 7€ (5.7)

Furthermore, we recall that the subnetworks H'“ only have in common
the vertices s and ¢, and possibly some vertices of Vg U V; and some edges
of E; U E,;. They have neither any other vertices in common, nor any edges
connecting vertices in the intermediate parts of different subnetworks H%
and H?J). Hence, any s—t path p of H passes through a single subnetwork
H'%. Therefore, and since by construction, all the edges and the paths of
H are used by g, (5.7) holds for any s — t path p of H.

Thus, we have shown that g is a (5e, + 7¢1)-Nash flow of (H, r), and that
Ly(g) < Ly, (f) + 26, + 7¢;. Using e; = ¢/6 and e; = ¢/42, we obtain the
performance guarantees of g as stated in Lemma 5.9. O
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Chapter 6

Congestion Games with Risk Averse
Players

Congestion games ignore the stochastic nature of resource delays and the
risk-averse attitude of the players to uncertainty. To take these aspects
into account, we introduce two variants of atomic congestion games, one
with stochastic players, where each player assigns load to her strategy in-
dependently with a given probability, and another with stochastic edges,
where the latency functions are random. In both variants, the players are
risk-averse, and their individual cost is a player-specific quantile of their
delay distribution. We focus on parallel-link networks and investigate how
the main properties of stochastic congestion games depend on the risk
attitude and the participation probabilities of the players. In a nutshell,
we prove that stochastic congestion games on parallel-links admit an ef-
ficiently computable pure Nash equilibrium if the players have either the
same risk attitude or the same participation probabilities, and also admit a
potential function if the players have the same risk attitude. On the nega-
tive side, we present examples of stochastic games with players of different
risk attitudes that do not admit a potential function. As for the inefficiency
of equilibria, for parallel-link networks with linear delays, we prove that
the Price of Anarchy is ®(n), where n is the number of stochastic players,
and may be unbounded, in case of stochastic edges.

6.1 Introducing the Models

In this chapter we generalize atomic congestion games. Recall that a (stan-
dard) atomic CG is the tuple G(N, E, (S))icn, (de)ece). On the corresponding
sections we will get more specific on the generalization we do, by explicitly
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defining the generalizing models.

In the technical part, we restrict our attention to symmetric conges-
tion games on parallel-link networks, where strategies are singletons and
there is a strategy for every resource. Since we mostly consider networks,
we use the terms “resource” and “edge” and “strategy” and “path” inter-
changeably.

6.2 Congestion Games with Stochastic Players

6.2.1 The Model

In Congestion Games with Stochastic Players, each player i is described by
a tuple (p;, 6;), where p; € [0, 1] is the probability that player i participates
in the game, by assigning a unit of load to her strategy, and 6; € [, 1] is the
confidence level (or risk-aversion) of player i. Essentially, each player i is
associated with a Bernoulli random variable X; that is 1 with probability p;,
and O with probability 1-p;. Then, the load of each edge e in a configuration
s is the random variable N,(s) = }’;..c, Xi . and the cost of a strategy q in s
is the random variable Dy(S) = . .c  de(Ne(S)).

Given that player i participates in the game, the delay of player i in s is
given by the random variable:

Di(s):Zde[1+ Z Xj].

ec€s; J#i: e€s;

Note that when X; = 1, D;(s) = D (s).

The (risk-averse) individual cost c;(s) perceived by player i in s is the
6;-quantile (or value-at-risk) of D;(s). Formally, c¢;(s) = min{t : Pr[D(s) <
t] > 6;}. We note that for parallel-link networks, the (risk-averse) individual
cost of the players can be computed efficiently. PNE are defined as before,
but with respect to the risk-averse individual cost of the players.

Depending on whether players have the same participation probabili-
ties p; and/or the same confidence levels §;, we distinguish between four
classes of congestion games with stochastic players:

e homogeneous, where all players have the same participation proba-
bility p and confidence level 6.

e p-homogeneous, where all players have the same participation prob-
ability p, but may have different confidence levels.
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e 6-homogeneous, where all players have the same confidence level 6,
but may have different participation probabilities.

e heterogeneous, where both the participation probabilities and the
confidence levels may be different.

6.2.2 Stochastic Players on Parallel Links: Existence and Computa-
tion of PNE

In the following, we restrict ourselves to Congestion Games with Stochastic
Players on parallel-link networks, and investigate the existence and the
efficient computation of PNE for the four cases considered above.

Homogeneous Stochastic Players. If the players are homogeneous, stochas-
tic congestion games on parallel-links are equivalent to standard conges-
tion games on parallel-links (but with possibly different latencies), because
the (risk-averse) individual cost of each player in a configuration s depends
only on the link e and its congestion s,.

Theorem 6.1. Congestion Games with Homogeneous Stochastic Players
on parallel-link networks admit an exact potential function. Moreover, a
pure Nash equilibrium can be computed in polynomial time.

Proof. The existence of a potential function implies the existence of equi-
librium. Rosenthal’s potential function ([73]) suites this case as players,
under any configuration, perceive exactly the same cost on any edge e, a
cost that depends only on the number of players on e.

Formally, let p and 6 denote the common p;’s and §;’s of the players,
and for each edge e, define a function f, : N — R with

0, ifr=0

Jelr) = min{t : Pr[de(l +YY) < t] > 6}, if r> 0.

where for all i € [r], Y; is a Bernoulli random variable (independent of
others) with probability of success p. Observe that for any configuration s
and any player i with s; = e, we have ¢;(s) = fo(s.).

Defining
O(s) = ) > Seld),
=1

e i
it is easy to verify that it is an exact potential function as for any player i
and any two configurations s, s’ such that s_; = s, s;=eand s; = €

O(s) — D(s") = fe(se) = fe(se + 1) = ci(s) — c(s).
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In order to polynomially compute a PNE, we can simply use a Greedy
Best Response algorithm. We insert the players in the game, one by one,
and the player just inserted does a best response move. Each such move
can be computed in time O(m + i%), where i is the number of players in
the game so far, as for each edge e, the cumulative distribution function of
D.(s) can be computed via dynamic programming. One can easily verify,
by induction, that on any round of this procedure, the players are in a
PNE. Consequently, we get a PNE when the procedure terminates. Using
memoization to avoid recalculations, the total time needed is O(n - m +
n?). O

p-Homogeneous Stochastic Players. In this case, a stochastic game is
equivalent to a congestion game on parallel links with player-specific pay-
offs [63], as the (risk-averse) individual cost of each player in a configura-
tion s depends only on the link e, its congestion s., and i’s confidence level
6;. Thus, we obtain:

Corollary 6.2. Congestion Games with p-Homogeneous Stochastic Players
on parallel-link networks admit a PNE. Moreover, a PNE can be computed
in polynomial time.

Milchtaich [63] proved that a parallel-link congestion game with gen-
eral player-specific payoffs may not admit a potential function. In our
case however, the players’ individual costs are correlated with each other,
as for any edge, there is a common distribution on which they depend.
Nevertheless, we next show that parallel-link games with p-homogeneous
stochastic players and linear latencies may not admit a potential function.

Theorem 6.3. There are Congestion Games with p-Homogeneous Stochas-
tic Players on parallel-link networks with linear delays that do not admit a
potential function.

Proof. It suffices to show that there is an infinite improvement cycle, i.e.
an infinite sequence of deviations for which each deviating player perceives
less cost. We will modify Milchtaich’s counter-example ([63]) to fit our case.
Since players have the same probability of participation p, the load on each
edge e that player i considers is a binomial distribution: ;. ecs; K-

Fix p = 0.75, and consider three edges, e;, e; and ez, and three players
that will deviate, with 6; = 0.75, § = 0.58 and 63 = 0.6. Also, assume
that there are n; = 25 extra players on e;, n, = 20 extra players on e,
and ng = 9 extra players on e;. The latency functions of the edges are:
Sfilk) = 38k + 71, f3(k) = 6k + 33 and f3(k) = 15k + 1.



6.2. CONGESTION GAMES WITH STOCHASTIC PLAYERS 103

In the following, an infinite better response cycle is described, consist-
ing of six different configurations that interchangeably follow one another:

e le [ e |
i|{1,2}| {8}
ii | {1,2} {3}
iii | {2} {1,3}
iv {2} |({1,3}
v 2,31 {1}
vi| {1} |{2,3}

{1,2} | {3}

We will only write down (as a 3-dimensional vector, corresponding to
players 1, 2 and 3) what load do the three players perceive on the edge they
use in each step (exluding themselves):

i. (21, 20, 16)
ii. (21, 20, 7)
iii. (8, 19, §)
iv. (8, 15, §)
v. (8, 16, 16)
vi. (20, 16, 16)

The existence of the above infinite improvement cycle forbids the existence
of any potential function. O

6-Homogeneous Stochastic Players. In this case, players have the same
confidence level 6, but the participation probability p; of each player i may
be different. We next show how to efficiently compute a PNE in parallel-
link networks. Specifically, we describe the p-Decreasing Greedy Best
Response algorithm, or pDGBR in short, and show that it always results
in a PNE:

e Sort players in non-increasing order of their p;’s.

e Insert one player at a time, according to the previous order, to the
edge that corresponds to her best response move.

e Repeat until all players are inserted.
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Theorem 6.4. The pDGBR procedure computes a PNE for Congestion
Games with Stochastic 6-Homogeneous Players on parallel-link networks
with general latecy functions in time O(n - m + n?).

Proof. The proof comes by induction on the number of players. The induc-
tion hypothesis is that before the next insertion we are at a PNE.

Assume that we are in the middle of the procedure, in a PNE, and player
i has just chosen edge e. Players on other edges do not deviate because
the only edge changed is e and it got an extra player. What remains to
prove is that players on e do not deviate.

Let Ik be a player on e, inserted in a previous step (px > p;). In order to
show that k doesn’t deviate, it suffices to show that after step i, say under
configuration s (with s; = s = e), we have that ¢, (s) < ¢(s) , as edge e is
a best response strategy for player i and the cost that i and k perceive on
any other edge is the same.

Consider c,(s) and ci(s). We have:

ci(s) = min{t : Pr{do(1 + X; + Z X)<t]> 6},

J#ik:sj=e
c(s) = min{t © Pr{de(1 + X + Z X)<t]|> 6}.
J#ik:sj=e

Since py > p;, for any r € IN:

Pve ) x=d=pl Y xer-m Y xerln
JFLk: sj=e J#ik: sj=e J#Lk: sj=e
<Pr| Z X <r|-Pr Z X=r]p
Jj#ik: sj=e J#il sj=e
= Pr[X; + Z X <rl.
JEik: sj=e

Thus, since d,.’s are non decreasing,

Prlde(1+ X+ >, X)<de(r+ D] <Pr{de(1+ X+ > X)<de(r+1)]

J*ilk: sj=e Jj#ik: sj=e

and so ¢(s) < ¢i(s), as needed.

The total time needed for the procedure is O(n-m+ n?), as at each step
i, the computations for the newly inserted player take O(m + i) time and
we can use memoization to avoid recalculations. g

We can also show that games in this class admit a potential function,
which can be thought of as a generalized lexicographic potential function
in two dimensions.
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Theorem 6.5. Congestion Games with Stochastic 6-Homogeneous Players
on parallel-link networks are potential games.

Proof. We will define a two dimensional lexicographic potential function.
For that, we define, for each edge e and configuration s, a two dimensional
vector v, s and a total order on these vectors. Right after, for s, we define
a vector w;s that as components has exactly the vectors {ves}ecr ordered
increasingly (with the usual vector ordering). Any improvement step that
turned the configuration from s to s’ is such that ws < wy. Any strictly de-
creasing function on vectors wg works as (generalized) potential. Technical
details follow.

Let c.(s) = min{t . Pr[do(1 + No(s)) < t] > 6} be the outside 6-cost of

edge e under s, i.e. the cost that any player not in e computes for e when
she considers moving to e. We have

c.(s)=ci(s_;,e), Yi:s e (6.1)

c.(s) = ci(s), Vi:s; =e. (6.2)

Let v.s = (co(S), se) and consider the standard ordering on these pairs:
o (X1, Y1) < (2, Y2) iff X1 < x5 01 (X7 = X and Yy < Ya).
o (x1,y1) = (0, Yo) iff x; = xp and Yy = Ya.
e (x1,y1) > (%, yo) otherwise.

For a configuration s, let ws be the vector that consists of the pairs {ve s}eck
in increasing order. We are going to show that after an improving step, the
new configuration s’ is such that w, < wy.

Assume that player i did an improvement step by moving from e to
€ and let s be the configuration with s; = e and s’ the configuration with
s; = €. Player i deviated because ¢;(s) > ¢;(s'). Itis ci(s) = ci(s_;, €') = co(s)
and, by (6.2), c.(s) > ci(s). So, we get c.(s) > c-(s), which implies that

Vet s < Ugs-

Thus, if we consider the coordinates of wg, we know that v, is after vy g
and so in order to show ws < wy, it suffices to show that vy s < Ve«
(inequality 6.3) and vy s < Uy (inequality 6.4).

By the improving step, the only pairs that changed are v, s and vy 5. In
fact, itis s, > s, and s, < s/, and it might be c.(s) > c.(s") or co(s) < c(s).
Whichever is the case, we have:

Ve s < Ve s (63)
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Because i did an improving step to e’ and by s; # € and (6.1) we get
ci(s) > ci(s_;, €') = co(s). Also, by s; # e and (6.1) we get ¢;(s) = ¢i(s’ ;. e) =
co(s’). Thus, c(s) < c.(s’) and

Ue’,s < Ue,s’ (64)

Let ® be any strictly decreasing function on ws. Clearly, for any con-
figuration s, any edges e, e’ and any player i it is

ci(s_i,e)—ci(s_i,€)>0= D(s_;,e)— D(s_;,€) >0

and thus @ is a generalized potential. O

6.2.3 Price of Anarchy for Games with Affine Latencies

In Stochastic Congestion Games with Stochastic Players, the social cost
of a configuration s is defined as C(s) = E[ZieNXiDi(s)], as this seems to
be the most natural generalization of the definition of the Social Cost in
standard atomic CGs.

Letting o denote an optimal configuration, i.e. c(o) = ming{C(s)}, the

Price of Anarchy is formally defined as PoA = max {% : sisa PNE}.

In the following we convert C(s) to a more convenient form and right
after we give upper and lower bounds on the PoA for games with affine la-
tency functions as the expected values related to the random distributions
d.(N.(s)) for general latency functions are hard to handle.

As already noted, D;(s) = Ds(s) with X; = 1, and so X; - Dy(s) = X;- Ds,(s).
Thus,

C(s) = E[ZienXi - Do (8)] = L. E[N(s) - de(Ne(s))]-

For affine latency functions of the form d.(k) = a.k + b,, it is

C(s) = ) E[N()(@eNe(9)+De)] = ) [ae(EIN ()1 +Var[No(s)])+ b E[Ne(9)]].

e

Theorem 6.6. Congestion Games with Stochastic Players and affine la-
tency functions on parallel-link networks have PoA = O(n).

Proof. Let d.(k) = a.k + b, denote the latency of an edge e. Two things
should be pointed out for the proof.

i) The costs that players perceive on each edge is almost at least as large
as it would be if they were considering as load the expectation of other
players on each edge plus themselves, i.e. ¢(s) 2 aQE[);; -, Xj] — de + Do,
forany sandi:s; =e.
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This is the case as, if we assume that edges have affine delay functions,
de(k) = a.k + b., then the cost that player i perceives for edge e under a
configuration s with s; = e is

c(s) = min{thr[de(l + Z Xj) < t] > 51}

J#i e=s;

1n{t|Pr[ae(1 + ) X)+b.<t]> 6i}

JEU e=s;

= ae(l +min{t|Pr[ Z X <t]> 6i})+be.

J£i e=s;

For the median and the mean of the random variable };.;. e=s, % it is (see

e.g [80])
'E[ Z — min {t| Pr| Z X <t|2 1/2}‘3 1

J#i e=s; J#i e=s;

Thus, for playeri: s; = e,

ci(s) > ae(l + min{thr[ Z X <t]> 1/2}) + b,
J#i e=s;

> aBl ) Xl+be>akl ) X]-a+bh

J#i: e=s; J:e=s;

ii) At equilibrium, all players on the used edges perceive a cost not
greater than n(a + b), where a + b = min.{a, + b,}.

This is the case, or else a player that perceives a greater cost would
have an incentive to deviate to the edge e with d.(k) = ak + b.

To prove the theorem, let f be a Nash equilibrium and o be an optimal
configuration. We wish to bound the cost of f, C(f), by a factor of the form
n- C(o).

Denote F, = N.(f) and O, = N.(0). We have

Var|F,] )

() = Z (ae(E[Fe]Z + Var[F,]) + beE[Fe]) = Z E[Fe](aeE[Fe] + be + a. E[F,]

< ZE[Fe](cmax + A, + de ar[F ]) SZE el Cmax-

where ¢, is the greatest cost that a player perceives under f. The in-

equalities follow from point (i) above, ¢ = a. for all e under use and
Var|[F,] <1
E[F] —
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From point (ii) above, with a + b = min.{a, + b.}, we get that

C(f) < BCmax Z E[F.] < 3n(a + b) Z E[F.] =3n(a+b) Y p

iEN

= 3n(a + b)ZE[O]<3nZE (a, + be)

< BnZ E[O ( a, ]Efoj?r[oe] + be) = 3nC(o).

E[O.]2+Var[0.] _ E[0?]

E[O] ~ E[O.] z L. U

The last inequality follows by

Next, we give a class of fully symmetric games with stochastic players,
on singleton strategies and linear latency functions, that has PoA = Q(n).

Theorem 6.7. There are Congestion Games with Homogeneous Players
that have PoA = Q(n).

Proof. Let k € N. Consider the parallel links game with n players and
k + 1 edges. The first edge, e;, has delay function d;(x) = x and the
others, e, ..., e, have dj(x) = (n - k)x, j = 2, ..., k + 1. Players play with
(common) probability p and are fearful, i.e. all of them have 6 = 1, and so
they consider that all players on their edge use it.

Let f be the configuration where n — k players are on e; and the other
Ik players are one on each of the k remaining edges. This is a PNE, since
each player perceives a cost of n — k.

All edges {e;}i=1.. k+1 have b, = 0. So, the social cost of f is

C(f) = ) [a(BINe(f))* + Var[Ne(s)])]
For e, it is: ae, (E[N,, (f)]* + Var[N,,(s)]) = (n — k)*p* + (n — k)p(1 — p)
For all e € {e;}i—a._i+1 it is: a(E[N.(f)]* + Var[N.(s)]) = p(n — k).
So
C(f) = (n—k)’p*> + (n— k)p(1 — p) + kp(n - k).

Now let configuration o be the one in which every player plays e;. It is
C(o) = n’p” + np(1 - p)
So, fork=2andp=1

poa > SU) _ (n—k)’p” + (n - k)p(1 - p) + kp(n — k) _1 n-1_

C(o) n?p? + np(1 — p) 2 8-2

as needed. O
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6.3 Congestion Games with Stochastic Edges

6.3.1 The Model

In Congestion Games with Stochastic Edges, players are deterministic,
i.e. they always participate in the game and are represented only by their
confidence levels 6;. On the other hand, edges have a stochastic behavior.
For an edge e, its latency function is an independent random variable:

Jf.(k), with probability 1 — p.

d.(k) = { ge(k), with probability p,.

The cost of an edge e with load k is: X.(k) = (1 —pe) - fe(k)+ pe - ge(k) and the
cost of a player i with strategy s;, is the random variable: Dy(S) = .5, Xe(Se)

The cost that player i perceives is: ¢;(s) = min {t | Pr[Di(s) < t] > 6i}
and the social cost of a configuration s is defined as: C(s) = E[ DieN Di(s)],

i.e. similar to the stochastic players case.

Classes of congestion games. Here we only define two classes of conges-
tion games with stochastic edges:

e homogeneous, where all players have the same §;’s.
e heterogeneous, where players may have different §;’s.

The class of congestion games with stochastic edges and homogeneous
players boils down to the class of potential games, while the class of con-
gestion games with stochastic edges and heterogeneous players boils down
to the class of congestion games with player specific cost functions ([63]).

6.3.2 Stochastic Edges on Parallel Links: Existence and Computa-
tion of PNE
In the following, we restrict ourselves to Congestion Games with Stochastic

Edges on parallel-link networks, and investigate the existence and the
efficient computation of PNE for the two cases considered above.

Homogeneous Stochastic Players. If the players are homogeneous, stochas-

tic congestion games on parallel-links are equivalent to standard conges-
tion games on parallel-links (but with possibly different latencies), because
the (risk-averse) individual cost of each player in a configuration s depends
only on the link e and its congestion s,.
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Theorem 6.8. Stochastic Congestion Games with Stochastic Edges and
Homogeneous Players on parallel-link networks are potential games. More-
over, a PNE can be computed in time O(n - m).

Progof. Recall that Di(s) = } .5, Xe(Se) and the cost that players perceive is
ci(s) = min {t | Pr(Dy(s) < t] > 6i} and observe that since players have the

same 0, the cost that any player i perceives on edge e when there are s,
players in total on edge e is the same for all i, and equal to:

| fe(se), if1—-pe>6
Ce(Se) = { ge(s.), otherwise

We now define the standard potential function:

O(s) = > Z co(s)

e j=1

It is easy now to verify that the above function is indeed an exact po-
tential function. Observe that there is no restriction for p,, f.(n) and g.(n).

Regarding the computation of a PNE, we can again use a standard
Greedy Best Response algorithm. We insert the players in the game, one
by one, and the player just inserted does a best response move. Since all
players perceive the same costs, it is clear that at each step we have a PNE,
and so, when the procedure terminates, we are still in a PNE. As for the
time needed, at each step the calculation of the best response move takes
time O(m), and so the total time needed is O(n - m). O

Heterogeneous Stochastic Players. In this case, a stochastic game is
equivalent to a congestion game on parallel links with player-specific pay-
offs [63], as the (risk-averse) individual cost of each player in a configura-
tion s depends only on the link e, its congestion s., and i’s confidence level
6;. Thus, we obtain:

Corollary 6.9. Congestion Games with Heterogenous Stochastic Players
and Stochastic Edges on parallel-link networks admit a PNE. Moreover, a
PNE can be computed in polynomial time.

In ([63]) it is proved that congestion games with player specific payoff
functions always possess a PNE. We now prove that the class of Congestion
Games with Stochastic Edges does not admit any kind of potential, even if
we restrict ourselves to affine latency functions.

Theorem 6.10. There is no potential function for the class of Congestion
Games with Stochastic Edges and deterministic risk-averse players.



6.3. CONGESTION GAMES WITH STOCHASTIC EDGES 111

Proof. We consider 3 players and 3 links, with the same “failure" probabil-
ities. The latency functions are:

£ (k) = 3k + 21, with probability 0.8
BT 5k +22, with probability 0.2

£k = 6k + 16, with probability 0.8
227 22k + 5, with probability 0.2

£k = Ik +24, with probability 0.8
BT 25k + 1, with probability 0.2

Players 1 and 2 have confidence level 6, = 6, = 0.7 and player 3 has
confidence level 63 = 0.9. We now construct the following cycle:

L a [ e | e |

(L.2}] (3)

(1.2} 6]

2 (1.3
2} [{13]
2.3} (1)

(}_[{2.3)

(1.2}] {3)

One can verify that this is a better response cycle and thus no potential
function exists. O

6.3.3 Price of Anarchy

The risk aversion of the players combined with their selfish behavior may
give unlimited degradation to the network.

Theorem 6.11. There are Stochastic Congestion Games with Stochastic
Edges that have unbounded PoA.

Proof. We will use a simple network with two parallel edges and two play-

ers:
ak + 1, with probability 0.50 + €

Jillo) = { Ak + 1, with probability 0.50 — €,
Jo(k) = 2ak + 1 + €, with probability 1.

(Assume that e < 1/2.)
Both players have confidence level 6, = 6 = 6 = 0.5. We assume that
A > 2a. As a result, both players “see" the good part of edge e;, and so
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they both prefer it. Let s = (e}, e;) be the configuration vector of the PNE.
The social cost of s is C(s) = 2[(2a + 1)(0.5 + €) + (2A + 1)(0.5 — ¢)], while
an optimal configuration is o = (e;, ;) with social cost C(o) = 2(4a+ 1 +¢).
We have:

_C(s) _2[(2a+1)(0.5+¢€)+(2A+ 1)(0.5 - ¢)]
~ Clo) 2(4a+1+¢)
_ (2a+1)(0.5+¢) N (2A+1)(0.5-¢)

da+1+¢€ 4a+1+¢€
S (0.5—-¢€)(2A+1)

da+1+¢
S (0.5 - ¢€)2A

T 4a+1+e
>(0.5—e)A

2a+1

PoA

A
2a+1

Thus, PoA — oo, if &394 _, o (e.g. €< 0.4 and — 00).

2a+1



Chapter 7

Improving Selfish Routing through Risk
Aversion

In this chapter, we investigate how and to which extent one can exploit
risk-aversion and modify the perceived latencies of the players so that the
Price of Anarchy (PoA) wrt. the total latency of the players is improved.
The starting point is to introduce some small (and carefully selected) ran-
dom perturbations to the edge latencies so that the expected latency does
not change, but the perceived cost of the players increases, due to risk-
aversion. To provide a simple and general theoretical model of this behav-
ior, we introduce y-modifiable routing games where the latency function
of each edge e can increase from 2.(x) to (1 + y.)l.(x), for some selected
Ye € [0, y]. For y-modifiable games in parallel-links and in series-parallel
networks, we fully characterize the values of y for which y-bounded latency
modifications can decrease the PoA to 1. Moreover, we show how to (effi-
ciently) compute a set of y-bounded latency modifications so that the PoA
of the resulting game improves significantly as y increases. E.g., for linear
latencies, the resulting PoA is at most max{1, (1 — (1 — y)>/4)"'}. We prove
that our PoA analysis is tight, even for two parallel links, and also dis-
cuss the difficulty of extending our characterization and our construction
to general networks.

7.1 Introducing y-modifiable CGs

In order to introduce y-modifiable CGs, we first discuss how (typically
small) random perturbations in the edge latencies can be performed so
that the expected latency does not change, but the latency perceived by
the players increases, due to risk aversion. E.g., let us consider an edge e

113
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with latency function d.(x) where we can increase the latency temporarily
up to (1 + a;)d.(x) and decrease it temporarily (and for relatively short
time intervals) up to (1 — az)d.(x). If we implement the former change with
probability p; and the latter with probability p, < 1 — p; (the probabilities
here essentially correspond to proportions of time in which e operates in
each state), the latency function of e in a given time step is a random
variable ?.(x) with expectation:

E[l.(x)] = [p1(1 + a1) + po(1 — az) + (1 — p; — p2)]de(x)

Adjusting p; and p» (and possibly a; and ay) so that p,a; = p,as, we have
E[l.(x)] = dc(x), i.e., for any given flow, the expected delay through e does
not change. On the other hand, if the players are risk-averse and their
individual cost is given by an (1 — p; + ¢)-quantile of the delay distribution
(e.g., as in [68, 6]), for some & > O, the latency perceived by the players
on e is (1 + a;)d.(x). Similarly, if the individual cost of the risk-averse
players are given by the expectation plus the standard deviation of the
delay distribution (e.g., as in [67]), the latency perceived by the players
on eis (1 + y/pial + p,az)d.(x). In both cases, we can have a significant
increase in the latency perceived by the risk-averse players on e, while the
expected latency remains unchanged. A similar result could be achieved
with any latency distribution on e (possibly more sophisticated and with
larger support), as long as its expectation is d.(x).

In most practical situations, the increase and, especially, the decrease
in the latency functions that can be implemented are bounded (and rel-
atively small). The same is particularly true for the proportion of time
in which an edge can operate in an “abnormal” state of increased or de-
creased latency. Combined with the formula providing the individual cost
of the risk-averse players, these factors determine an upper bound y. on
the multiplicative increase of the latency perceived by the players on each
edge e. Thus, motivated by such considerations, we introduce the so-called
y-modifiable selfish routing games as a simple and general abstraction of
how one can exploit risk-aversion towards improving the PoA of selfish
routing.
y-Modifiable Routing Games. A selfish routing game G = (G,d,r) is y-
modifiable if for each edge e € G, we can choose a y, € [0, y] and change the
edge latency functions perceived by the players from d.(x) to (1+y,)d.(x) by
small random perturbations, as discussed above. Any vector I' = (ye)cck,
where vy, € [0, y] for each edge e, is called a y-modification of G. Given
a y-modification I', we let G' denote the y-modified routing game G' =
(G, (1+I)d, r), with a latency function (1 +y.)d.(x) on each edge e, obtained
from G. To simplify notation, we sometimes write G', instead of G'.
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Given a flow f, the latency perceived by the players on a path p in G~
is calculated wrt the modified latencies and is equal to dg(f) = Deep(l +
ve)do(f.) 1. A flow f is a Nash flow for the modified game, if it routes all
traffic on minimum perceived latency paths, i.e., if for every path p with
Jp» > 0, and every path p’, d;(f) < d;,(f). Again, to simplify notation, we
usually write d,(f), instead of dlr,(f ), as long as it is clear from the context
that the path latencies are wrt. the modified game G'.

Given a routing game G, we say that a flow f is y-enforceable, or simply
enforceable, if there exists a y-modification I' of G such that f is a Nash
flow of G".

We always assume that y-modifications keep the expected latency func-
tions unchanged. Since for any flow f, the expected latency of any edge e
in G' is equal to the latency of e in G under f, the (expected) total latency
of f in both G' and G is equal to C(f) = Y.z fode(f.). Hence, the optimal
flow o of G is also an optimal flow of G'.

The Price of Anarchy PoA(G') of the modified game G' is equal to
C(f)/C(o), where f is the Nash flow of G'. For a y-modifiable game
G. the Price of Anarchy of G under y-modifications, denoted PoA (G),
is the best PoA that we can achieve by some y-modification. Formally,
PoA,(G) = min{PoA(G")|I" is a y-modification of G}. For routing games with
cost functions in a class D, PoA (D) denotes the maximum PoA(G) over
all y-modifiable games G with latency functions in class D.

Connection to Marginal-Cost Tolls. A sufficient condition for the optimal
flow to be y-enforceable can be obtained through optimal marginal-cost
tolls, that assign an additive toll of o.d(o.) to any edge e (see e.g., [77]).

Proposition 8. Let o be the optimal flow of a y-modifiable instance G. If for

all links e with o, > O, % <y, then o is y-enforceable in G.

Proof. For each edge e with o, > O (and thus, with d.(o.) > 0), we let
Ve = %, while for each edge e with o, = 0, we let y. = 0. By hypothesis,
this defines a y-modification I' of G. Moreover, if we change the latency
functions of G from d.(x) to de(x) + xd/(x) = (1 + y.)d.(x), for all edges e,
[77, Cor. 2.4.6] implies that the optimal flow o of G is a Nash flow of the

modified game G'. O O

1To simplify the model and make it easily applicable to general networks, we make
the convenient assumption that the latency modifications (and the resulting individual
costs of the players) are separable, although most common notions of individual cost for
risk-averse players result in non-separable costs (see e.g., [72, 68, 67, 6], but see also
[71], where the simplifying assumption of independence among randomized schedulers
of different edges also implies the separability of individual costs). The separable costs
assumption only affects the extension of our results to series-parallel networks.
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Proposition 8 demonstrates that our approach is applicable to any rout-
ing game. Moreover, if G has polynomial latency functions of degree d,
then the optimal flow is y-enforceable for any y > d. However, Proposi-
tion 8 only provides a necessary condition and does not fully characterize
the class of y-modifiable routing games for which the optimal flow is en-
forceable (see also Section 7.2). Thus, we develop, in the next sections,
a complete characterization of y-modifiable routing games in parallel-link
and in series-parallel networks with y-enforceable optimal flows.

7.2 Modifying Routing Games in Parallel-Link Networks

We proceed to study y-modifiable instances in parallel-link networks. We
first deal with the question of characterizing the y-modifiable instances
where we can enforce the optimal flow. Then, we provide matching upper
and lower bounds on the PoA, for y-modifiable instances where the optimal
flow is not enforceable. We also show how to compute y-modifications that
guarantee these PoA, bounds.

We note that the converse of Proposition 8 is not necessarily true. E.g.,
let us consider a %—modiﬁable instance G on 2 parallel links with d;(x) =
X, dy(x) = x+ 2 and r = 3. The optimal flow is o = (2,1), and thus,
enforceable in G. On the other hand, the ratios of the marginal cost tolls
to the optimal latencies are 1 and 1/4, for links 1 and 2, respectively.
Hence, Proposition 8 only ensures that the optimal flow is enforceable if
G is 1-modifiable. Therefore, we proceed to develop a characterization of
y-modifiable games for which the optimal flow is enforceable.

Theorem 7.1. Let G be a y-modifiable game on parallel links and let o be
the optimal flow of G. The following are equivalent:

(i) o is y-enforceable in G.

(ii) for all links e, € € E with o, > 0, d.(0.) < (1 + y)dy(0y).

Proof. (i) — (ii): Let I' = (ye)ecre be a y-modification that makes o the Nash
flow of G' and consider a pair of edges e and €. Assume w.l.o.g. that
dy (o) < d.(0.) and o, > 0. Flow o is a Nash flow in the modified network
and thus (1 + y.)d.(0.) < (1 + Yo )de(0) wWhich directly implies

de(oe) < (1 + Ve)de(oe) < (1 + Ve’)de’(oe’) < (1 + V)de’(oe’)

(i() — (i): Assume that for any pair of edges e and €, if o, > O then
de(0.) < (1 + y)do(oy). Let dpax = maxe{de(o.)0. > 0} be the maximum
cost between all used edges under o. Assign for each edge e with o, > O,
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Ye = d’"%f()oa. It is y. < y, for all e, as by hypothesis d < (1 + y)dc(0.),

for all e. Assign for each edge e with o, = 0, y. = 0. Let I' = (yo)ecg. It is
Ve: 0, >0 = (1+Yy.)de(0:) = dipax. Moreover, Ve’ : 0 = 0 = de(0y) > diax
as by (e.g.) corollary 2.4.6 in [77], for an € : 0, = 0 and an e : 0o, > 0 and
de(0e) = diax, it is de(0r) > de(0e) + 0.d.(0c) > dimax- Thus o is a Nash flow
in G'. O

Next, in the following Lemma, for any y-modifiable instance G with op-
timal solution o, we prove the existence of a pair (f,I') with specific suitable
properties. This Lemma is the key both for proving the bound on the PoA,
and guaranteing an efficient computation of a pair (f,I) that falls in that
bound.

Lemma 7.2. Let G = (G, d, r) be a parallel-links y-modifiable instance and
let o be the optimal flow of G. There is a feasible flow f and a y-modification
I' of G such that

i) f is a Nash flow in G'.

ii) for any edge e: if f. < o, then y, = 0 and if f, > o, then y, = y.

Proof. Consider G = (G, d,r) and its optimal solution o. If o can be y-
enforced, then by definition, there is a y-modification I' for which o is the
Nash flow of G'. Thus for f = o and the above I', the Lemma holds. For all
other cases we will use induction on the number of edges in G.

In the base case of a single edge, under any rate r, f and o coincide and
thus under any modification, the Lemma holds.

For the inductive step let e;, be a used edge with maximum cost under
o. Remove e, from the network, remove the flow through e, i.e. o, , and
let the instance G,, = (G, d, 1’ = r — 0.) denote the new instance. For G,,,
by induction hypothesis, the Lemma holds. Thus there is a flow f” and a
y-modification I'" = (y,)ecg,, of G such that: i) f” is the Nash flow in G,rr;, i)
for any edge e: if f] < o, then y, = 0 and if f] > o, then y, = y, where 0’ is
the optimal solution of G,,.

Now we will put back edge e, and the removed flow. If there is a y,,
so as (1 + ye, )de, (0e,) = L(Gp, (1 +I7)d, ") then we can add y,,, to I" and
get I and the Lemma will hold for G', with f being such that f, = o, and
Je = f, for all other edges. Else it should be d., (0., ) > L(Gn, (1 +17)d, ')
as for any used edge e under f’, with f] < o, it is d.(f)) < de(0.) < de, (0e,)
and for any used edge €’ with f,, > o, it is d.(f}) = (1 + v, )de(f)) = de(f))
by properties i) and ii) of the induction hypothesis.

It remains to handle the case d,_(0.,) > L(Gn. (1 +17)d, r’). Intuitively
we will reroute flow from e, to the rest of the edges so as the equilibrium
property in G, is not destroyed. Our final goal is to make e, cost equal
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to the Nash flow cost of G,,. During this procedure though, we have to be
careful also not to destroy property ii). This could happen if we carelessly
push flow to edges of G,, with f, < o.. To take care of this, while rerouting,
if such an edge e gets flow equal to o, we stop rerouting through it but,
in order to keep the equilibrium property, we unlock its y, and change its
value? until it becomes y. It also may be that during this procedure e,
gets empty of flow but this case is covered by the induction hypothesis for
the instance (G,,, r). Details follow.

Let O < x;, < 0,,, be the maximum value (amount of flow) such that:

(a) there exist a y-modification I'* of G, such that under flow r’ + x, the
Nash flow flow f* of G is such that for any edge e € G\ : if f/ > o, and
y, =y then fJ > f. > o, and y, = y(= v.), if f, < o. then f, < f < 0, and

e
>k
Ve

O(= ve), i Jg = 0. and y, <y then f; = 0(=f7) and y, <y, <'y.

(b) de, (0c,, — Xm) = L(Gpp, (1 +I)d, ' + X))

It is x;, > 0. To see this, let E;,. be the set of edges that have f, = o,
and y, < y and Ejs.. the rest of the used edges under f’. For e small
enough, because of continuity, we can reroute flow from e, to edges in
Efce s0 as the equilibrium property in Ej.. is kept, the inequalities of (a)
hold and these edges remain in Eg.., with the inequality of their new flow
with o, having the same direction. By continuity and for ¢ small enough,
we can also grow (until the value y) the y.’s of the edges in Ej so as the
equilibrium property holds in Ej,;. Combining these facts we can reroute
an amount of flow € from e, to edges in Ep.. and allowably change some of
the y,. values of edges in Ej, so as the equilibrium property in G, is kept
with inequality (b) still holding (recall that (b) was not tight).

By the same reasoning, unless (b) is tight or x,, = o, it should be
that: (I) for x,;, and its corresponding [ and f* there exists an e such that
[(f,, < 0cand f) = o, and y, = O(= y.)) or (y, < y and f, = o.(= f,) and
vy, = y)]. This means that either an edge in Es.. under f’ with f, < o,
will get in Ej,g under f* by gaining flow or an edge in E;q under f” will
move to Es.. under f* by getting y; = y and having f,’ = o.. Note that an
edge e € Ef.. with f] > o, and y, = y cannot get in E;, under any f* that
satisfies (a).

If inequality (b) is tight then we first let y,,, = O and add it to I'"* to make
a y-modification I'.  We then let f, = o., — xn and f. = f_ for all other
edges. The pair (f,I) satisfies the Lemma. If inequality (b) is not tight but
Xy = oems, then we first let y,, = 0 and add it to I"* to make a y-modification

2this doesn’t destroy property ii), as the flow through e would be o,
Swhich implies de, (0) > L(Gp, (1 +T7)d, 1)
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I and then we let f, = 0 and f, = f;. The pair (f,I) satisfies the Lemma.*

If inequality (b) is not tight and x,, < o,,, then set f* = ™, 0., = 0., — Xm.
r' =1 +x, and I =I'"" and repeat the procedure.

To complete the proof, it suffices to show that, the above steps are finite
and in the final step, inequality (b) holds with equality or e,, is empty of
flow. To see this, first observe that at any step (that ended without (b)
being tight and without e, being empty of flow), because of (I), the number
of edges that have either f] < o. or (f, = 0. and y, < y) drops down by at
least one. In the worst case, this number will drop down to zero and thus
in the next step either (b) will get tight or x,, = o, as then the rerouting
may continue unrestricted. t

Next we give an upper bound of the PoA, of y-modifiable instances
with latency functions in class 9. The pair (f,I') of Lemma 7.2 is used
in an analysis similar to [29]. The notable difference comes to the factor
—y(x — y)d(x) that arises in sup ey .0 y(d(x)_d(ig(; ‘)'(x_y)d(x) because of the
ability to y-modify the instances.

Theorem 7.3. For y-modifiable parallel-links instances with cost functions
in class 9, it is

1
PoA,(D) < py(D) = max {1, %},

(d(x)—d(y)—y(x—y)d(x)
where ﬂV(D) = SUPgep x>y>0 — )y{d(x})/ s

Proof. Let G = (G, r) be a parallel links instance with cost functions in class
P and o be its optimal solution. For G, Lemma 7.2 holds. Let f and I be
the flow and the y-modification given by Lemma 7.2. By definition, it is
PoA,(G) < PoA(G"). We will bound PoA(G").

Let EJ,;ax be the set of edges that have f. < o, Eﬁlm be the set of edges
that have f, > o, and E{;t be the set of used edges with f, = o.. Clearly
E = Ejo U Ely UE),

It is PoA(G") = %. Using variational inequality and the y.’s of '

(for which we have a Nash flow) we get

D LA+ D S+ + D L1 +yo)de(f)

eEE,fmx eeE{nm eeEifm
< D 0ede(f) + D 01+ p)de(fe) + D 0el(1 + ye)de(fe)
eeE{nax EGEﬁun eEEJi:'Lt

4induction hypothesis for the instance (Gy,, r) could also be applied
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g
D fedelf) < D 0ede() = D V(e = 0dfe) = D velfe = 0)e(fe)

ek eck eGEjnrqin eeE{;lt

< D 0edelf) = def0) + ) 0edel0) = ) Ve = 0)elfe)

ecE ecE eEE{nin
< > 0ede(0) + ) (0e(delfe) = de0)) = (e = 0c)de(f:))
ecE eEEfmm
Setting ﬂy(@) — SupdGD,x2y20 y(d(X)—d(zgi)(;))’(X—y)d(X) we get
(0(de(fe) = de(02)) = Y(fe = 0e)de(fo) )fede(f)
;fede(fe) < Z; 0cde(0c) + %; 70

< D ,0:de(0) + B,(D) ) fee(f)

7
ecE eGEmin

U

ZeeEj;ade(fe) <
Dieck Oede(0e) 1 __BV(D)
Putting everything together, we have

ZeEEﬂde(ﬂ) <
ZeeE Oede(oe) B

Thus, for the class of games with latency functions in class D it is

= py(D)

PoA,(G) < PoA(G") = p,(D)

PoA, (D) < p,(D)
O
Next we give upper bounds for specific classes of y-modifiable instances.

Corollary 7.4. For y-modifiable instances with degree d polynomial latency
functions

PoA =1, if y > dand PoA < o Lify<d
1\ d
1—d(%) +vy
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Proof. Let G be a y-modifiable instance with degree d polynomial latency
functions and let o be the optimal solution of G.

By (e.g.) [77] o is the Nash flow of a game with the same underlying
network and traffic rate r but cost functions changed from d,.(x) to (xd.(x))’.
Thus, for polynomials of degree d, o coincides with the Nash flow of a game
with the same underlying network and rate r but cost functions changed
from Y%, axt to YL (i + Dagx!

Ify>d, itis Y2,(i+ Dax' < (y+ 1) X%, aix! and thus there exist y,’s
so as for any edge e Y, (i + 1)a;0} < (1 + y.) X%, a;0l, which implies that
o is d-enforceable.

- YdEI-d)—y-yd() _ d
For y < d we bound B,(D). It is ¥4 (zd(x‘)'(x Ydix (1 +y- d%) y.

For a polynomial of degree d, d(x) = Zl oaix', and y < x it is Zgg >

. . . . d
yri < x¥ = Y qyix? > Y ax'y?. Thus 2 (1 +y-— 35%) y < ;(1 +y— F)_V'
This quantity is maximized for y satisfying (y**')’ = (1 + y)x¢ which gives

d+1

y= /55X By(D) = d(%5) © —yand p(D) = —— O

y+1
1- d(d+1) +y

ya
=g as

By setting d = 1 to Corollary 7.4 we bound the price of anarchy for
affine latencies.

Corollary 7.5. For y-modifiable instances with affine latencies

PoA =1, if y> 1and PoA <

1
w,lfy< 1

Remark 7.6. Relating o(D) (from [29]) with p,(D) for the class D of affine
latencies we get that p,(D) = Wp(@) which drops down quickly as y
e

grows from O to 1.
Next we show that these bounds are essentially tight.

Theorem 7.7. For any class of latency functions 9, and any € > O there
is an instance G with latency functions in O with PoA,(G) > p,(D) — €

Proof. Let ¢ > O and consider a y-modifiable instance G of two parallel
links, e; and e,, flow rate r and cost functions: an arbitrary cost function
di(x) = d.(x) (to be fixed later) in class D for link e; and the constant
function L(x) = (1 + y)d.(r) for link e,.

Under any y-modification I' = (y;, y»), at Nash flow f of G', all the flow
goes through link e, and thus SG' = ri (r). At optimal flow o, let o, be the
flow that goes through link e;. It is SC° = (r — 0;)(y + 1)d.(r) + 0,d.(0;) and

rd.(r) B 1

(r = 01)(y + 1)de(r) + 01de(01) ] — 2=l y(r0)d)
rac(r

PoA =
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Flow o is optimal and thus o; € [0, r] is exactly the value that minimizes

. i rd,(r) i
social cost and eventually maximizes o GTDdC oo and so maximizes

01(de(r) — de(01)) = y(r — 01)de(r)

(7.1)
rde(r)
d(x)—d(y))—y(x—y)d;
Recall that 8,(D) = SUPyeq oy20 Ydx) (ig(x’)’(x V4 and let d.(x) be a cost
; Y(de(x)—de(y))—y(x—y)de(x) e(1-8,(D))>

function such that sup,, ., A0 > B,(D) - Te(i-g@)° D€
i i1s o 01(de(n)—=de(01))—y(r—01)de(r) e(1-B,(D))?
cause 0; maximizes (7.1), it is @ > B,(D) - T=e(1-8,(D)

and thus )

> = -
PoA > D) + SBOP py(D) — €
Y 1-e(1-8,(D))

O

Based on Lemma 7.2, we present an algorithmic approach that given a
y-modifiable instance G computes a y-modification I' such that the Nash
flow f of G' is such that g—g < p(D), with D being the class of latency
functions of G.

Lemma 7.8. Let o be the optimal flow of a parallel links instance G. A
flow f and a y-modification I' of G with the properties of Lemma 7.2 can
be computed in time %Time(AlgPar), where Time(AlgPar) denotes the
time complexity of an algorithm AlgPar that computes Nash flows in par-
allel links networks.

Proof. We first compute the optimal solution o of G and delete all unused
by o edges, so we assume that w.l.o.g. all edges of G are used by o. Then,
we search efficiently in the space of flows for an f that can be combined
with a y-modification I' of G such that f and I satisfy Lemma 7.2. The key
point we use from Lemma 7.2 (and prove later on) is that for the pair (f,I")
of the proposition, the edges that have f. < o, are the most costly used
edges under o while the edges that have f, > o, are the less costly edges
under o.

In detail, for a combination (k, 1) : k+ L < |E| find sets E, o : |[Enaxl = k
and E.;, : |[Enin| = Usuch that E,, contains the k most costly edges of G
under o and E,;, contains the [ less costly edges of G under o°. Let G
be the y-modifiable instance that has only the edges E, .. and E,;,, traffic
rate 1’ = ) .cg g, (0e) and the latency functions of edges in E,;, changed
from d.(x) to (1 + y)de(x).

550 as Epax N Emin = 0
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For all combinations of (k, 1) : k + 1 < |E|, we compute the Nash flow f’
of G'. If f’ is such that (1) Ve € Ejux : f. < 0o, (2) Ve € Epyn : f. > 0. and (3)
Ve € E\ (Epnax YU Emin) ﬁL(g’) < d.(0.) < L(G") then we let for each edge

e € E\ (Enax Y Enin), Ve = iﬁ;)) — 1. Clearly for any such eitis O <y, < y.
By setting y, = y for all edges in E,;; and y. = O for all edges in E,;, we
get a y-modification I" such that the Nash flow f of G' satisfies Lemma 7.2
and thus Theorem 7.3 applies.

It remains to show that there is a pair (k, ) such that (1), (2) and (3)
hold. By Lemma 7.2, there is a feasible flow f and a y-modification I' of G
such that

i) f is the Nash flow in G'.

ii) for any edge e: if f. < o, then y, = 0 and if f, > o, then y, = y.

Let E,..x = {€ € E|f. < 0.}, Eqin = {€ € E|f. > 0.} and E;; = {e € E|f. = 0,}.
Because f is a Nash flow in G', for any €max € Enaxs €min € Emin, €t € Egy it
is de, . (fepw) = (1 + Ve, Ve, (fe,,) = (1 + y)de, . (fe,..)- This, combined to [for
e € E, . it is d.(0.) > d.(f.), for e € E;; it is d.(0.) = d.(f,) and for e € E;,
it is de(0.) < d.(fe)] implies that E,,, contains the most costly edges under
o and E,;, contains the less costly edges under o. Thus for pair (|E x|,
|Eminl), properties (1), (2) and (3) hold.

Clearly the above procedure needs at mos possible pairs of
(I, 1)) computations of the Nash flow of G’ under the different flow rates
that may arise. Thus the lemma follows. O

|EI(El+1)
t =5 — (

7.3 Connection to Routing Games with Restricted Tolls

Bonifaci et al. in [17] studied routing games where along with each edge,
an upper bound on the allowable toll on that edge is given. They provide
a characterization for the flows that can be imposed by the restricted tolls
and compute the optimal tolls when the optimal flow is inducible. We have
drawn an iff condition (Theorem 7.1 for parallel links and a similar one
for series parallel networks) that better suites our multiplicative approach
and is also needed to follow the other results.

Also in [17], based on the previous characterization, they manage to
compute the tolls that induce the smallest cost at equilibrium for parallel
link networks. Their approach is essentially using a convex programming
solver that solves several convex programs. One of these convex programs
considers exactly the edges that is used by the best modification. This way
though, no information about the nature of the solution is given.

Our approach intuitively applies Karush Kuhn Tucker conditions to
the convex program that considers exactly the edges that is used by the
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best modification and tries to follow them. It does so, by restricting the
(fe, ve) pairs on the edges in a way similar to the restrictions provided by
the Karush Kuhn Tucker conditions (Lemma 7.2).

This approach has two major benefits. The first of them is that it relates
the complexity of finding a good (wrt PoA bounds) y-modification to the
complexity of finding Nash flows. The second one is that it allows to get a
simpler mathematical expression as a bound for the PoA. This expression
is both giving a better insight for the improvement that can be achieved via
y-modifications® and applies to cases with more general latency functions
(for which a tight example is given) than the polynomial latency functions
considered in [17]”.

As a last positive comment for our work®, we point out out that by
our approach, uncertainty is applied only to edges that intuitively have to
get some uncertainty while by the approach of [17] more or less all edges
get some uncertainty which is the minimum between their toll bound or
their marginal toll. Their derived bounds rely to the fact that in worst
case examples there are edges of constant cost that take no toll. Thus in
our approach the total amount of uncertainty is kept lower while for cases
“away” from the worst case examples our modifications ought to give better
improvement results.

7.4 Modifying Routing Games in more General Settings

In this section we show a way for generalizing the results of the parallel
links case to the case of series parallel networks and to the case of paral-
lel links with heterogeneous players and more general restrictions on the
uncertainty added to each edge.

Series Parallel Networks

The main goal is to get a y-modification similar to the one of Lemma 7.2
which restricts the pairs (f., y.) to be such that if f, > o, then y. = y and if
Je < 0. then y, = 0. Once such a Lemma is proved, the analysis of the PoA
bound of Theorem 7.3 can be applied and a similar Theorem would hold.

6

compare the PoA bound of y-modifiable games with our approach, i.e. where

1
1-8,(D)’
By(D) = SUP e vsys0 YA—dW)-yxy)d() 't the PoA bound of standard CGs (without tolls),

xd(x)
; 1 _ y(d(x)—-d(y))
ie 35 where B(D) = SUPgep x>y>0 R

“for general latency functions the approach of [17] is not guaranteed to give better
bounds than the ones without tolls.
8for series parallel networks.
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To prove such a Lemma, we use induction on the decomposition of
the series parallel network. The complicated part of the induction is the
parallel composing one. Assuming that for each of the parallel composing
networks the induction hypothesis of the lemma holds we start rerouting
flow from one network to the other in a careful way so as the properties for
the (f., ye) pairs do not break. The way the rerouting occurs is similar to
the rerouting in the parallel links case, i.e. all the y.’s are locked and get
unlocked only if f, gets equal to o, during the rerouting which itself reduces
the largest fraction of used paths with common ends until it reaches y + 1.

The constructive nature of this lemma will allow us also to get such a
flow in time polynomially related to the time for computing a Nash flow,
i.e. an analogue of Lemma 7.8 can be derived. The rerouting procedure
will have to stop either to lock or unlock a y. of an edge e or to leave an
edge empty of flow. Because each of these incidents may happen only once
for each edge, we get that the rerouting will stop at most O(|E|) number
of times. For the exact flow that gets rerouted each time, a binary search
in the space of flows has to be made, that calls several times a Nash flow
solver, which at the end returns a flow for which one of the above incidents
happens.

Parallel Links with Heterogeneous Players

The main goal is again to get a y-modification similar to the one of Lemma
7.2. When players are heterogeneous then at equilibrium the more risk
averse players get to higher expected cost edges. We assume that the
edges are ordered according to their cost under optimal flow.

The new thing with the rerouting when trying to follow the proof of
Lemma 7.2 is that it should stop also whenever a type of risk averse players
entirely leaves an edge to get to the next one. If during the rerouting this
happens, then the rerouting should continue up to that edge until this
specific edge gets a cost equal to the cost of the next edge, where the cost
is wrt the cost of the less risk averse users on this edge. That will allow the
rerouting to continue to the next edges and the new player type to enter
the next edge.

To compute such a flow-modification pair, a more sophisticated ap-
proach than the homogeneous case is needed. We know that in such a
flow-modification pair only some of the highest cost (under optimal flow)
edges, E;, will get no uncertainty added, only some some of the lowest cost
(under optimal flow) edges, E; will get all the uncertainty they could and
all other edges, E;, will have f, = o.. For each combination of possible
(Ey, E;, Ey) triples, we do a binary search to see the amount of flow that will
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go through E;, (which will directly give the amount of flow that goes through
E)) in order to have a (Nash flow,y-modification) pair with the desired prop-
erties. For some triples we will have to stop the procedure as there may be
no such pair for them, though, because of the previous lemma it ought to
be a triple for which such a pair exists and which we eventually will find.

To derive a bound on the PoA we may follow a variational inequality
approach, one for each risk aversion type. Then all these variational in-
equalities can be combined but with the risk averse factor on each edge
being the lowest one on that edge. Thus in total a PoA bound (that is in
fact tight) similar to Theorem 7.3 can be derived for the smallest risk averse
factor among the players.

The above approach was allowing y-modification on the edges. Another
way to see y-modifications is to allow y.’s on the edges so as ||(Ve)eckllo < V-
So to generalize the approach we may let y.’s to be such that ||(ye)ecgllp < v
for any chosen p-norm. We then can show that treating such a p-norm al-
lowable modification as in a (y/</|E[)-modifiable CG, we can derive asymp-
totically tight results on the improvement of the PoA.



Chapter 8

Discussion

In the previous chapters we revealed our tiny contribution in the research
arena, concerning Braess Paradox in bottleneck routing games, resolving
Braess’s paradox in random networks and studying CGs with uncertain
delays and risk averse players. Yet, many things are open for research.

8.1 Braess’ Paradox in Additive Costs Games

Research on Braess’s Paradox for additive costs congestion games doesn’t
have many open fields, as there is a big portion of literature concerning
it. One open problem that seems interesting to us is the one arose when
resolving the paradox for random graphs.

Recall the steps we followed to establish the approximation algorithm.
We first simplified the random instance we were given (the good whp net-
work), then we approximately solved the simplified instance via an algo-
rithm based on an approximate version of Caratheodory’s Theorem ([12])
and finally we extended the result to the initial instance. Although the
approximation factor relies both on the solution for the simplified instance
and on the extension to the initial instance, the most costly part of the
running time of the algorithm is the intermediate one where we solved the
simplified instance.

To recall the problem see figure 8.1. Given a simplified instance, one
should suitably remove some of the internal edges (edges from neighbors
of s, Ng, to neighbors of t, N;) so as to minimize, under traffic rate r, the
Nash flow cost in the remaining network. Edges adjacent to s or t have
affine latencies, i.e. of the form ax + b, while the internal edges have zero
latency.

The problem can be formulated as a linear program with linearly com-
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Figure 8.1: A simplified network. All edges adjacent to s or t have affine latency
functions while all other edges, the internal edges, have zero latency

plementarity constraints (Iplcc).

minimize 1
s.t. a;fi+b;=1 VieNg
afi+b =1 VjeN,

Ziesti =r

ZjeNt_]S‘ =r

ZjeNtfij =fi VieN;
Ziestij =f YjeEN;
Sl-1-1)=0
L. L. fi.f. fy =0 Yie Ng,YjeN,

Variables f,, f;, f; correspond to the flow that is routed through the i—th
neighbor of s, u;, the j—th neighbor of t, v;, and edge {u;, v;} respectively.
Variables [; and [; correspond to the costs of edges {s, u;} and {uv;, t} respec-
tively, under flow f; and f; respectively. Variable f; corresponds to the flow
through edge {w;, v;}.

The first two constraints capture the relation between the flow routed
through edges neighboring to s or t and their corresponding costs. The next
four constraints model flow conservation. The complementarity constraint
ensures that if a path s — u; — v; — t takes a positive flow, i.e. f; > O, then
its cost is I. If f; = O then we do not care about [; + |; = [ as we can remove
edge {u;, v;} in the subnetwork.

This formulation seems to tightly capture the problem. Solving general
Iplec’s is NP-hard but this case is not exactly of the form proved to be NP-
hard as [ - [; — [; need not be non negative and also a feasible solution can
be easily found (the equilibrium of the initial network satisfies the restric-
tions). Additionally, the size of the intermediate network, or more precisely,
the many, long and correlated paths between s and t, is a key factor in the
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NP-hardness reduction of [78]. Thus the complexity of finding the best
subnetwork in simplified networks, even for linear latencies, remains well
open (as far as we know) and seems quite intriguing.

8.2 Braess’ Paradox in Bottleneck Costs Games

As we earlier saw, the inapproximability results of [52] did not really shed
light on the approximability of the (simple, non-selective) network design
problem in the simplest, and most interesting, setting of non-atomic bottle-
neck routing games with a common origin-destination pair for all players.
In our work, concerning the paradox in bottleneck costs games, we fol-
lowed this direction and managed to prove strong NP hardness results for
detecting the paradox and approximating the best subnetwork.

In the model we studied, the players were considering the bottleneck
cost of their paths and the social cost function was equal to the bottleneck
cost of the network. Yet, there is another interesting variant of bottleneck
games where the social cost is the average (instead of the maximum) bot-
tleneck cost of the players, studied by Cole, Dodis, and Roughgarden [27]
and subsequently by Mazalov et al. [62]. For this variant of non-atomic
bottleneck congestion games, as far as we know, neither the problem of
detecting the paradox nor the one of finding the best subnetwork has been
studied. It feels like the techniques similar to the ones presented here
could be used to prove results on these problems that seem to lay in be-
tween the problems for additive costs congestion games and the problems
for bottleneck costs games with social cost function equal to the maximum
congestion.

Figure 8.2: A network with ®(n) PoA. Optimally all the flow is splitted equally to
the k direct paths while a bad Nash flow routes the traffic through path s — u; —
Ul —Ug—Ug—...Uc— U —t

Another research goal could be to derive results on the existence of
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the paradox in random graphs under bottleneck costs. The analog of the
additive costs case, i.e. to study random G, ,’s could be a first goal. The
intuition suggests that a proof of existence of the paradox in random bot-
tleneck costs networks should not be hard and that is because an analog
of the bad example’s “backedges" (edges going in “opposite" direction, from
neighbors of t to neighbors of s) e.g. in [27] or figure 8.2 can probably
be easily found in many models of random networks. In a bad Nash flow
these backedges are used by the players in sequence and thus all paths
from s to t cost much and the network behaves bad.

In addition to these, one could try using the techniques we used for
exploiting the paradox in random graphs under additive costs so as to
exploit the paradox. If specific expansion properties for the random graph
models hold then this goal seems tractable and would be of interest.

8.3 Stochastic Congestion Games

While the above problems seem quite interesting, our focus is turned to
stochastic congestion games and risk averse players. The natural models
we proposed for the study of risk aversion under stochastic delays do not
seem to easily “cooperate" with networks other than parallel links. This is
not a problem that arises only in our models. The players’ cost functions
used in both models, do not have the property of being the sum of the
costs of the edges on the players’ paths, i.e. the costs are non-separable,
and examining games with non separable costs is not an easy task. An
interesting task would be to formulate players’ behaviors in a “network
familiar" way so as to be able to draw meaningful results for these games
in general networks.

Staying in our model though still has some intriguing open problems.
One of them is whether games with heterogeneous stochastic players admit
an equilibrium. Our intuition is not clear. Another problem is to examine
the case of games with stochastic edges and derive results on the existence
of equilibrium and potential functions when networks are layered, with the
basic property that all s — t paths have the same length. In this case the
paths’ costs might be separable and we would be able to draw meaningful
results for networks different from parallel links.
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8.4 Abusing Uncertainty

In the direction of abusing uncertainty, we saw that when risk averse play-
ers act under uncertainty, a large portion of them might prefer choosing
heavy in expectation but low variance links rather than light in expecta-
tion but high variance links. Adding some uncertainty to the network could
help in improving its behavior. The results presented here hold for special
cases of networks and homogeneous risk averse users.

There are two main open problems in this field. One is how can hetero-
geneousness in the players risk aversion help in improving the network’s
performance. In this direction we have (almost) proved that heterogeneous-
ness can also help in improving the network’s performance, yet in the worst
case the improvement is similar to the one achieved when players are ho-
mogeneous.

The second and probably more interesting problem is how can we abuse
uncertainty in more general networks under natral player’s risk averse cost
functions and draw meaningful results on improving the price of anarchy.
When trying to analyze such cases the problem of non separable costs
arises once more requiring risk averse cost functions that are both network
familiar and capturing the averse behavior of the players.
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