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NASH EQUILIBRIA IN ONLINE SEQUENTIAL ROUTING GAMES

TOBIAS HARKS*

ABSTRACT. In this paper, we study the efficiency of Nash equilibria for a sequence of rout-
ing games. In a routing game players route demand from source to destination in a network.
Their strategy is to select routes in order to minimize their individual travel time. We assume
that the games are played consecutively in time in an online fashion: by the time of playing
game i, future games i + 1,...,n are not known, and, once players of game i are in equi-
librium, their corresponding strategies remain fixed. The cost function is given by the total
routing cost, when all games have been played. We analyze the efficiency of a sequence of Nash
equilibria in terms of competitive analysis arising in the online optimization field. Our main
results are summarized in the following: (i) for nonatomic players the online algorithm SEQ-

NasH that produces a sequence of Nash equilibria is Qi”n -competitive for affine linear latency
2
4n

functions and W—competitive for linear latency functions; (ii) for atomic players SEQNASH
2(3K+D)n  5K+1
nK+3n+3K+1° K+5

of ?’"n—’Q in both cases (iv) for general polynomial latency functions, we prove lower and upper
bounds on the competitive ratio of SEQNAsH that grow exponentially in the degree of the
considered polynomials for the nonatomic and atomic case. For n = 1, these results include the
first known bounds on the price of anarchy for games with atomic players for general polynomial
latency functions.

is min{ }-competitive for affine linear latency functions; (iii) a lower bound

1. INTRODUCTION

In this paper, we introduce the concept of sequential routing games. In this concept, we
assume a sequence of routing games ¢ = 1,...,n that are played consecutively in time in an
online fashion. By the time of playing game ¢, future games ¢ + 1,...,n are not known. We
further assume that once players of game 7 are in equilibrium, their corresponding strategies
remain fixed, that is, the strategies are irrevocable. We analyze the efficiency of an online
algorithm, called SEQNASH that produces a flow consisting of the sequence of Nash equilibria.
Our measure of efficiency is defined in terms of competitive analysis coming from the online
optimization field. An online algorithm ALG is called c-competitive if its cost of ALG is never
larger than ¢ times the cost of an optimal offline solution. The optimal offline solution in our
model is derived by minimizing the total routing cost when all games have been played. Note
that for deriving the optimal offline solution, the sequence o is known a priori.

Our work is motivated by the application of selfish routing to the source routing concept in
telecommunication networks, see Qiu, Yang, Zhang, and Shenker [1] and Friedman [2]| for an
engineering perspective and Roughgarden [3] and Altman, Basar, Jimenez, and Shimkin [4] for
a theoretical perspective on this topic. In the source routing model, sources are responsible
for selecting paths to route data to the corresponding sink. The links in the network advertise
their current status (price) that is based on the current congestion situation. If the link prices
correspond to the expected delay on that link, minimum cost routing is a natural goal for
time critical real-time applications. The main focus of this line of research is to quantify the
efficiency loss of a Nash equilibrium compared to the system optimum. Here, one assumption
is crucial: if the traffic matrix changes, all sources may possibly change their routes and form a
new equilibrium.

From a practical point of view, the main drawback of source routing in the Internet is the
communication overhead in continuously maintaining the state of all available routes. Further-
more, frequent rerouting attempts during data transmission may interfere with the widely used

*Supported by the German research funding agency 'DFG’ under the graduate program ’Graduiertenkolleg
621 (MAGSI/Berlin)’.



9 T. HARKS

congestion control protocol TCP that controls the data rate, as reported by La, Walrand, and
Anantharam in [5|. Thus, rerouting may result in severe performance degradation for time
critical applications, such as Internet Telephony or video.

The purpose of this paper is to introduce a new model where sources starting at the same time
select their routes only during connection setup phase. Once these flows are at equilibrium their
routing decisions remain fixed. Thus, continuously gathering information about the network
state is dispensable after this initial routing game.

We study in this paper the sequence o = 1,...,n of games, where players of game ¢ choose
strategies without taking future games j = ¢ + 1,...,n into account. It turns out, that a
combination of the online optimization field with algorithmic game theory provides a fruitful way
to analyze the efficiency of routing strategies in this new model. Surprisingly, the inefficiency
of the sequence of Nash equilibria, where nonatomic and atomic players are allowed, can be
bounded by a constant factor for a wide class of latency functions.

1.1. RELATED WORK

In the last years there has been an exciting development in algorithmic game theory trying
to quantify the efficiency loss of Nash equilibria (user equilibria) in non-cooperative games. The
fact that there exists an efficiency loss of the user equilibrium compared to a system optimum
is well known in the transportation literature, see Braess [6] and Dubey [7]. A first attempt to
exactly quantify this so called “price of anarchy” is given by Papadimitriou and Koutsoupias [8] in
the context of a load balancing game in communication networks. Roughgarden and Tardos [9]
applied this approach to quantify the price of anarchy in nonatomic selfish routing games. In
nonatomic games, a large number of players is assumed, each consuming an infinitesimal part
of the resources. In particular, Roughgarden and Tardos [9] proved for a set of separable affine
cost functions a bound of % on the price of anarchy. A series of several other papers analyzed
the price of anarchy for more general cost functions and model features; see for example Czumaj
and Vocking [10], Correa Schulz, and Stier-Moses [11, 12|, Perakis [13|, and Roughgarden [3].

For atomic routing games, that is, some players may control a significant part of the entire
demand, Roughgarden and Tardos examined the price of anarchy in for an unsplittable vari-
ant [9]. Subsequently, Awerbuch, Azar, and Epstein [14] and Christodoulou and Koutsoupias
[15] studied the price of anarchy for linear latency functions. Cominetti, Correa and Stier-Moses
[16] provided new bounds on the price of anarchy for general atomic routing games that revised
previous work of Roughgarden [17] and Correa, Schulz, and Stier-Moses [12]. Subsequently,
Hayrapetyan, Tardos and, Wexler [18] improved these bounds for special network topologies.

In the online routing field, mainly call admission control problems have been considered. An
overview article about these problems is given by Leonardi in [19]. In the paper by Awerbuch,
Azar, and Plotkin |20], online routing algorithms are presented to maximize throughput under
the assumption that routings are irrevocable. They, however, restrict the analysis to single path
routing and present competitive bounds that depend on the number of nodes in the network.
Our work is motivated by the paper by Harks, Heinz, and Pfetsch [21], where online multicom-
modity routing problems are considered. They present a greedy online algorithm for a different
convex cost function that is ;i—KK competitive, where K is the number of commodities. In their
framework, only single demands are released consecutively.

1.2. OURrR RESULTS

Our main result states that the online algorithm SEQNASH that produces a flow consisting of a
sequence of Nash equilibria is ;fn—competitive for affine linear latency functions and nonatomic
routing. This result contains the bound on the price of anarchy of % for affine linear latency
functions of Roughgarden and Tardos [9] as a special case of our model, where n = 1. We present
lower bounds for affine latency functions of % and % for any deterministic online algorithm
and SEQNASH, respectively.

For games with atomic atomic players we show that SEQNASH is min{ nlggﬁiézgﬂv 5/51'51 }-
competitive for affine linear latency functions. This result contains the bound on the price of
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anarchy of ggi; for atomic routing games with affine linear latency functions that has previously

been established by Cominetti, Correa and Stier-Moses [16] as a special case of our model,
where n = 1. For purely linear latency functions we present an improved upper bound of
1(2+v2) (1++/2) V2 on the price of anarchy.

Finally, for polynomial latency functions, we present upper and lower bounds on the compet-
itive ratio of SEQNASH that grow exponentially in the maximum degree of the allowed polyno-
mials. These results include improvements of known bounds of the price of anarchy for gemes
with atomic players involving polynomial latency functions with degree 2 < d < 4 and presents
the first bounds for arbitrary degree d.

Among many works in the algorithmic game theory field, this is the first paper that combines
techniques arising in the online optimization field with techniques coming from algorithmic game
theory.

2. ONLINE SEQUENTIAL ROUTING GAMES

An instance of the Online Sequential Routing Game (ONLINESRG) consists of a directed
network D = (V, A) and nondecreasing continuous price or latency functions ¢, : Ry — Ry
for each link a € A. Furthermore, a sequence ¢ = 1,...,n of routing games are given. We
denote for each game i the set of different types of players by [K;] = {(i,1),...,({,n;)} with

n
|[K;]| = K; denoting the number of players of game i. Let [K] = |J [K;] denote the union of the
i=1
sets [K1],...,[Ky]. The total number of players is given by K = > 7 | K;. For each ij € [K;],
a flow of rate d;; > 0 must be routed from the origin s;; to the destination ¢;;. We allow for
nonatomic and atomic players. In contrast to nonatomic routing games where infinitely many
agents are carrying the flow, in the atomic variant, each player controls the entire flow for his
demand.

For ease of notation, we express in the following the strategy of player ij in terms of a routing
assignment. A routing assignment, or flow, for player ij € [K;] is a nonnegative vector f¥ € ]Rjﬁ.
This flow is feasible if for all v € V

S-S =), (1)

a€dt(v) a€d—(v)

where 67 (v) and 6~ (v) are the arcs leaving and entering v, respectively; furthermore, v(v) = d;;
if v = s;5, v(v) = —d;; if v = t;5, and y(v) = 0 otherwise.

Alternatively, one can consider a path flow for a player ij € [K;]. Let P;; be the set of all
paths from s;; to t;; in D. A path flow is a nonnegative vector ( f;ﬁ) pep;;- The corresponding
flow on link a € A for player ij € [K;] is then

fi=3_ 17

P>a

We define F; with 0 < i < n to be the set of vectors (f!,..., f’) such that f7 is a feasible
flow for games j, j = 1,...,i. The entire flow for a sequence of games o = (1,...,n) is denoted

by f = (f',..., f"). We define f, = (féj)ije[,q as the vector of flow values of the players ij on
arc a.
We denote by fi the aggregate flow of game i on link a, i.e.,

for= > 12,
ijE[K;)

and define by

Ja = Zfé
=1
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the total flow on link a. The current cost of a feasible flow f on link a € A of game i is defined
by

Chfts oo ) = (S ) @)
j=1

This expression can be obtained as the routing cost on arc a for a feasible flow for game i, given
the flows (f,..., 1) of previous games 1,...,i — 1. The current cost for game i is given by
the sum of arc costs
Cfs s TN =D Calfis fave o fa )
acA
In the sequel of this paper we assume that £,(z) z is a convex function. Hence Ci(-) is also a

convex function.
The individual current cost for player ij € [K;] on arc a is given by:

it 1 f Zfa(fo;) i )
=1
The total individual current cost for player ij € [K;] is given by:
CUP e £ = OB £

acA
The aggregate cost of a flow on link a € A is defined by

Ca(fa) = la(fa) fa- (4)
The total cost of all sequentially played games is given by:

n n
C(f):an(fa)zzza(fa)fazzga (Zfé) <Zf¢zz) : (5)
acA acA acA =1 i=1
This cost function reflects the congestion cost provided the entire sequence of games has been
played. Note that players of game ¢ are only aware of their current cost. If players of later games
select overlapping strategies compared to previous players, the previous players may experience
higher costs compared to their initial costs. For a sequence of games o0 = 1,...,n, we investigate
in this paper the online algorithm SEQNASH, that consists of the sequence of Nash equilibria
for the corresponding games 1,...,n. We focus on the efficiency of SEQNASH compared to the
offline optimum OPT. For n = 1 our model reduces to the standard setting of a routing game
with nonatomic or atomic players.

2.1. CHARACTERIZING NASH EQUILIBRIA FOR NONATOMIC PLAYERS.

A strategy distribution or flow for game ¢ is at Nash equilibrium when no player has an
incentive to unilaterally change his strategy. We assume that players of game i decide on their
strategies without taking future games j = i 4+ 1,...,n into account. It is straight-forward
to check that a Nash flow f? for nonatomic players is the optimum of the following convex
optimization problem, see for example Roughgarden and Tardos [9].

fi

i—1
min Z /EG(Z P+ 2)dz (6)
a€A k=1
s.t. Z féj — Z féj = ’)/ij(’U) YveV, ij € [Kl}
acdt(v) a€d—(v)
fii>0 Vae A, ij € [Ki,

where 7;;(v) is defined as in (1). The following conditions are necessary and sufficient to char-
acterize a Nash equilibrium for game 1.



ONLINE SEQUENTIAL ROUTING GAMES 5

Lemma 2.1. A feasible flow f* for the nonatomic game i is at Nash equilibrium if and only if
it satisfies:

Z Ea(z fclf) (fé — %) <0 for all feasible flows x* for game i. (7)

a€A k=1

The proof is based on the first order optimality conditions and the convexity of C?(-), see
Dafermos and Sparrow [22].

Definition 2.2. For a given sequence of games o and a flow f that is produced by SEQNASH,
we define

VI ) =) (D) (el — ) (8)

aeA k=1
V(f.2,n) ZV ') 9)

1

where -+, ..., x" € F, is any feasible flow.

Lemma 2.3. A feasible flow f for a sequence of games o that is produced by SEQNASH satisfies:
V(f,x,n) >0, for all feasible flows x for o.

Furthermore,
V(f,x,n) = Valfa a,n)
acA
where Vo (F o, Ta,n) is defined as

Va(fa’wayn) ::Zea( fa]f) (xz_fé)
=1 =1

k
Proof. From Lemma 2.1 we know that V*(f!,..., f',x’) is nonnegative for all i = 1,...,n.
Summing over ¢ proves the first claim. The second claim follows by changing the summation
order. 0

2.2. CHARACTERIZING SEQUENTIAL NASH EQUILIBRIA FOR ATOMIC PLAYERS

In routing games with atomic players, some players may control a significant part of the entire
demand. In the follwoing, we characterize the strategy of an atomic player. A strategy distri-
bution or flow for game ¢ is at Nash equilibrium when no player has an incentive to unilaterally
change his strategy. It is straightforward to see that a best reply strategy for player ij of game
1 is to solve the following convex optimization problem.

min Zmi ffi

a€EA 7j=1

st S f Y fi =) Vo eV, ij e [Ki] (10)
a€dt (v) a€d~ (v)
f;] >0 Vae A, Z] S [Kz]v

where y(v) is defined as in (1). The following conditions are necessary and sufficient to charac-
terize a Nash equilibrium for game .



6 T. HARKS

Lemma 2.4. A feasible flow £ for player ij € [K;] of the game i is at Nash equilibrium if and
only if it satisfies:

Z(ﬁ Zfa ) + Lo Zfa a) J—xd) <0 (11)

acA
for all feaszble ﬂows :L‘” for game 1.

Definition 2.5. For a given sequence of games o and a flow f that is produced by SEQNASH,
we define

VI el = Y (6 1) + (5 1) @ - £
k=1 k=1

acA

VI e K = Y VI )

z’je[K-}
V(f,z,K,n) = ZVZ Lz Ky (12)

1

where -+, ..., x" € F, is any feasible flow.

Lemma 2.6. A feasible flow f for a sequence of games o that is produced by SEQNASH satisfies:
V(f,z,KC,n) >0, for all feasible flows x for o. (13)

Furthermore,

V(f7malcv n) = Z Va(faa maa’Ca n)7

a€A

where Vo (Ff o, Ta, IC,n) is defined as

Valfarzo Kom) =3 C Z ) + 4 Zfa ) (i - 1),

1=1 ij€[K;] k=1

Proof. From Lemma 2.4 we know that V¥ (f!, ..., £, %) is nonnegative for all ij € [K;] and
i=1,...,n.. Summing over ij € [K;] and 7 = 1,...,n proves the first claim. The second claim
follows by changing the summation order. O

For a given sequence o of games, we denote in the following the deterministic online algorithm
that consists of the sequence of Nash equilibria by SEQNASH.

2.3. ToTrAL OFFLINE OPTIMUM

Finally, the total offline optimum is characterized by:

min c(f)

5.t ST i > =) Vv eV, ije K], i€ n] (14)
a€dt(v) a€d—(v)
f9 >0 Vae A, ij €Ki, i€n]

where vy(v) is defined as in (1). The optimal offline solution for a given sequence o for the above
problem is called OpT. We denote its value for o by OpT(c) = C(f).
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3. COMPETITIVE ANALYSIS FOR NONATOMIC ROUTING

We can classify the presented algorithms SEQNASH and OPT as follows: SEQNASH is a
deterministic online algorithms for ONLINESRG; OPT is an offline solution for ONLINESRG
since here, the entire game sequence is known in advance.

For a solution f produced by an online algorithm ALG for o, we denote by ALG(0) = C(f)
its cost. The online algorithm ALG is called c-competitive if the cost of ALG is never larger
than ¢ times the cost of an optimal offline solution. The competitive ratio of ALG is the infimum
over all ¢ > 1 such that ALG is c-competitive, see Borodin and El-Yaniv [23].

In the following, we use a simple technique to derive upper bounds on the competitive ratio
for SEQNASH. The idea is to add the variational inequality given in Lemma 2.1 to the cost
of the flow f produced by SEQNASH. We define for every a € A, for any nonnegative vectors
fa:Ta € R the following values (we assume by convention 0/0 = 0):

Ca(fa) —A Ca(xa) + Va(.faa La, n)

lbysm, A) = . 15
A Culfe) "

Throughout the paper, we define the constraint f, > 0 as
£i3 >0, for all ij € [K] with > f¥ = f.
ijek
For a given class C of nondecreasing latency functions and a nonnegative real number A > 0,
we further define

wn(C; A) == sup w(lg;m, A).
LoeC

Theorem 3.1. Consider a sequence of n games and separable latency functions drawn from C.
If 1 — w,(C; A) > 0 holds, then SEQNASH is

. B a- L.
)1\%% A1 —wn(C;N) )] competitive

for the nonatomic ONLINESRG.

Proof. Let f be the flow generated by SEQNASH, and « be any feasible flow for a given sequence
of games o0 =1,...,n.

C(£) <Y [Calfa) + Va(Ff o, Tas )] (16)
acA
— Z o(fa) FACo(xg) — ACy(xg) + Va(fa,a:a,n)}
acA
<AC(x) + wn(C;N) C(f). (17)

Here, (16) follows from the variational inequality stated in Lemma 2.1. The last inequality
(17) follows from the definition of w,(C). Taking x as the optimal offline solution yields the
claim. O

Using the notation:

D (bas £o) = Lalfa) Ze Zf’“ fi
i=1

we can simplify the value w,(C; \)

Lemma 3.2. The value w({y;n, \) is at most

sup (ga(fa) - Aga(xa))xa + U5 (bas £o)
Ta,f 020 la(fa)fa '

(18)
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Proof. First note that

Ca(fa) + ValfarTa) = 0 (La, £,) +Z£ Zfa
=1

<y (e, o) + La(fa) Ta,

where the last inequality is valid since latency functions are nondecreasing. Then, using

la(fa) o — A Co(xq) = (Ea(fa) - )\Ea(xa))xaa
yields the claim. O

Note that a similar value v(C) without the term £4(fs) fa Z ly (Z "~y
and the parameter A > 0 was first defined in Correa, Schulz and Stler—Moses [11] and also,
similarly, by Roughgarden in [9] with the relation o(C) = (1 —~(C))~".
3.1. AFFINE LINEAR LATENCY FUNCTIONS

In the following, we bound the value w,(C, 1) for affine linear latency functions. We start with
some useful prerequisites.

Lemma 3.3. For parameters k1,k2 > 0 and any numbers x,y > 0 the following inequality is
valid:

Yy < —a? + —y (19)

2 2I<&1

The following equation is useful for proving the next Lemma.
no1 o n n o n ‘
DD Hla=g ) ) il Y () (20)
i=1 j=1 i=1 j=1 i=1
Lemma 3.4. For affine functions £,(z) = qaz + ra, qa > 0,74 > 0, we have w,(C;1) < 3n=2

4n
Proof.

n
Ga (fa — Ta) Ta + qa %ff - Qa% > (fclf)Q
k=1

w(ly;n,1) = sup 21
(faim, 1) @a,f 020 Ga 3 +7a fa 1)

n

(fa - xa) To + %fc% - % Z (f§)2

k=1
< sup 22
Tafa>0 fz #2)

— Xg) T + L f2
S sup (fa a) ; 2n fa (23)
Ta,fa>0 fa

< 2, (24)

where (21) follows from (20) and (22) is valid since 7, > 0. Inequality (24) follows from
Lemma 3.3, where we set x = fo,y = xq,k1 = 1, and ko = 2, and (23) follows from Cauchy-

Schwarz inequality. O
Corollary 3.5. If the latency functions of the nonatomic ONLINESRG are affine, the online
algorithm SEQNASH is %—competitwe, where n is the number of games.

Proof. Replacing wy,(C;1) with 3” 2 and applying Theorem 3.1 yields the desired result. O

For n = 1, we obtain the bound of % for nonatomic routing games involving affine linear
latency functions that originates in Roughgarden and Tardos [9].
Now, we analyze the case of purely linear latency functions ¢,(z) = g4 2, ¢4 > 0.
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o

FIGURE 1. Graph construction for the proofs of Proposition 1

Lemma 3.6. For linear functions €q(2) = qa2, qo > 0, we have

n+2xn—2\
4An '

Proof. The proof proceeds along the line of the proof of the preceeding lemma.

(fa_/\xa)xa"i‘%fg_% Zn:(ff)2

wn(Cy ) <

wllg;m, ) < sup k=1
( ¢ ) Ta,f,>0 fc%
— A n—1 r2
< sup (fa xa) J'Za + on fa
ZTa,fa>0 fCL
< 1 n n—1
~ 4\ on

The last inequality follows from Lemma 3.3, where we set x = x4,y = fq, k1 = A, and kg = % O

Corollary 3.7. If the latency functions of the nonatomic ONLINESRG are linear, the online

algorithm SEQNASH s (n4f12)2

-competitive, where n is the number of games.

Proof. Replacing wy,(C; ) with % and applying Theorem 3.1 yields

402
Cfy < —————— C(=x).
N e (@
Setting A := 7 yields
4n?
< — .
C() < gtz @)
O
Note 1. The value A\ = 5 solves the following minimization problem with respect to A:
42%n

A20 2An—n+2X
3.1.1. Lower Bounds. We start with a result that holds for any deterministic online algorithm.

Proposition 1. In case of linear latency functions no deterministic online algorithm for ON-
LINESRG is c-competitive for any ¢ < %.

Proof. Consider the network displayed in Figure 1. Each arc a leaving from node 1 has the
same latency function ¢,(z) = 3z. All the other (those leading into node 5) have the latency
function £,(z) = 0. Let ALG be an arbitrary deterministic online algorithm. We first present
ALG commodity 1 with demand 1 that has to be routed from s; =1 to t; = 5.

Assume the algorithm behaves like the nonatomic SEQNASH. This means that the demand
gets evenly divided into three pieces: one third is routed over path P; = (1,2,5), another over
path P, = (1,3,5), and the later over path P3 = (1,4,5). In this case we reveal commodity 2
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31 82 “en Sk
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FIGURE 2. Graph construction for the proof of Theorem 3.8.

1

with demand 1 between 1 and 2. For this commodity there exists a unique path. Therefore,
ALG yields for this sequence o the cost:

ALG(0) = SEQNASH(0) =2-3- 4 - £ +3- (%Jrl)2 = 6.

An optimal offline solution is to route half of commodity 1 over path P, and the other half over
path Ps and commodity 2 along its unique path. Therefore,

Opr(s)=2-3-4-3+3-1-1=1.

This leads to
ALG(o) 4

ort(c) 3’
If ALG does not behave like SEQNASH for the first commodity, ALG has to route more than
one third of the demand over path P;, path P,, or path P3. If it is path P;, then we present
commodity 2 as above. If its path P,, then we reveal a commodity 2 with demand 1 between 1
and 3. Otherwise, we present a commodity 2 with demand 1 between 1 and 4. Let a be the
demand greater than one third. In all three cases the cost of ALG for the sequence o is

ALG(o) >2-3- (Y52)2 4 3. (a+1)° > 6.
since o > % The optimal cost stays the same as above. Hence,

ALG(o) 4

Orr(o) ~ 3

For SEQNASH we can further lift the lower bound.

Theorem 3.8. In case of affinely linear latency functions, the online algorithm SEQNASH for
ONLINESRG has a competitive ratio greater than or equal to 3";2, where n is the number of
games.

Proof. We consider the network presented in Figure 2 with the latency functions: £, (2) =0,
Cin(2) =0, Lig,1)(2) =4, =1,...,k, and £, ;) (2) = z. We consecutively release a sequence
of games (1,...,k), where in each game j, there is a single player type j1. The demand of player
type j1 is 1 that has to be routed from s; to t;, for i = 1,..., k. Due to the choice of the affine
terms ¢, SEQNASH routes for every game the corresponding demand over the arc from s to t.
Then we release the (k + 1)-th game with demand d from s to t. Thus, the total cost for the
sequence o = (1,...,k+ 1) for SEQNASH with the new cost function is given by:

SEQNASH(o) = (k + d)%
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The optimal offline algorithm OPT routes the demands of the first k games along the direct arcs

from s; to t; incurring cost of:
k

k—l—l
2 0=

The last demand in game k+1 is routed from s to t with cost d?. The total cost for the sequence
o= (1,...,k+1) for OPT is given by:

1
OrT(0) = k(k;) + d?.
Replacing £ = n — 1 and setting d = 5 yields
SEQNAsH(o)  2(k+d)*  3n—2 (25)
orr(oc)  k(k+1)+2d>2  n
which proves the theorem. O

Note 2. For n =2, the upper bound given in Corollary 3.5 is tight.

Corollary 3.9. For linear latency functions, the online algorithm SEQNASH for ONLINESRG
has a competitive ratio greater than or equal to 73???:?\/\%73
Proof. We consider the network presented in Figure 2 with modified latency functions: £(,, ,)(2) =
0, Ly (2) = 0, £ig,1)(2) =iz, i =1,...,k, and £, 4(2) = z. We consecutively release a se-
quence of games (1,..., k), where in each game j, there is a single player type j1. The demand
of player type j1 is 2 that has to be routed from s; to t;, for ¢ = 1,...,k. Due to the choice
of the linear terms ¢z, SEQNASH routes for every game the one unit of the demand over the
arc from s to ¢t and the other onit along the direct arc from s; to t;. To see this, consider the
j-th game. Let the flow of player j1 along the middle arc be denoted by x. Then, using the
characterization of a Nash flow given in (10), the nonatomic player j1 sends flow z* along the
middle arc according to the solution of the following problem

1

1
- -1 2 —x)2.
0<x<22jx +(j )$+2‘]( )

The solution to this concave program is given by z* = 1, independently of j.
Then, we release the (k4 1)-th game with demand d from s to ¢. Thus, the total cost for the
sequence o = (1,...,k+1) for SEQNASH is given by:

_ k(41
SEQNASH(o Zz—i— (k + d)? k(k+1) + ) + (k + d)>.

The optimal offline algorithm OPT routes the demands of the first k games along the direct arcs
from s; to t; incurring cost of:

> (i-2)-2=2k(k+1).

i=1
The last demand in game k+ 1 is routed from s to ¢t with cost d?. The total cost for the sequence
o= (1,...,k+1) for OpPT is given by:

Opr(o) =2k (k+1) + d*
Replacing k =n — 1 and setting d = I n+ 3 + 1 V33n2 — 28n + 4 yields

N
SEQNASH(0) > lim Z(n) = 33+5v33 ~1.50.
Opt(0) n—00 33+ V33

where we define
Z(n) = 33n2 —28n+5nV33n2 —28n+ 44+ 4 —2+/33n2 —28n+4‘
33n2 —28n+nv33n2 —28n+4+4+2v33n2 —28n+4
This proves the claim. O
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Note 3. The parameter d in the previous proof is the optimal solution to the following maxi-
mization problem with optimal value Z(k + 1):

k(k+1)+2(k+d)?
max
a>1  4k(k+1)+2d?

The table below summarizes the main results for (affine) linear latency functions.

= Z(k+1).

TABLE 1. Competitive Ratio for the online algorithm SEQNASH for affine linear
latency functions £,(x) = qq @ + 74, ¢ > 0, 74 > 0. The first row shows known
results for nonatomic routing games. The % result is due to Roughgarden and

Tardos [9].
# games 2,(0) =0 £,(0) arbitrary, A =1
A UB LB UB LB
1 1 1 1 3 3
2 7 5+25
3 1 217413217 2 1
3 1 23 2175 V31T 25 23
4 2 ' 4 3
n T )2 Z(n) 2 )
3345 /33
1 4 33+v/33 4 3

3.2. POLYNOMIAL LATENCY FUNCTIONS

In this section, we investigate the case, where we allow for general polynomial latency functions
d

la(2) = Y a; 2 with nonnegative coefficients a;. We start with a useful observation.
i=0

d ,
Lemma 3.10. For polynomial latency functions £,(z) = > a; 2" with nonegative coefficients
i=0
a; > 0,i=0,...,d we can bound sup V7 ({,, f,) as follows:
>0

a

d
sup ﬁg(eaafa) S sup ﬁzo(gaafa) S rga(fa) fay
£.>0 £a>0 +1

where V° (g, fo) == lim 97 (y, fa).

Proof. Recall the definition of 97 (¢, fa):

Ot (Cas fa) = La(fa) fa — > _La(D_ £¥) £
k=1

i=1
Since polynomials are increasing functions, the following inequalities hold

n i ) i fa
inf [3 6375 1] > it (S (> 5 £ > / I(2) d.
fa20 "4 fa20 "4
=1 k=1 i=1 k=1 0
Hence, we have
fa
sSup ﬁg(gaafa) < sup ﬁzo(gayfa) < fa(fa) fa— /l(z) dz.
fa20 fa20

0
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d .
Let £4(z) = >_ a; 2" be a polynomial of degree d > 1. Then, it follows that
i=0
fa d d
/¢ o — z+1 z+1
a(fa) fa /l(z) dz Z (fa) Z Z az (fa)
0 =0 =0
d .
z+1 z+1
;1 ) ai (fa) _dﬂzazfa
d

O

Using the above lemma, we bound in the following the competitive ratio for SEQNASH for
quadratic, cubic, and degree 4 polynomials.

Proposition 2. If the latency functions of the nonatomic ONLINESRG are polynomials of degree
at most d > 1, then, the online algorithm SEQNASH is

4\l
inf 1-— e S . Five.
st <)‘ ( 0oy [ = A i1 competitive

Proof. By Lemma 18, we have

. ( (fa xa )55a+79 a’faama)
wwa?n’ )\) S fas:}rl,f)zo ga(fa)
( (fa - xa)) xa+d+1£ fa)fa
= o tullo) fo (26)
_ (€a(fa) = Ma(wa)) 70 | d
" fonazo la(fa) fa tarr

where (26) follows from Lemma 3.10.
We assume A > 1, which implies that x4 < fo. Defining p1 := ¢ (we assume 0/0 = 0) we
have to solve

max (ga(fa) - /\ga(ﬂfa)) Mfa

0<p<1 la(fa) fa
to bound w(ly,n;A) from above. Without loss of generality, we can reduce the analysis to
monomial latency functions £,(x) = agx? of degree at most d. Otherwise, we can subdivide
each arc in several arcs with monomial latency functions for every arc. From now on, we only
consider the highest degree monomial £,(z) = agx?, since the value w(fy,n;\) is smaller for
lower degree polynomials. Thus, we have to solve:

(aa f& = Naap® ) p fa

d+1
s ag faH "ot T AR (27)
Applying Theorem 3.1 with
d
< d+1
wn(C;A) < mmax (= ApH o+ i1
proves the proposition. O

By optimizing over A > 1 we get the following bound for polynomial latency functions up to
degree two.

Corollary 3.11. If the latency functions of the nonatomic ONLINESRG are polynomials of
degree at most d < 2, then, the online algorithm SEQNASH is 19.6-competitive.
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For general polynomials of degree d, we can prove an exponential bound in the maximum
degree on the competitive ratio of SEQNASH.

d .
Proposition 3. For polynnomial latency functions £4(z) = > a; 2" with a; > 0 and X =
i=0

(d+ 1)(d—1) 2 1 the ’Ual'U,e wn(c7 A) iS at mOSt (d;:f)g

Proof. We start with equation (27) given in the proof from Proposition 2.

) < oy A+ _ (d-1) d+1
WMQAf_éﬁéﬂ Ap Jnax, i (d+ 1) p

The unique solution is given by pu* = ﬁ. Evaluating the objective proves the claim:
1 1 d d*+2d
layn; A) < —— — (d41)14=D (———)d+! = :
w(ta;m; >—d+1 (d+1) (d+1) Tar1 (d+1)?

O

With this lemma we can prove a constant factor bound on the competitive ratio that depends
on the degree d of the considered polynomials.

Theorem 3.12. If the latency functions of the nonatomic ONLINESRG are polynomials with
mazimum degree d, the online algorithm SEQNASH is (d + 1)1 -competitive.

Proof. Let the flow f be produced by the online algorithm SEQNASH and let & be an arbitrary
feasible flow for ONLINESRG. Then, applying Theorem 3.1 yields

d+1 d—1
o) < 1 O@) = @+ )M C).
(1 —d +2d)
(d+1)2
Taking x as the optimal offline solution proves the claim. O

3.2.1. Lower Bounds for Polynomial Latency Functions. We consider general polynomial latency
functions of the form ¢,(z) = Z;-lzl a;jz?, where all coefficients a; are nonegative.
We start with a classical result.

Lemma 3.13. The n — th power of the sum of numbers from 1 to k is a polynomial in k given
by:

k n+1

Zin _ 1 Z (n + 1>Bjkn+1—j’
i=1 n+1 §=0 J

where Bj are the Bernoulli numbers.

Consider the network presented in Figure 2 with the following latency functions: £(,, 4 (z) =0,
Loy (2) = 0, L, 10 (2) = i, i=1,...,k and L (2) = 24 d € N. We consecutively release
games with a single player type i1, where a demand of size 1 has to be routed from s; to t;, for
i=1,...,k Due to the choice of the affine terms i, SEQNASH routes every demand over the
arc from s to t.

Then we release the (k + 1)-th game with demand z from s to ¢. The total cost for the flow
generated by SEQNASH is given by:

SEQNasH(0) = (k + m)d+1.

The optimal offline algorithm OPT routes the demands of the first k£ games along the direct
arcs from s; to t;. The last demand is routed from s to t. The total cost for OPT is then given
by:

k
Opr(o) =Y i 4+ 2.
=1
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From Lemma 3.13, we know that the d — th power of the sum of numbers from 1 to k is a
polynomial in k given by:

k d+1

1 d+1 .

Z'd: Z < >B.kd+1]

7 r— . 7 )
P d+1 = J

where Bj are the Bernoulli numbers.

Theorem 3.14. In case of polynomial latency functions, the online algorithm SEQNASH for
ONLINESRG has a competitive ratio greater than or equal to % 24+ where d is the highest

degree of the used polynomials.
Proof. We have to show that the competitive ratio fulfills:

SEQNASH (o) S d+1 od+1
Opry(c) —d+2 '

We follow the construction of the above discussion,

SEQNasHg(o) _ .. (k+ .7c)dJrl
“Ortile) = lim .
PT4(0) koo S id 4 g+l
=1
We set ©x = k which yields:
SEQNASHa(7) _ | (2k)
OpT4(0)  — k—oo Ek: i 4 L
i=1
d+1
. (2k) _ A+l

T d+2 ’

k—oo d+1
1 pd+1 d+1 d+1\ B 1.d+1—j
1 kA 4k +];( ) Bjkd 1=

where the equality follows from Lemma 3.13 and the fact that By = 1.

TABLE 2. Competitive ratio for different polynomial latency functions. Coefhi-
cients a; are assumed to be nonnegative.

Set C of latency

functions Example woo(C, A) A UB LB

linear functions a1z + ag % 1 4 3

quadratic 2yt 0.93 2.18 19.6 7.5

cubic P pat B 64 256 17.32
d , )

degree d > a; ?djf)gl (d+1)d=D (g4 1) % 2d+1
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4. COMPETITIVE ANALYSIS FOR ATOMIC PLAYERS

Before we state the main result, we need some useful prerequisites. We define for every
a/e A, f)or any nonnegative vectors f,, x, € ]RE the following values (we assume by convention
0/0=0):

. e Ca(fa) - )‘Ca(xa) + Va(fm ma)
w(lg,n, Ky A) := fas,lag)zo o) .

For a given class C of nondecreasing latency functions and a nonnegative real number A > 0,
we further define

(28)

WNCN) == sup w(ly,n, IC; N).
Lo €C

Theorem 4.1. Consider a sequence of n games involving K players and separable latency func-

tions drawn from C. If 1 — wX(C; \) > 0 holds, then SEQNASH is

)1\2% [)\ (1- (o )\))_1} — competitive

for the atomic ONLINESRG.

Proof. Let f be the flow generated by SEQNASH, and @ be any feasible flow for a given sequence
of games 0 = (1,...,n).

C(f) <Y [Calfa) + Valfar Ta, K, )] (29)
acA
= Z [Ca(fa) + ACa(xa) — ACa(Ta) + Valfor Ta, K, 1)
acA
<AC(x) + W (C;A) C(f). (30)

Here, (29) follows from the variational inequality stated in Lemma 2.6. The last inequality
(30) follows from the definition of wX(C; \). O

Using the notation:

Hz(faama,lcz‘) = Z (f;]x;blj _f;j féj),

ijE[K;)
we can simplify the value w(C; \)
Lemma 4.2. The value w(ly,n,K; \) is at most

(Calf) — Ma(0)) 20 + 02l F) + 35 0( S FEV(F s 0, )
=1 k=1 ) (31>

sup
Ta, fy>0 lo(fa)fa

Proof. First note that

Calfa) + ValFar@a) = V3 (las o) + D [aD S0 Far@as i) + La( D f2) k]
k=1

i=1 k=1
n % '
< Iy (las £a) + YLD f)06(Far Tar Ki) + lalfa) Ta,
i=1 k=1
where the last inequality is valid since latency functions are nondecreasing. Then, using

la(fa) a — A Ca(za) = (ﬁa(fa) - Aga(‘ra))xaa
yields the claim. O
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Note that for A = 1 and n = 1 the value w(f,,1,XC; 1) is equal to the value 5% (£,) defined by
Cominetti, Correa, and Stier-Moses in [16]. For n > 1, that is, the sequence o of games contains
more than one game, the main difference between 5% (£,) and w(fy,n, K; \) are the values A > 0
and VU7 (4q, f). The value 97 (4, f) penalizes the efficiency of SEQNASH for multiple games. The
value \ admits a further degree of freedom to strengthen the analysis.

4.1. AFFINE LINEAR LATENCY FUNCTIONS
We analyze in the following the value wX(C; 1) for affine linear latency functions.
Lemma 4.3. For affine linear latency functions €,(z) = qaz +7Tay Ga > 0,74 >0, and A > 1 the

4(K-1)
5K+T -

value WX (C; \) is less than or equal to

Proof. We start with the bound on w(¢,,n,K; \) in equation (31) for affine linear latency func-
tions.

i

Qa(fa - )\xa)SUa + qa (fa)2 —qa i(z fa)fa + 4a Z 0, o(fas ®as Ki)

wWlly,n, K;\) < su =1 k=l
( ) wa,ffZO Ga(fa)? + 74 fa
(fa—/\.’Ea).’L'a+ ) % Zjl( ) + Z:lez(favwavlci)
< sup = = 32
@a, f, >0 (fa)? (32

(fo = A2a)aa+ L (f)2 =1 S (F9)2 + 30 00 (F s @ar K)

ijek i=1

< ) S}1p>0 TAE (33)
(fa = Aza)za + 3 (fa)* + P 2 xd =3 (f)?)
)
= Sup 9
@, fo >0 (fa)?

where (32) follows from (20) and 7, > 0. Note that to obtain the first inequality we have used
that 7, — Arg < 0 since A > 1. Inequality (33) is valid since the sum of powers is less than the

power of the sum. Without loss of generality, we can assume that fl := ma[;é] féj . Since the
ije
individual components ¢/ appear linearly in the expression fi’z¢, we can set © = (x},0,...,0)

to bound the above expression from above. Thus, we have to solve:

fawg =M@y + 5 (fa)* + fawh — X 5 (fd)?

W(larn, KA < sup 5 ek
0<FL< fa,w}>0 (fa)
Because of symmetry in the last sum of the numerator, we can set féj = fj .
2
farh = M(@h)? + 3 (Fa)? + flah = 3(F1)? - el
w(la,n,K) < sup TAE .
f” <1< fa,xl>0 @
For any choice of f,, f!, the optimal value for z! is exactly =} = f“%)\fé Inserting the value
yields:
(% L,\)(fa) (L,\ %) (f ) gflfa_g(lcif(f))
wWla,n, IC;A) < sup .
fa <f1 <fa (fa)

We replace f! = p f, with pu € [K’ 1] and solve:

R
w(la,n, K; A) < H[laltx](éJrLﬁA)Jr(A—;’)uQJr%u—?M- (34)
MGK,I
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Now we set A := 1. Then, the optimal choice is pu = (5’/Cc++51) . This leads to:

Wi (C;1) < 5P

Applying Theorem 4.1 with the above value for wX(C) leads to the following result.

Corollary 4.4. If the latency functions of the atomic ONLINESRG are affine, the online algo-

rithm SEQNASH is 5,’&_*51 -competitive, where IC is the total number of players.

Corollary 4.4 gives abound that only depends on the total number of players in the sequence
o of games. This bound states that SEQNASH is asymptotically 5-competitive for sequential
atomic routing games.

If we optimize over the parameter A\ we can derive even better bounds. For ease of presentation
we focus on the asymptotic bound, that is, we consider the case where K — oo.

Corollary 4.5. If the latency functions of the atomic ONLINESRG are affine, the online algo-
rithm SEQNASH is 4.92-competitive.

Proof. We start with bounding w32 (C; \) using (34):
w(ly,00,00;\) < max(l—k%\)—k(ﬁ_%)u?_,_%'u_

pef0.1]
Then, it follows that
. 1
H=6a—1
and )
AA+13M° -1
X)) < ——— =
== —R6r-1
Note, that we still have w3 (C;1) < % for A = 1. Applying Theorem 4.1 with A = 1.1 yields the
claim. 0

In the following, we derive a bound that depends on the number of games.

Corollary 4.6. If the latency functions of the atomic ONLINESRG are affine, the online algo-
rithm SEQNASH is —aktLn

TRt an3kyT “competitive, where n is the number of games and KC is the total
number of players.

Proof. We start with equation (32) in Lemma 4.3 to derive another bound on w’(C; \).

n

(fo = Aza)za + 5 (fa)* — 3 2 (/ )+Zl93(fa,wa,/@)

wlyg,n, ;X)) < su =1
( ) wa,vasz (fa)
(fa_Axa)xa+291(faawaa z)
<nl gy = , 35
- wa,vapZO (fa)2 ( )

where (35) follows from Cauchy-Schwarz inequality. Then, the proof proceeds along the lines of
the proof of Lemma 4.3 except that we replace the factor § by 1.

W(layn, K 0) < 5k 4 max (55) + (75 — D4’ +in-45 “1)). (36)
/‘e[]CJ]

Setting again A := 1 yields
Ry
w(tayn K51) < B+ max § = 3% + g — Gl
/LE[KJJ

+3
3IC+1

It is easy to see that y = is optimal. Evaluating 5

ﬁ yields the desired bound. (]
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This bound is asymptotically 6-competitive. It provides, however, an explicit dependency on
the number of games involved. For n = 1, we obtain a bound of gﬁi; for atomic routing games
with affine linear latency functions; this bound has previously been established by Cominetti,
Correa and Stier-Moses [16]. For K — oo we establish a bound that only depends on the number

of games.

Corollary 4.7. If the latency functions of the atomic ONLINESRG are affine and if we allow
6n _

for infinitely many atomic players, the online algorithm SEQNASH is ;> -competitive.

Corollary 4.8. If the latency functions of the atomic ONLINESRG are affine and we have one
atomic player per game, the online algorithm SEQNASH is %

total number of games.

-competitive, where n is the

Now, we further strengthen the upper bounds by varying A.

Proposition 4. If the latency functions of the atomic ONLINESRG are affine, the online algo-
rithm SEQNASH is

<2n+\/§ n(3n+1))n(1+3n+\/§\/m>\@
4y/nBn+1)(n+1)>?

— competitive.

Proof. For K — 0o we have limg . Aop? 0. Hence, (36) reduces to
w(gaanvoo;)‘) < TLT;I + mE%X ﬁ — (ﬁ — 1)M2 + %M
/J'G[E’l]

The maximization problem can be solved, leading to

1
max gy — (75 — 1) 4’ + gxp <
1 40-1
ME[K,l]
Applying Theorem 4.1 yields
2 An(—=1+4N)
C(f) < C
(f) = AnA—=3n+4X-1 (@)
Solving the problem
i 2An(—1+4X)
min )
A04nA—-3n+4X -1
leads to
3= 14+3n+v2n+ 6n?
N 4(n+1) ’
Inserting this value into the objective, prove the claim. O

Corollary 4.9. Consider linear latency functions. Then, the price of anarchy is at most % (2+

V2) (14 v/2) V2 ~ 1.46.

Proof. We set A\ = % + % V2, n =1 and, apply Proposition 4. U

This result, however, only holds for purely linear latency functions. The reason why this
approach fails for affine linear functions is due to the choice A < 1. The value w(ly, n,00; A) is
unbounded for large affine terms r, if A < 1.

Still, this result improves the best known upper bound of % on the price of anarchy for atomic
games involving linear latency functions.
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F1GURE 3. Graph construction for the proof of Proposition 6.

4.1.1. Lower Bounds. In this section, we provide lower bounds on the competitive ratio for any
deterministic online algorithm and SEQNASH. Note that all lower bounds of the nonatomic
version of SEQNASH for ONLINESRG carry over to the atomic player case when we allow for
infinitely many players in each game i.

We use the network in Fig. 2 to derive a lower bound when we have a single atomic player in
each game 1.

Proposition 5. In case of affinely linear latency functions, the online algorithm SEQNASH for
the atomic ONLINESRG, where in each game there is a single atomic player has a competitive

ratio greater than or equal to an_l, where n is the number of games.

Proof. The proof proceeds along the lines of Theorem 3.8 except that we replace the constant

costs €, 4,)(2) = 24,4 =1,..., k. This forces the first k atomic players to router their demand
along the middle arc (s,¢). The reminder of the proof consists of technical calculations that are
omitted. 0

In the following, we establish a lower bound on the price of anarchy for purely linear latency
functions. These bounds demonstrate that in contrast to the nonatomic counterpart the price
of anarchy may be larger than 1 for linear latency functions. In the article by Cominetti, Correa
and Stier-Moses [16], the authors claim that the price of anarchy can be bounded by 1.17.

Proposition 6. In case of linear latency functions, the price of anarchy for the atomic network
routing game is bounded from below by 1 %

Proof. Consider the network given in Fig 3. Note that all latency functions have £,(0) = 0.
We assume that a nonatomic player (N) wants to route one unit from node s; to node ¢;. On
the other hand, one atomic player (A) wants to route one unit from sy to node t3. For both
players there exist two choices of paths: the direct path (s1,¢1) and (s2,t2) or the path along
the shared arc (s,t). If x and y denote the amount of flow for player N, and player A, that is
routed along the direct arc (s1,t1), and (s2,t2), respectively. The response strategies are given
by the following two optimizationn problems. For player N we have:
1

1
O B T B _ _
Qnin, oo t3 l-2)+01-2)(1-y). (37)

Note that is assumed that player A sends 1 — y) units flow along the middle arc. Hence,
lis(z+ (1 —y)) =2z + (1 —y). The optimal solution to problem (37) is given by

9 _
¥ = min {max{Qy,O},l}.

min ay?+ (1= 2) + (1= 9)(1-y). (39)

For player A we have:
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3—x
* = mi — 05,15.
Y m1n{max{2a+2, }, }

Plugging both solutions together and assuming % < qa yields:

The solution is given by

4

* *

q da+1
¥ =———an
4a+3’ Y

T 4a+3

If we denote the entire flow by f, then the cost in equilibrium is given by

32a%2+32a+2
Cif) = (4a+ 3)?

Now the optimal flow &* solves:

. 2 2 2
1— 1— .
[, @ +(1-2)+(1—-y) +ay
0<y<1

Here, the optimal solutions are given by

. 2 X 2a
y* = ,and " = .
2a 2a0+1
4a
C(x*) = .
(@) = 3041
Setting a := % yields
26
C(f) = 5. and Oa") =1,

proving the claim.

The table below summarizes the main results presented in this chapter.

TABLE 3. Competitive Ratio for the online algorithm SEQNASH for affine linear
latency functions g, + 74, Ga,7a > 0. The first row shows known results for
atomic routing games that are due to Cominetti, Correa, and Stier-Moses [16].
UB and LB denote Upper and Lower Bound, respectively.

arbitrary # of Players 1 player per game

7 games UB LB UB LB
3 1 1.343 1 1

2 3

2 2z 2 1.64 5

3 3 21 2.14 12

[ 6n 3n i f 6n242n 2n—1
n mln{m,492} n—29 mln{m,KLQZ} n

00 4.92 3 4.92 2
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4.2. POLYNOMIAL LATENCY FUNCTIONS

In this section, we investigate the case, where we allow for general convex latency functions.

Proposition 7. If A > 0 and ¢, is a convex latency function, then, the following inequality is
valid:
2
(Ea(fa) - )‘ga(xa)) Ta + o (fa) &
w(ly;n, IC; \) < sup 2 4
( ) fa,2a>0 e(l(f(l) fa

4 sup Pl 1)

£.20 Ca(fa) fo

Proof. We start with inequality (31) in Lemma 4.2. Using the triangle inequality, we can separate
V7 (g, f,) from the rest since the supremum over the sum of two functions is less than or equal
to the sum of the suprema.

Then, we only have to consider the first supremum that we denote with w!(€,;n,KC; \):

(40)

(€a(fa) = Ma(xa))Ta + fjleg(kﬁjl fj;)( 2{;{}( i gl pid féj)>
wl n. K u = = ij€[K; ‘
(o KA = o ta(f)fa

First, we bound the last difference in the nominator:
ij g i opij L e
faxa_fa fa S7($a)'

This yields:

>z )

(ga(fa) - Aga(xa))xa + i giz(
=1 k=1 ije[Ki]

w!(Ca;n, K5 N) < sup

Ta,f,>0 ga(fa)fa
(Calfa) = Malwa))ra + 3 () (5 52
< sup i=1 ij€[K;)
a zq,f,>0 ga(fa)fa ’

where the last inequality follows from the convexity of £,, which implies that £/, is nondecreasing,.
Finally, using

proves the proposition.
O

Corollary 4.10. If A > 0 and 4, is a convez latency function, then, the following inequality s
valid:

$2
o) < (Calfa) = Ma(wa)) ma + Lo fa) (%)
Wika; L, OO; >~ sup .
fa,a?aZO éa(fa) fa
Proof. The inequality is derived by using 9} (¢4, f,) = 0. O

Proposition 8. If A > 1 and {,(f,) is a convex function, then the value w({q;n, KC; ) is at
most:

_ ! (xa)z n
wla;n, IC;A) < sup (Ea(fa) /\Ka(xa)) Za + ba(f) 7 + sup Va(la fa)

0<za<fa ga(fa) fa fa>0 ga(fa) fa .

(41)
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Proof. We start with the characterization of w(f4;00,00;A) given in Proposition 7: consider
the function h(x,) defined as the numerator of the first supremum in equation (40). To prove
that the solution satisfies z, < f,, we show that h/(z,) < 0 if 2, > f,. Using that h/(z,) =
Ca(fa) = Ma(wa) — Axq by (x4) + %5 €,(fa), the derivative is negative if and only if

lalfo) + 5 la(fa) S A (Calwa) + 20 y(30)).
By assumption 4, (f,) fo is convex, hence,
la(fa) + Ca(fa) < Ca(a) + lo(a)
for z, > f,. Since furthermore A > 1, the proof is complete. O

Proposition 9. Let C be a family of continuous, nondecreasing and convez latency functions £y.
Furthermore, assume that X\ > 1 and £y(k fo) > s(k) a(fa) for all k € [0,1], where s : [0,1] —
[0,1] is a differentiable function with s(1) = 1. Then,

_ ' PN d
w(lg; 00,00;A) < e, u (1= As(u)+5'(1) —4) + S (42)
. . U
w(ly; 1,005 A) < Orggglu(l—)\s(u)+s (1) —4). (43)

Proof. We start with the characterization of w({4; 00, 00; A) given in Proposition 7:

(Calfa) = M) o+t 1) () 02 (ta, £)
Ea; 7 : < M.
W(t; 00,003 ) < fas,alclapzo la(fa) fa +1§pr0 ta(fa) fa

Recall from Lemma 3.10 that

V50 (Las fa)
su <
fazpo ea(fa) fo —d+1

Hence, from now on we only consider w(4; 1, 00; A).
The reminder of the proof is based on a result obtained by Cominetti, Correa, and Stier-

, and 91(L,, fa) = 0.

Moses [16].
For z > 2/, we can bound ¢ (2):
Ca(2) = Ca(Z 2) > s(2) Le(2) 2. (44)
Furthermore,
Calfo+ ) — la(fa) 1-s(5%) $(fa)
E:;(f) = liII(l) e o S ga(fa) hr%iaﬁ = Ea(fa) fa .
€e— € €— € a

Thus, we conclude

)\Za Tq s’'(1 Ta
Fa ba(fa) (1 — Aalre) 4 W)

w(la;1,00;A) < sup

0<z0<fa lo(fa) fa
Tq (1_)\8(%)_’_8511}:(1)
< sup ,
0<a<fa fa

where we used (44) for the second inequality.
Defining 0 < u := % <1 yields

; ) < - 1) ¢
w(ly; 1,005 M) < Olggglu (1 As(u) + (1) 4)
d
; ) < — ey Yy L4
w(faaoo,oo,)\)_orggéclu(l )\s(u)+s(1)4)+d+1_
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Corollary 4.11. If C only contains polynomials of degree d > 1, the competitive ratio of SEQ-
NASH is at most

d _1
inf [/\ (1— max u(l—)\ud—i-dg)—i- > (45)

A>1 0<u<l 4 d+1

Proof. All assumptions of Proposition 9 are satisfied with s(f) = f?. Therefore, s'(1) = d and
U d
: ) < Al +d-) + —.
w(ﬁa,oo,oo,)\)_orélgéclu(l Au +d4)+d+1 (46)
Applying Theorem 4.1 yields the claim. O
Using Corollary 4.11, we can determine bounds on the competitive ratio for SEQNASH for
general polynomials.

Corollary 4.12. IfC only contains polynomials of degree d > 1, the price of anarchy is at most

-1
. B . d u
;\gfl [)\ (1 0213%(1“(1 Au®+d 4)) ] . (47)
Proof. All assumptions of Proposition 9 are satisfied with s(f) = f¢. Therefore, s'(1) = d and
. ) < B
w(ly;1,00; M) < Olg?glu(l Au +d4). (48)
Applying Theorem 4.1 yields the claim. O

In the following we present price of anarchy results for network games with atomic players,
that is, we assume n = 1. We present results for squared, cubic, and degree four, and five
polynomials. Note that all results up to degree two improve known bounds or establish the
first known bounds for polynomials of degree d > 4. The results itself have been obtained by
optimizing the expression in (47) over the parameter A > 1.

TABLE 4. Price of Anarchy for different polynomial latency functions. Coeffi-
cients a; are assumed to be nonnegative.

Set C of allowable Example Price of Anarchy a®(C)
latency functions w(C,A) A arbitrary # of players
linear functions a1z + ag % 1 1.5

quadratic functions Z?:o a;z’ 0.58 1.08 2.55

cubic functions Z?:o a;x! 2 1.69 5.06
polynomials d <4 Y1 a2’ 2 3.8 11.3
polynomials d <5  30_ a;a’ 2 9.69 29.07

Theorem 4.13. If C only contains polynomials with degree d > 1, the price of anarchy is at
d\d+1
most (1 + Z) .

Proof. We start the proof by bounding the value w(4,; 1, 00; A) from above. Recall from Equa-
tion (48) that
U
:1,00;\) < —xul4d-).
w(ly;1,00; M) < Orélua%(lu (1 Au®+d 4)
Setting u = 1 in the last term yields

d
. . < _ d_ > )
w(ly;1,00;\) _Omg?%(lu(l Au +4)



ONLINE SEQUENTIAL ROUTING GAMES 25

This problem is a standard concave program on a compact interval. Hence, it admits a solution.
For d > 1 the objective is strictly concave implying that there exists a unique optimal solution.
The necessary and sufficient optimality condition for a global optimum that satisfies u € (0,1)
is given by
d
1+1—wd+nxud:0
Hence, the optimal solution is given by

1
We assume 1 < X < oo which implies 0 < u* = 4 < 1. Inserting this solution into the

A+d
IX(d+1)

w(lg; 1,005 ) < <4 f(ﬁ 1))3 <f(iz1d12)> ’

We construct a function 1 < A(d) < oo such that for all d > 1 the following equation holds

(4A(§)+(dd+ 1))5 (:(Cf;;df» - di T

Solving the above equation with respect to A\(d) yields

objective leads to

. 44 d)it!
PR el
Thus, by construction we have
Al 1,005 X (@) < -1
d+1
Applying Theorem 4.1 with A := A\*(d) and w({4; 1,00; \*(d)) < 795 leads to
o(f) < IA_*(ji)l C(x) = (d+ 1)\ (d) C(z) = (1+ g)d“ CO().

O

Note that a similar technique as in the preceeding proof can be applied to strengthen the
bounds on the price of anarchy. The idea is to construct a function A(d) such that

_ dygty 2
(nax u (1-=Ad)u"+d 4) =3
holds for all d > 1. Then, the price of anarchy can be bounded by 3 A(d). The function A(d)
behaves asymptotically like @(exp(% Iog(d))).
The techniques used in Theorem 4.13 carry over to the general case of n > 1, that is, we
consider an arbitrary number of games.

Theorem 4.14. If the latency functions of the atomic ONLINESRG are polynomials with maz-
imum degree d > 1, the online algorithm SEQNASH is

5

d+1
U+1

1
d+ 1 d2) — competitive.
Proof. Let the flow f be produced by the online algorithm SEQNASH and let & be an arbitrary
feasible flow for the atomic ONLINESRG.
From Equation (46) in Proposition 4.11 we have the relation
d

< _ -
w(ly;00,00; \) 01332(1”(1 Au? +d4) i1
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Now, we follow along the lines of the proof of the preceeding theorem.
1
44+d \d [4d+d?
1-aul+d) < .
pmax, v (1 - Au+ 4)—<4)\(d+1)> <4(d+1))
We construct a function A(d) such that

4+d a(4d+d*\ _ d
4X(d)(d+1) 4(d+1))  (d+1)2
holds for all d > 1. Solving the above equation with respect to A(d) yields

(4+d)™ (d+1)"!
4d+1 ’

=

A (d) =
Hence, by construction, we have
d d d?>+2d
@+ 12 Tdv1 @re
Applying Theorem 4.1 with A := A*(d) and w(4,; 00, 00; \*(d)) < @ +2d Joads to

w(lq; 00,00; X*(d)) <

(d+1)?
C(f) < i Clw) = (@ + 12 X () )
T (d+1)2
— (14 g)d—i—l (d+ 1)+ C) = (1+ §d+ idQ)d—i—l Cla).
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