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Abstract

The price of anarchy, a measure of the inefficiency of selfish behavior, has been successfully analyzed
in a diverse array of models over the past five years. The overwhelming majority of this work has
studied optimization problems that sought an optimal way to allocate a fixed demand to resources whose
performance degrades with increasing congestion. While fundamental, such problems overlook a crucial
feature of many applications: the intrinsic coupling of the quality or cost of a resource and the demand
for that resource. This coupling motivates allowing demand to vary with congestion, which in turn can
lead to “the tragedy of the commons”—severe inefficiency caused by the overconsumption of a shared
resource.

Allowing the demand for resources to vary with their congestion illuminates a second issue with
existing studies of the price of anarchy: the standard additive method of aggregating the costs of different
resources in a player’s strategy is inappropriate for some important applications, including many of
those with variable demand. For example, in networking applications a key performance metric is the
achievable throughput along a path, which is controlled by its bottleneck (most congested) edge. This
disconnect motivates consideration of nonlinear cost aggregation functions, suclf gaitims.

In this paper, we initiate the study of the price of anarchy with variable demand and with broad
classes of nonlinear aggregation functions. We focus on selfish routing in single- and multicommodity
networks, and on th&, norms forl < p < co; our main results are as follows.

e For a natural “prize-collecting” objective function, the price of anarchy in multicommodity net-
works with variable demand is no larger than that in fixed-demand networks. Thus the inefficiency
arising from the tragedy of the commons is no more severe than that from routing inefficiencies.

e Using thel,, norm with1 < p < oo as a cost aggregation function can dramatically increase the
price of anarchy in multicommodity networks (relative to additive aggregation), but causes no such
additional inefficiency in single-commodity networks.

e Using thel, norm as a cost aggregation function can dramatically increase the price of anarchy,
even in single-commodity networks. If attention is restricted to equilibria with additional structure,
however—structure that is ensured by distributed shortest-path routing protocols—then using the
£+, norm does not increase the price of anarchy relative to additive aggregation.
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1 Introduction

The Price of Anarchy and Variable Demand

The price of anarchy[25]—formally defined as the worst-case ratio between the objective function values

of a Nash equilibrium and of an optimal solution—is an increasingly popular measure of the inefficiency of
selfish behavior. Over the past five years, the price of anarchy has been successfully analyzed in a diverse
array of applications, including scheduling (see [15] and the references therein), routing (see [33] and the
references therein), facility location [39], network design [2, 3, 17], resource allocation [23], and other net-
working games [4, 20, 22]. Most of these previous works have identified natural classes of noncooperative
games in which the price of anarchy is provably small; hence, selfish behavior results in only a modest loss
of efficiency in these games.

The overwhelming majority of this work studied optimization problems of the following sort: given re-
sources whose performance degrades with increasing congestion, allocate a fixed demand for the resources
in an optimal way. While obviously fundamental, such problems overlook a crucial feature of many appli-
cations: the intrinsic coupling of the quality or cost of a resource and the demand for that resource. Put
differently, we expect the demand for an uncongested resource to be relatively high, and that this demand
will fall as the resource becomes more congested and expensive. Allowing the demand for a resource to vary
inevitably gives rise to a tradeoff between two different quantities: the number of users that benefit from the
resource, and the quality of the resource (which degrades as more and more users benefit from it). We next
illustrate this tradeoff with a stark, famous examglee tragedy of the commofial].

The Tragedy of the Commons

The tragedy of the commons typically refers to a strategic scenario with a shared resource that is effectively
destroyed by overconsumption. In lieu of the traditional bovine example [21], we will illustrate this idea in
a network routing context.

Consider a large but fixed population of agents who are each considering traversing a link from a node
s to a nodet. Suppose that if am fraction of the population makes the trip, then each of the itinerant agents
incurs a cost of(x) but reaps a benefit of 1. (Agents that stay home receive zero benefit and cost.) Suppose
further that we instantiate the cost functioncés) = 2 for d large. Then the net benefit of making the trip
is always nonnegative, even if the link is fully congested, and we expect the entire population to ttavel to
resulting in zero net benefit for all.

Given dictatorial control of the population, we could implement a far superior outcome by detaining an
e fraction of the population; this would result inla— ¢ fraction of the population enjoying a net benefit
of nearly 1 (ford large). In other words—and this is the tragedy of the commons—the fact that the final
fraction of the population insists on making the trip congests the shared resource to the point that none of
the population extracts any net benefit from it.

In all previous works on the price of anarchy of “selfish routing”, agents were not permitted to refuse to
travel—put differently, the amount of traffic in the network was exogenous (fixed), rather than endogenous
as in the above example. In the above single-link network, there is of course no inefficiency when the
amount of traffic is fixed (there is only one feasible solution). This brings us to the first goal of this paper.

(1) Quantify the inefficiency that arises from allowing the demand for a resource to vary with its congestion.

Bottleneck Links and Nonlinear Aggregation Functions

Allowing the demand for resources to vary with their congestion illuminates a second issue with most
existing studies of the price of anarchy: the standard way of aggregating the costs of different resources in



a player’s strategy is inappropriate for some important applications, including many of those with variable
demand.

To motivate this point, we recall the definition obngestion game®9]. In a congestion game, there
is a ground set of elements (resources), and players’ strategies are subsets of this ground set. Each element
has a cost that is a function of its congestion—the number of players that select strategies containing it. For
example, in selfish routing, the edges of the network form the ground set, and the strategies of a player are
paths from a source vertex to a destination vertex. The cost of a player’s strategy in a congestion game is
given by anaggregation functiomf the costs of the elements in the strategy.

Almost all of the aforementioned work on the price of anarchy concerns congestion games with different
objective functions and different restrictions on the game structure. All of these studies of congestion games
save two [1, 6] have a key assumption in common, howetlat the aggregation function is lineann
fact, with one exception [35], these papers assume that the aggregation function is additive—that the cost
of a strategy is simply the sum of the costs of the elements it contains. (Although in several, such as
the scheduling results surveyed in [15], all strategies are singletons and hence no aggregation function is
needed.)

While additive aggregation functions are arguably the most natural ones, they are not well suited for all
applications. For instance, when analyzing the performance of a communication network with a variable
amount of traffic, a key performance metric is the achievirteughputalong a path, which is controlled by
its bottleneck{most congested) link; see e.g. Keshav [24]. In fact, the studies of Qiu et al. [28] and Akella,
Chawla, and Seshan [1], both of which tried to adapt theoretical results for selfish routing to more faithful
models of the Internet, singled out the choice of the additive aggregation function over the bottleneck link
metric as a key disconnect between selfish routing and the traditional concerns of the networking community.

The bottleneck link metric corresponds to using ghenorm as the aggregation function. Banner and
Orda [6] point out that thé,, norm is the natural aggregation function in many additional applications.

For example, in wireless networks, the transmission capability of a path is constrained by the node with
the smallest lifetime, as determined by its remaining battery power and the amount of traffic that it must
send [10]. Thel,, norm also arises when robustness to bursty traffic [5] or to growing demand [40] is a
priority. For further discussion and examples, see [6].

Determining the price of anarchy with nonlinear aggregation functions, and in particular wigy the
norm, is therefore essential to understanding the consequences of selfish behavior in the above applications.
This is the second goal of this paper.

(2) Analyze the price of anarchy in fixed- and variable-demand congestion games with nonlinear aggre-
gation functions, and in particular with tide, aggregation function.

Our Results

In this paper, we initiate the study of the price of anarchy in congestion games with variable demand and with
broad classes of nonlinear aggregation functions. We focus on selfish routing in single- and multicommodity
networks, and on thg, norms forl < p < oo.

For the first goal (1), we augment the basic selfish routing model in a standard way, so that each player
has a fixed benefit of making the trip. If the player can travel from its source to its destination incurring
cost below this benefit, it makes the trip; otherwise, it does not. In the transportation science literature, such
networks are said to possesastic traffic(see e.g. [18]).

As discussed at the beginning of the paper, with elastic traffic there are two quantities to optimize: we
would like to maximize the benefit of the players, but also to minimize the cost they incur. To study the
price of anarchy, we must aggregate these two quantities into a single objective function. The most natural
ways to accomplish this—such as maximizing domsumer surplyslefined as the total benefit minus the



total cost—result in mixed-sign objective functions. As is typical of approximation measures, non-trivial
bounds on the price of anarchy for such objective functions are possible only under very strong assumptions.
For example, in the single-link network above, the consumer surplus of the noncooperative equilibrium is 0,
while an optimal solution has strictly positive consumer surplus (even if the link has(@gst x).

On the other hand, mixed-sign objectives in optimization can often be transformed, in a non-approximation-
preserving way, into natural same-sign objectives (see e.g. [19] and the references therein). Indeed, we show
that for the usual additive aggregation function and the “prize-collecting” objective of minimizinigghe
benefit plus the sum of the costs incurrdtkre is no tragedy of the commoriormally, we prove that the
worst-possible price of anarchy in multicommodity networks with elastic traffic—specified haybémnary
continuous distribution of the benefits of traveling—and cost functions in & &ho more than that of
networks with a fixed amount of traffic and cost function€inAs a consequence, the price of anarchy in
multicommodity networks with linear cost functions and arbitrary benefit distributions is atf®g34]; if
the cost functions are polynomials with nonnegative coefficients and degree at, itiesprice of anarchy in
such networks i®)(d/ log d) [31]. Thus, for this prize-collecting objective, the worst-possible inefficiency
that arises from variable demand has no greater magnitude than that arising from routing inefficiencies.

For the second goal (2), we prove matching positive and negative results about the price of anarchy of
selfish routing with¢?,, aggregation functions. On the negative side, we give examples in Section 4.1 that
demonstrate the following.

e For everyl < p < oo, there is a family of two-commaodity networks with linear cost functions and
inelastic traffic in which the price of anarchy grows polynomially with the network size. (Cf. the
p = 1 case, where the price of anarchy is at mbstin networks with linear cost functions, inelastic
traffic, and an arbitrary number of commaodities [34].) The “bicriteria bound” of [34] also fails to hold.

e For the/,, norm, there is a family of single-commodity networks with linear cost functions and
inelastic traffic in which the price of anarchy grows polynomially with the network size, and in which
the bicriteria bound of [34] does not hold.

We also achieve the following matching positive results in Sections 4 and 5.

e For everyl < p < oo, the price of anarchy in single-commodity networks with gh@orm is no
worse than that in the = 1 case. (E.g., is at most 4/3 for linear cost functio®4¢/ log d) for
bounded-degree polynomials, and so on.) The bicriteria bound of [34] also holds in such networks.

e For the/,, norm and a naturadubclassof equilibria, which we callsubpath-optimalthe price of
anarchy in single-commodity networks is no worse than that in4tlease. The bicriteria bound
of [34] also holds for this subclass of equilibria.

These positive results hold for networks with inelastic traffic (Section 4) and, under an additional technical
condition, with elastic traffic as well (Section 5).

In particular, these results imply that the inefficiency of selfish routing with{timorm withp > 1
is provably larger in multicommodity networks than in single-commodity ones. This separation stands in
contrast to the provable equivalence of single- and multicommodity networks for the price of anarchy under
the/; norm [13, 31]. Indeed, all previously known proof techniques for bounding the price of anarchy of
selfish routing (for the; norm) [11, 13, 14, 27, 31, 34, 38] in no way referred to the number of commodi-
ties of a network, nor to any combinatorial structure whatsoever. These proof techniques focabe
therefore appear to be necessarily incapable of extending # tase withp > 1—a new, fundamentally
combinatorial proof technique is required. We give such a technique in Section 4.

Finally, while our positive result for a subclass of equilibria in thenorm is reminiscent of analy-
ses of thebestequilibrium (the “price of stability”) [3, 2, 13], it is much stronger in the following sense.
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While studying the best equilibrium typically cannot be justified without allowing some centralized inter-
vention [2], we show that subpath-optimal equilibria are in fact the “natural” outcome of decentralized
optimization from a networking perspective. Specifically, we show that if an equilibrium is computed by a
distributed shortest-path routing protocol, then it will automatically be subpath-optimal.

Further Related Work

While we are not aware of any previous work that focused on the price of anarchy with variable demand or
with general nonlinear aggregation functions, there are a few papers related to the goals of the present work.
First, Vetta [39] considered profit-maximization facility location games, auctions, and a variant of selfish
routing. These games have both benefits and costs, and Vetta [39] considered a mixed-sign objective that is
related to the consumer surplus. As noted above, approximation results are hard to come by with mixed-sign
objective functions; because of this, Vetta [39] could only deduce non-trivial bounds on the price of anarchy
under strong conditions. For facility location games, Vetta [39] proved that the price of anarchy is 2 only
in the special case of all-zero costs. Similarly, the price of anarchy of profit-maximization selfish routing

is bounded only when the benefits of routing are so large than an optimal solution routes all of the traffic;
this assumption effectively rules out the tragedy of the commeopsiori. The present paper sacrifices

the mixed-sign objective for a prize-collecting one, but in exchange proves bounds on the price of anarchy
without any assumptions on the relative magnitudes of the costs and benefits of a game.

Finally, as alluded to earlier, two recent papers studied aspects of selfish routing with the bottleneck
link metric. First, Akella, Chawla, and Seshan [1] studied the price of anarchy under this metric for a
variant of selfish routing with edge capacities and a maximization objective, but only obtained bounds on
the price of anarchy that depend polynomially on the network size or on the ratio between the maximum
and minimum edge capacities. Second, Banner and Orda [6] also recently studied selfish routing with the
/o, norm. However, the results of [6] primarily concern the existence and computation of equilibria, as well
as the price of stability for an objective function that we do not consider in this paper. Lastly, this paper
considers the “nonatomic” selfish routing model introduced by Wardrop [41], where all players are assumed
to control a negligible fraction of the overall traffic, whereas [1, 6] consider “atomic” selfish routing with a
finite set of players.

2 The Model

Instances. In this section we describe a model of selfish routing that includes elastic traffic and a poten-
tially nonlinear aggregation function. By a selfish routingtance we mean a tripléG, I", ¢) made up of

the following ingredients. First; = (V, E) is a directed network with sources. .., s, € V and sinks
t1,...,t, € V. Second] is a vector of nonincreasing, continuous functions indexed by source-sink pairs
(or commoditieki; I'; models the distribution of the benefits of travel for the traffic of commodignd is
assumed to be defined on the populafi@n?;], whereR; € [0, ) is the size of the population. Assuming
thatT'; is nonincreasing amounts to ordering players according to their benefit of participating. Fimally,

a vector of nonnegative, continuous, nondecreasosj functionsindexed byE'.

Paths and Flows. For a networkG, let P; denote thes;-t; paths ofG and letP = UlePi. A flowis a
vector f indexed byP. For a fixed flowf, we user; to denote the amount =}, fp Of traffic of

thesth commodity that is routed by. We always assume that the flow represents those most interested in
traveling, so the; units of traffic correspond to the subseir;| of the entire populatiof, R;]. A flow is
feasiblefor (G, T, ¢) if r; < R; for all commodities.



For aflowf, let fo = > pcp..cp [P denote the amount of traffic using the edgeThe cost of an
edgee with respect tof is ¢.(fe). If P is a path containing the edgeses, ..., ¢, and f is a flow, then
the costcp(f) of a pathP with respect tof is ||ce, (fe,), - - - Ce,, (fe,,) || fOr some aggregation function
I|l. In the traditional selfish routing model}|| is the sum function. In this paper, we will alloj|| to be
any £, norm ||-[|, with 1 < p < oo, where, by definition]|vy, ..., vyl = (W + B P if p < oo
and|jvi, ..., vy, = max;v; if p = 4o00. (Since we will only be taking the norm of nonnegative vectors,
we omit the usual absolute value signs from these formulae.) We will sometimes call such an aggregation
function apath norm

Nash Flows. Intuitively, a flow is atNash equilibrium(or is aNash flow if no player can do better by
changing its mind—be it by switching paths or by switching whether or not to participate. Mathematically,
we have the following definition.

Definition 2.1 A flow f that is feasible fofG, T, ¢) is at Nash equilibrium if:
(a) for every commodity and paths?, P’ € P; with fp > 0, cp(f) < epr(f);
(b) for every commodity,, the common cosi(f) of all s;-t; flow paths is equal td'(r;).

Part (a) of Definition 2.1 is the usual condition that no player should be able to decrease its cost by switching

paths. For part (b), first note that ffsatisfies part (a), thes(f) is well defined—iffp > 0 and fpr > 0

with P, P! € P;, thencp(f) = cp/(f). Part (b) then asserts that all participants enjoy benefit at least equal

to their cost (sincé'(a) > I'(r;) = ¢;(f) for all a € [0,7;]), and similarly that all non-participants would

incur at least as much cost as benefit if they did participate ($i0ee< I'(5) = ¢;(f) for all a ¢ [0, r;]).
Existence of Nash flows can be established in a number of ways; for example, it is a consequence of the

very general results of Schmeidler [36].

Proposition 2.2 Every instancéG, T, ¢) admits at least one Nash flow.

In some parts of this paper, Nash flows will not be unique. In these cases, we will be interested in bounds
on the performance dll of the Nash flows of an instance.

Remark 2.3 In Section 4 we will focus on instances wittelastic traffic Such instances can be modeled
with elastic traffic by defining the functioristo be sufficiently large everywhere. In Section 4 we will adopt
the more direct approach of defining an instance with inelastic traffic via a {ple ¢), where the amount

of traffic r; routed by each commodity is now exogenous. The definition of a Nash flow is then merely
part (a) of Definition 2.1.

3 No Tragedy of the Commons with Elastic Traffic

For our first main result, we will show that there is no tragedy of the commons with the usual additive
aggregation function and elastic traffic, in the sense that for a natural prize-collecting objective, the price of
anarchy in instances with elastic traffic is no more than that in instances with inelastic traffic. We begin with
a discussion of objective functions and the price of anarchy in Section 3.1 before proceedings to the proof
of this result in Section 3.2.



3.1 Preliminaries

As noted in the Introduction, in an instan@, I, ¢) with elastic traffic there are two natural desiderata for a

flow f: the cost)” ,, cp(f) fp that f incurs should be small, while the benéfit [ I'(x)dx reaped should

be large. As the single-link network in the Introduction demonstrates, no approximation bound is possible if
one of these quantities is subtracted from the other, unless benefits are assumed to be large relative to costs
as in Vetta [39]. We therefore study teembined cos€ C(f) of a flow f, defined as the cost added to the

lost benefit:

k R;
co(f) =Y er(Nfr+Y / P(z)ds. )
P i=1"Ti

This objective is inspired by the “prize-collecting” objectives that have been extensively studied in approx-
imation algorithms; see, for example, the survey of Goemans and Williamson [19] for further background.
One could also analogously consider “combined benefit"—the benefit earned plus the cost not incurred—but
we believe this to be a less natural objective than the combined cost.

With the objective function now set, aptimal flowfor an instance is simply one that minimizes the
combined cost over all feasible flows. Thece of anarchyp(G, T, ¢) of an instancéG, T, ¢) is defined as
the largest-possible ratioC(f)/CC(f*), wheref is a Nash flow ang™ is an optimal flow. Note that this
definition makes sense even when Nash flows are not unique.

We will call instances with inelastic traffic and the additive aggregation fundiasic instancesThe
price of anarchy is well understood in such instances. Since we will only be studying models that generalize
basic instances, our “holy grail” will be upper bounds on the price of anarchy that match those for basic
instances.

We next review the known upper and lower bounds on the price of anarchy in basic instances; simple
examples [34] show that such bounds must be parameterized by the allowable edge cost functions. Toward
that end, define thanarchy valuex(C) of a non-empty set of cost functio@sto be:

f-elf)
KO = S @) + ( — o))
The anarchy value df is essentially the worst-possible price of anarchy in a two-node, two-link network
where one link has a constant cost function and the other link has a cost functiorilimus «(C) lower
bounds the price of anarchy of basic instances with cost functio@is assuming only thaf contains all
of the constant cost functions. Looking ahead toward the next two sections, we note that this lower bound
arises only from networks of parallel links, and that all of §h@orms coincide in such networks. Thus
a(C) lower bounds the price of anarchy with respect toalhorms, even when restricting attention to
(single-commaodity) networks of parallel links.
The following are known for basic instances [13, 31]. First, the price of anarchy of a (multicommodity)
instancg G, r, ¢) with cost functions in a s&t is at mosix(C). Second, the value ef(C) is known for many
natural set€: if C contains only linear or concave functions, theig) < %; if C contains only polynomials
with nonnegative coefficients and degree at mhshen«(C) = O(d/ logd). Qualitatively, these results
imply that the price of anarchy is small in basic instances if and only if cost functions are not “extremely
Steep.”

(2)

3.2 Bounding the Price of Anarchy with Elastic Traffic

The goal of this section is to prove thatC), the known upper bound on the price of anarchy for basic

instances with cost functions (h also upper bounds the price of anarchy of multicommodity instances with
arbitrary elastic traffic and cost functions@nprovided we use the combined cost objective function (1) and
the¢; aggregation function.



We note that there is a naive reduction from networks with elastic traffic to networks with inelastic
traffic—achieved by adding a newt; link for each: to represent the traffic not routed—nbut this reduction
produces a network with cost functions that depend on the distribufigwwhich in turn control the price of
anarchy of the network). We will see that this dependence is unnecessary—the price of anarchy in instances
with elastic traffic is determined only by the edge cost functions, and is independent of the distributions

Our proof is a generalization of the “variational inequality” proof technique of Roughgarden [31] and
Correa, Schulz, and Stier Moses [13] to the elastic traffic case. Variational inequalities were first introduced
as a tool to study traffic equilibria by Smith [37] and Dafermos [16]; for elastic traffic, the appropriate
variational inequality is the following.

Proposition 3.1 If f and f* are Nash and feasible flows f6&, T, ¢), respectively, then

k
Yo celfellfe = fel+ Y Lra)lri =71 > 0,
1=1

eck

wherer; = 3 pcp fpandr! =3 pep fp

Proposition 3.1 can be proved directly or via the convex programming approach pioneered by Beckmann,
McGuire, and Winsten [7]. For details see, for example, Nagurney [26]. We can now prove the main result
of this section. (See Appendix B for the proof.)

Theorem 3.2 If (G, T, ¢) is an instance with elastic traffic and cost functions in theCséhen the price of
anarchyp(G, I, ¢) is at most(C).

Remark 3.3 Theorem 3.2 also holds more generally for the nonatomic congestion games studied in [35].

Remark 3.4 The very first line of the proof of Theorem 3.2—which rewrites the first tern@'6f( f*) as
an equivalent sum over edges—already crucially uses properties éfghéh norm. Indeed, we will see
in the next section that only restricted versions of Theorem 3.2 can hold fdr pla¢h norms wittp > 1,
even with inelastic traffic.

Remark 3.5 The proof of Theorem 3.2 proves a stronger statement, that permits better upper bounds on the
price of anarchy in instances where Nash flows do not route all of the traffic of every commodity. We defer
further elaboration until the full version.

4 Nonlinear Path Norms

In this section we study the price of anarchy with nonlinear aggregation functions—in particular, with the
¢, path norms withl < p < co. We will see that the price of anarchy of selfish routing behaves differently
in each of the three cases pf= 1, p € (1,00), andp = +oo. In Section 4.1 we exhibit two examples
demonstrating the negative results promised in the Introduction; these examples will sculpt our goals for
the rest of the section. In Section 4.2 we identify a natural subclass of Nash flows #y tioem, justify
them from a networking perspective, and prove optimal bounds on their inefficiency in single-commodity
networks. In Section 4.3 we tregt norms withp < oo; while this case is technically more challenging
than that of the/,, norm, we will be rewarded with bounds on the inefficiency of arbitrary Nash flows in
single-commodity networks.

Throughout this section, we consider only instances with inelastic traffic. In this context, our objective
function is thecost defined for a flowf feasible for an instanc@, r,c¢) asC(f) =>_ pcp cp(f)fp. This
is the first term of the combined cost (1). The price of anayety, , ¢) is then defined in the usual way.

We will generalize the positive results of this section to networks with elastic traffic in Section 5.
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4.1 Motivating Examples

We now give the two examples promised in the Introduction. The first shows that good bounds on the price
of anarchy of selfish routing with thé norm cannot be achieved in multicommodity networks, even in
networks with linear cost functions and inelastic traffic, proviges 1.

Example 4.1 Fix an/, norm with1 < p < oo and consider the two-commodity network shown in Figure 1
in Appendix A. For a parametér > 1, there arek internally disjoint pathsy — v; — w; — t1 (@ €
{1,2,...,k}). Edges(v;, w;) have the cost functioa(xz) = z; other edges in these paths cost 0. There are
k — 1 cross edges$w;,vi+1) (@ € {1,2,...,k — 1}), each with cost 0. The second sousgé@s connected
to v; with a zero-cost edge, ang, is connected ta, with a zero-cost edge. Finally, there is a dirggct,
edge with constant costz) = (r, + 1)k'/P, wherer, is the traffic rate of the second commodity, which is
a function ofk andp that we will define shortly. (Ip = oo, we interpretl /p as 0.) The traffic rate of the
first commodity isk.
First, consider the flowf* that routes the traffic of the first commodity evenly acrossitket; paths,
and routes the second commodity’s traffic on the dikget link. The cost off* isk + ry - (ro + 1)k1/p.
Next, by the choice of the cost of the diregtt, link, the following flow f is at Nash equilibrium: route the
first commodity’s traffic evenly across the-t; paths and the second commodity’s traffic on #he, path
containing all of the cross edges. The cosifd$ k - (1, + 1) + 7y - (1, + 1)kY/P. The price of anarchy in
the network is at leasf'(f)/C(f*); choosingr, so thatry(ry 4+ 1) = k'~ /7, this ratio isQ (k1 -1/P)/2),
Sincen = O(k), this ratio grows polynomially in the network size for every fixed: 1.
Finally, note that doubling the traffic rates increases the cost of the optimal flow by only a constant
factor, so the bicriteria bound of [34]—stating that a Nash flow is no more expensive than an optimal flow
at double the traffic rates, even with arbitrary cost functions—does not hold in this network.

Our second example shows that even in single-commodity networks with linear cost functions and in-
elastic traffic, there are no good bounds on the price of anarchy fdgtherm.

Example 4.2 Suppose we modify the network of Example 4.1 by remowings, and edges incident to
them. This yields the network of Figure 2. There is a uniguepath that contains all of the cross edges;
call it the zigzag path With respect to thé,, norm, the flowf that routes all traffic on the zigzag path is
at Nash equilibrium—alb-¢ paths have cost with respect tof and the/,, norm—and has cogf. On the
other hand, routing traffic evenly among théhree-hop paths provides a flow with cést(This flow is also
at Nash equilibrium.) The price of anarchy in this network is therefore at keast

As with Example 4.1, the bicriteria bound of [34] also fails in this example.

Examples 4.1 and 4.2 justify restricting our attention to single-commodity networks and, féy the
norm, to natural subclasses of equilibria.

4.2 Thel, Norm and Subpath-Optimal Nash Flows

We next consider single-commodity networks with thenorm. Example 4.2 shows that additional re-
strictions are needed to prove a good bound on the price of anarchy. We will require only a modest extra
condition on Nash flows, stating the Nash flow condition holds not only for the destirtatahalso for all
intermediate nodes.

Definition 4.3 Suppos€G, r, ¢) is a single-commaodity instance with inelastic traffic anddhgath norm.
Let f be a flow feasible fo(G, r, ¢) and letd(v) denote the minimum cost, with respectfand thel,,
norm, of ans-v path. The flowf is asubpath-optimal Nash floilwhenever ars-t pathP € P with fp > 0
includes a vertex, the s-v subpath ofP hast,, normd(v).

8



To see that a subpath-optimal Nash flow is indeed a Nash flow,daket. Note also that the zigzag

Nash flow of Example 4.2 is not subpath-optimal, while the optimal flow is. Finally, notions similar to

Definition 4.3 were also proposed, for different purposes and without any networking justification, in [1, 6].
The next proposition is meant to suggest that no extra notion of coordination or centralized intervention

is required to justify subpath-optimal Nash flows—indeed, processes that result in a Nash flow automatically

ensure the subpath-optimality condition. In the interests of space, we will state and discuss the proposition

somewhat informally.

Proposition 4.4 Afixed point of a distributed shortest-path routing protocol is a subpath-optimal Nash flow.

By a distributed shortest-path routing protocol, we mean a Bellman-Ford-type shortest-path algorithm—in
networking jargon, a “distance vector protocol” such as OSPF (see e.g. [24]). Proposition 4.4 assumes that
the cost functiongc.(-)} are used for edge lengths, and that path lengths are evaluated usihgibren.

Such a shortest-path routing protocol naturally computes not just sherigsiths, but also shortestv

paths for all intermediate vertices which is precisely the subpath-optimality condition. We defer further
details until the full version. For more details on distributed shortest-path routing protocols and on results
along the lines Proposition 4.4, see Bertsekas and Tsitsiklis [8].

We now prove bounds on the inefficiency of subpath-optimal Nash flows. Examples 4.1 and 4.2 show
that our proof techniques must make crucial use of both the single-commodity and the subpath-optimal as-
sumptions. Since all previous proof techniques for bounding the price of anarchy of selfish routing (with the
¢1 path norm) worked equally well for single-commodity networks and the much more general nonatomic
congestion games [11, 13, 14, 27, 31, 34, 35, 38], we will require an intrinsically more combinatorial argu-
ment.

We first prove a lemma that identifies a type of “minimal cut” with respect to a subpath-optimal Nash
flow. Loosely, we will then treat the edges crossing this cut as a network of parallel links, which will enable
us to prove both bounds on the price of anarchy as well as an analogue of the bicriteria bound of [34]. We
defer all of the proofs until Appendix B.2.

In the statement of the lemma, we use the notatiqi$) (6~ (S)), whereS is a set of vertices, to denote
the edges with tail (head) ifi and head (tail) outsids.

Lemma 4.5 Let (G, r, ¢) be a single-commodity instance with inelastic traffic andgh@ath norm. Letf
be a subpath-optimal Nash flow fo&, r, ¢) in which all flow paths off have cost(f), and letS be the set
of vertices reachable from the soure®ia edges with cost strictly less tha(f). Then:

() Sisans-tcut;

(B) ce(fe) > c(f) forall e € 61(S);

(€) ce(fe) = c(f) forall e € 47 (S) with fo > 0;
(d) fe=0forall e € 67(S).

Theorem 4.6 Let (G, r, ¢) be a single-commodity instance with cost functiong,irf a subpath-optimal
Nash flow under thé,, norm, andf* a feasible flow. Thet’'(f) < «(C) - C(f*).

As discussed in Section 3.1, the upper bound in Theorem 4.6 is the best possible. Simple examples [34]
also show that following bicriteria bound is also optimal.

Theorem 4.7 Let (G, r, ¢) be a single-commodity instance afica subpath-optimal Nash flow under the
l, norm. If f* be feasible fo(G, 2r, ¢), thenC(f) < C(f*).



4.3 The(, Norms

In this section we extend Theorems 4.6 and 4.7 tajfipath norms withp < oco. The proofs for the < co
case are more involved than those for phe oo case. In particular, Lemma 4.5—which essentially reduced
the problem of bounding the inefficiency of a Nash flow to that of bounding its inefficiency across a single,
well-behaved cut—has only weak analogues forgheorms withp < oco. Specifically, we will need to
bound the cost of a Nash flow acrassnycuts, and then aggregate the results into a bound on the overall
cost of the flow. Because we work with fairly general path norms, the aggregation step is somewhat delicate.
On the other hand, since Nash flows undergheorm withp < oo are automatically subpath-optimal, we
can prove bounds on their cost without any extra restrictions.

Due to space constraints, we state the main results and defer proof sketches to Appendix B.2.

Theorem 4.8 Let (G, r, ¢) be a single-commodity instance with thenorm (p < oco) and cost functions in
C. If f and f* are Nash and feasible flows 6@, r, c), respectively, thed@'(f) < «(C) - C(f*).

Theorem 4.9 Let (G, r, ¢) be a single-commodity instance with theorm @ < oo). If f and f* are Nash
and feasible flows fofG, r, ¢c) and (G, 2r, ¢), respectively, thed'(f) < C(f*).

Remark 4.10 Theorems 4.8 and 4.9 can be generalized to all path norms that satisfy certain symmetry
properties, but we not aware of any compelling norms that satisfy these properties other thaotines.

5 No Tragedy of the Commons with Nonlinear Path Norms

In this final section we investigate whether or not the positive results of Sections 3 and 4 can be combined.
Our answer will be somewhat incomplete. In particular, we will answer in the affirmative only when a Nash
flow sends at least as much traffic through the network as an optimal flow. Simple examples—including
networks of parallel links, and by definition all networks that illustrate the tragedy of the commons—satisfy
this condition. Unfortunately, examples related to Braess’s Paradox [9, 30] show that it does not hold for
arbitrary single-commaodity networks. We do not know how to analyze the price of anarchy for instances
with elastic traffic and nonlinear path norms in which this technical condition does not hold.

Proposition 5.1 Let (G, T, ¢) be a single-commodity instance with elastic traffic, thenorm, and cost
functions in the sef. If f and f* are subpath-optimal Nash and optimal flows {6#, I, ¢), respectively,

that satisfyd~, fp > > p f5, thenC(f) < «(C) - C(f¥).

Proposition 5.2 Let (G, T', ¢) be a single-commodity instance with elastic traffic, fheorm ( < co), and
cost functions in the set. If f and f* are Nash and optimal flows fqiG, T, ¢), respectively, that satisfy

>opfr 22 p fp.thenC(f) < a(C) - C(f7).

Propositions 5.1 and 5.2 follow fairly easily from Theorems 4.6 and 4.8, respectively, from a common
proof.

Proof of Propositions 5.1 and 5.Zonsider an instandgr, I', ¢) and flowsf, f* of the specified form. By
assumption) ", fp =r > r* =Y, f5. LetI” denotel restricted to[0,r]. Thenf and f* are Nash
and feasible flows fo(G,I", ¢), respectively, and the cost of each has dropped by an additive factor of
erI‘(:v)d:v. Hence the price of anarchy ¢, 1", ¢) can only be larger than that 66, T, ¢).

Next, replacd” be the functior” that is everywhere equal 10(r). The flow f is still at Nash equilib-
rium for (G, T, ¢) and its cost is unchanged. Since< I, the cost off* can only decrease and the price of
anarchy again only increases.

10



Finally, reduce(G, T, ¢) to a network(G', r, ¢) with inelastic traffic as discussed at the beginning of
Section 3.2. (That discussion was in the context of4hgath norm, but the reduction works equally well
for all £, norms.) Note tha&’ is obtained from& be adding a direci-¢ link with constant cost'(r). Thus
(G',r,c) is a network with inelastic traffic and cost functions that are either constant(r linis easy to
verify that adding constant functions to a set does not affeci-italue [31], and thus Theorem 4.6 or 4.8
implies that the cost of in (G, r, ¢) is at mosix(C) times that off* in (G', r, ¢). Since the above reductions
only increased the ratio of costs of these two flows, the cogtiof(G, T, ¢) is at mosta(C) times that of
f in(G,I'¢). A
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A Figures

Figure 2: A bad single-commodity example for the norm.
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B Missing Proofs

B.1 Missing Proofs from Section 3

Proof of Theorem 3.2Fix an instancéG, I, ¢) with cost functions in a se&f, a Nash flowf, and a feasible
flow f*. For each commodity, letr; = Y p.p. fp andr =3 p p fp. Firstwrite

k R;
) = Yalidf+) [ Tads
i=1"Ti

eckE
k i k R;
= Zce(f;‘)f;‘—i-z:/ I‘(:v)d:v—i—z:/ I(z)dz
ecE i=177i i=17Ti
k k R;
> Zce(f;‘)f;‘ —i—Z[ri — 770 (r;) +Z/ I(z)dz
eck =1 i=1YTi

where the first equality follows from a reversal of sumS{cp(f*)fp = D, ce(f5) fZ) and the inequality
follows from the fact that each functidn is nonincreasing. (This inequality holds bothif > r; and if

Ti > 717.)
Next, the definition (2) of(C) yields, for each edge (with r = f, andz = f):
clff: 2 Iy cupis: - 1,
Hence
c k k R;
o) = 3 [ sl - 2]+ Xl i + Y [ P
e€cE a(C) i=1 i=1"

- ﬁz (fe) fe+Z/ 2)dz + 3 ce(ffE — fel + Y lri — riI0(r)
er eck =1
1
WZE e(fe) fﬁ—Z/
- ﬁ fP-i-Z/ (3)

where (3) follows from Proposition 3.1. Sine€C) > 1 for every set, inequality (3) implies tha€'(f*) >
C(f)/«(C), and the proof is completd

v

B.2 Missing Proofs from Section 4
Missing Proofs from Section 4.2

Proof of Lemma 4.5Parts (a) and (b) follow from the definitions. Part (c) follows from part (b) and the
fact that if all flow paths off have cost(f), thenc.(f.) < c¢(f) for all edgese with f. > 0. For part (d),
suppose for contradiction that= (v,w) € 6 (S) with f. > 0. Let P € P be a path withfp > 0 and

e € P. Recall thatd(u) denotes the minimum cost (w.rf. and the/,, norm) of ans-u path. By the
definition of S, d(u) < ¢(f) for all u € S; in particular,d(w) < ¢(f).
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Let P’ be thes-w subpath ofP, which concludes with the edge Sincee € §~(S) ands € S, an earlier
edge of P’ lies ind+(S). By the definition ofS, c./(f.r) > ¢(f) forall ¢’ € 67(S) (otherwiseS could be
enlarged), so thé,, norm of P’ is at least(f) > d(w). But this contradicts the subpath-optimality ofl

Proof of Theorem 4.6Define thes-t cut S as in Lemma 4.5. We now define an instance on a network of
parallel links. LetV” = {s',¢'} and letE’ be a set of parallel edges (all directed frdno ¢') in one-to-one
correspondence with the edgesdf(S). Edges ofE’ inherit cost functions: from their counterparts in
5t (9).

Let G’ = (V', E’) and consider the instand€’,r,¢). Parts (a) and (d) of Lemma 4.5 imply thAt
routes precisely units of flow on the edges df (.9); it therefore naturally induces (by projection) a flow
g feasible for(G', r, ¢). Moreover, parts (b) and (c) of Lemma 4.5 imply thas a Nash flow for G, r, c)
with costr - ¢( f)—the same cost asin (G, r, ¢). Note that when we discuss the cost of flows in the network
of parallel links(G', r, ¢), the path norm is irrelevant.

We now discusg™*, which might route strictly more thanunits of flow on the edges @f (S) (if some
flow path of f* contains more than one edge®f(S)). In this case, we defingt < f* forall e € 7 (S)
in the following way: a path? € P with f;; > 0 only contributes to thg*-value of the most expensive
(largest value of.(f*)) edge inP N 4+ (S), with ties broken arbitrarily. (Sinc® is ans-t path andS is an
s-tcut, P N §+(S) # 0.) Theng* can be viewed as a flow feasible f@#', r, ¢) satisfying

D celgi)gr <Y el g Y ep(f) b = C(f*);

eck’ eck’ pPeP

thus the cost of* in (G', r, ¢) is at most that of* in (G, r, ¢).

We have established that the price of anarchfGnr, ¢) is at most that ifG, r, ¢). But since the latter
instance is a network of parallel links and can therefore be viewed as basic, its price of anarchy is at most
alC).

Proof of Theorem 4.7The proof of Theorem 4.7 is similar to that Theorem 4.6 and is omillked.

Missing Proofs from Section 4.3

We now outline the proofs of Theorems 4.8 and 4.9. The first step is to linearly order the vertices of a network
so that the cost of a Nash flow breaks down nicely across several cuts. The following three propositions were
previously known for the; norm [30], and the proofs for the genefalcase are similar.

Proposition B.1 Let (G, r, c) be a single-commodity instance with path noffor somep € [1,00). Let
f be aflow feasible fo(G, r, ¢) and for a vertex, let d(v) denote the minimum-norm of arv path with
respect tof.

(a) For every edge = (v,w), d(w) < (d(v)? + co(fo)?)'/?.

(b) The flowf is at Nash equilibrium if and only #(w) = (d(vP + c.(f.)?)'/? whenever = (v, w) is
an edge withf, > 0.

Proposition B.2 Let (G, r, ¢) be a single-commodity instance with path najrfor somep € [1, 00). If f
is a Nash flow fo(G, r, ¢), then there is an acyclic Nash flgiwith C(f) = C(f).

Proposition B.3 Let (G, r, ¢) be a single-commaodity instance with path nagnfor somep € [1,c0), and
let f be an acyclic Nash flow. Defin&wv) as in Proposition B.1. Then the vertices @fcan be sorted
topologically w.r.t. the flowf such thats comes and first and such that the valdés) are nondecreasing in
the ordering.
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Proposition B.3 gives monotone orderingf the vertices that induces— 1 cuts (the first vertex, the first
two vertices, and so on). Monotone orderings have emerged as a basic tool for analyzing single-commaodity
selfish routing networks, and have been used previously in the context of Braess’'s Paradox and related
issues [30, 32], as well as for a pricing problem [12]. Monotone orderings were only used in [12, 30, 32]
for the ¢; path norm, however, and these prior works used them only to prove inequalities on the relative
amounts of flow on different edges (as opposed to the cost of flows, which we are concerned with here).
Moreover, for bounding Braess’s Paradox and related quantities [30, 32], it sufficed to considgtea
good cut; this is similar in spirit to our proofs of Theorems 4.6 and 4.7. Here, in a price of anarchy context,
we will use these orderings to identifyssequenceof good cuts, which we will then analyze separately
and combine the results. Because we must aggregate the analyses of many cuts with respect to a fairly
general path norm, the following analysis will be more involved than the previous applications of monotone
orderings [12, 30, 32].

The next definition provides a sequence of cost functions, wherhlset of cost functions is designed
to isolate the cost of a flow across ttk cut of the network. This would be easy if each edge of the network
participated in at most one such cut, but this of course need not be the case. There are two properties we will
require of these cost functions, which work in opposition to each other. Firstthtset of cost functions
should be “uniform” in some sense. Second, the cost of an edge should be accurately accounted for over the
sequence of cost functions, no matter how many cuts of the network the edge participates in.

Definition B.4 Let (G, r,c) be a single-commodity instance with path nogyfor somep € [1,00), and
let f be an acyclic Nash flow. Definé(v) as in Proposition B.1 and sort the verticgs. .., v, as in

Proposition B.3. For an edgeand an integei € {1,2,...,n — 1}, theith cost functiorrg) of e is defined
as follows:

o ifed 0t ({v1,ve,...,v:}), thenc? is zero everywhere;
o if e € ot ({v1,ve,...,v:}), thencff) = /\ff)ce, where/\g) is the unique number such that

d(vig1) = (d(vi)? + Ao (fo)]) 7.

For a flow f* feasible for(G, r, ¢), we then definegi)(f*) = (Zeep[cg)(f;‘)]p)l/p.

The second part of Definition B.4 is not well defined.iff.) = 0; in this case Propositions B.1(a) and B.3
imply thatd(v) = d(w), so we can takel” = 0.

The next lemma states that the cost functiéﬁsdo indeed serve the purpose described prior to Defini-
tion B.4. We defer the proof to the full version.

Lemma B.5 With the assumptions and notation of Definition B.4, the following statements hold.

(@) Foreachi =1,2,...,n — 1, there is a constantl; > 0 such thatcs_-f)(f) > A, for all P € P, with
equality holding whenevefi> > 0.

(b) Foreachi =1,2,...,n —1,d(vi+1) = ||A1,..., A;i||, where eachy; is defined as in (a).
(c) For every feasible floy* for (G, r, c) and every pattP € P, cp(f*) > ||cg>(f*), . ,cgl_l)(f*)n.

The proofs of the next two lemmas, which analyze the inefficiency of a Nash flow according to a single
set of the cost functions described Definition B.4, are analogous to those for Theorems 4.6 and 4.7, respec-
tively, where Lemma B.5(a) plays the role originally served by Lemma 4.5. In the statements of the lemmas,
we will useC™® to denote the cost of a flow with respect to the cost functiths

17



Lemma B.6 Let(G,r, c) be a single-commodity instance with thegpath norm f < oo) and cost functions
in the setC. Let f and f* be acyclic Nash and feasible flows f@¥, r, ¢), respectively, and define the cost

function5c£f) as in Definition B.4. Then for eagdh=1,2,...,n — 1,

cO(f*) >

Lemma B.7 Let (G, r,c) be a single-commodity instance with thepath norm § < occ). Let f be an
acyclic Nash flow fo(G, r, ¢) and f* a feasible flow fo(G, 2r, c¢), respectively, and define the cost functions

¢V as in Definition B.4. Then for eagh=1,2,...,n — 1,
cO(f*) > cO(f).

The proof for the/,, case was complete at this point. For thepath norms withp < oo, the most
crucial step lies directly ahead: aggregating the “cut-by-cut” bounds of Lemmas B.6 and B.7 into a bound
for the entire network. Next, we use such an aggregation to prove Theorem 4.8.

Proof of Theorem 4.8First, note that by Proposition B.2 there is no loss of generality in assuming that

acyclic; we can then define the cost functi@ﬁ%as in Definition B.4.

Since the only tool at our disposal for relating the costg ahd f* is Lemma B.6, which relates their
“cut costs”, our first goal will be to use Lemma B.5 to express the €ggt) of f* in terms of these cut
costs. Specifically, write

() = Y foer(f?)

PeP

> Nl ) (@)
PeP

= | g R (5)
PcP

> 1> -0 T (6)
PeP PeP

where (4) follows from Lemma B.5(c), and (5) and (6) follow sidgés a norm (and thus satisfies linearity
under scalar multiplication and the Triangle inequality). Applying Lemma B.6 and the monotonidity;, of
we then obtain

Cc(f*) = (7)

ﬁ > fp.cgy(f),...,ﬁ St ).

pPeP pPeP

Finally, we aim to reverse the first argument to recover the cost of the subpath-optimal Nagh Savce
the Triangle inequality of|-|| is only useful in one direction, we will rely on the stronger assertions of
Lemma B.5, which are tailored for Nash flows, to accomplish this. Precisely, we have, for some nonnegative
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constanty,..., A, 1,

1 1
(f) = a(c)lgpfp 1, aa(C)Pze;)fP 1 ( )
_ ZPEPfP
1
= — -d 10
0 I;pr t) (10)
e a

a(C)’

where (8) follows from (7) and Lemma B.5(a), (9) from the linearity| dff under scalar multiplication, (10)
from Lemma B.5(b) withi = n, and (11) from Definition 2.1 and the definition @ft). This completes the
proof. B

A similar proof, combined with Lemma B.7, establishes Theorem 4.9.
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