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Abstract. We revisit Roughgarden and Tardos’s price of anarchy in network routing, in a new model in which
routing decisions are made by thdgesas opposed to the flows. We propose two modelsidtency modein

which edges seek to minimize the average latency of the flow through them on the basis of knowledge of latency
conditions in the whole network, and thecing modelin which edges advertise pricing schemes to their neighbors
and seek to maximize their profit. We show the counterintuitive result that the price of stability in the latency model
is Q(nﬁlfo ), even with linear latencies (as compared wjtfor the case in which routing decisions are made by the
flows themselves). However, in tipeicing modelin which edges advertise pricing schemes — functions dictating
how the price varies as a function of the total amount of flow — we show the surprising result that, under a condition

ruling out monopolistic situations, all Nash equilibria have societally optimal flows; that is, the price of anarchy in
this model isone
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1 Introduction

Computer Science is not like farming. It is about building things right, not watching them grow in hope. It is therefore
natural that many computer scientists had been uncomfortable about the Internet and the mysterious ability of its many
thousands of autonomous systems to connect quite efficiently and reliably millions of nodes through uncoordinated,
decentralized, and ultimately selfish decisions. The areheoprice of anarchy[5], gauging the cost of this lack of
strategic homogeneity, is the technical expression of the field’s discomfort.

Roughgarden'’s thesis [9—-11] is by far the most influential work in this subject to date. The main result of Rough-
garden and Tardos’s famous papEow bad is selfish routing?[11] is the wonderfully reassuring statement that,
under a linear latency assumption, the price of anarchy in routing is upper bounded by about 33% — not insignificant,
but certainly neither the disaster one could have feared.

In this paper we revisit and revise the Roughgarden-Tardos model to we obtain two strong and rather surprising
results:

— If routing decisions are made not by users as in the Roughgarden-Tardos model but by the edges of the network,
aiming to improve average latency of their flows to the destination, and based on information about congestion
conditions downstream, then the price of anarchynkounded.

— But if the routing decisions of an edge are basegcesannounced and charged by the downstream edges, then
the price of anarchy becomese.

The authors of [11] never mention the Internet as the context and motivation of their work, but their results have
been interpreted this way in the literature. For example, [8] has these comments after reciting the Roughgarden-Tardos
result on the price of anarchy in routing:

“But, of course, in today’s Internet flows do not choose paths. In the Internet, routers direct traffic based on
local information [...]wWhat is the price of the Internet architectufe?

(original emphasis.)n the present paper we take on this question.
Notice that, in the above quotation from [8], two distinct aspects of Roughgarden and Tardos’s model are identified
to be in disagreement with Internet reality:

(1) The decision makers are not the flows, but the routers (by this, of course, it is meant not the individual routing
machines, but the autonomous systems doing the routing, modeled by edges in this papers).
(2) The decisions are based on local information, for example without full knowledge of downstream congestion.

This paper is an account of what happens if one tries to address these two issues, one by one and in this order.
Recall the classical example known Baess’s paradoXFigure 1), in which the optimum flow has co%l and
selfish decisions by individual flows lead to a cos2pthus achieving thé worst case. To address (1) above is to ask,
what happens if the routing decisions are madebtgesnstead of flowsThat is, let us assume that each edges splits
the flow through it among the edges adjacent to its downstream endpoint in such a wayiabrtize the average
latency to the destinatioWVe call this thestrategic edges modeds opposed to Roughgarden and Tardssategic
flows model
It is not an unreasonable assumption that edges strive to minimize latency to the destination. Edges model au-
tonomous systems, and, intuitively, delivering packets efficiently is these entdissh d’ étre. Presumably, there
are also flows originating at each edge (the flows of its customers, not appearing in this simple example and model),
and the edge wants to please them, keep them, and expand them. Besides, if the latency is unsatisfactory, flows will
be routed elsewhere, this may be reflected in the network topology as it evolves at a different time scale, and the
autonomous system will be out of businéss.
Coming back to Braess’s paradox in the strategic edges model, let ustballfraction of the unit flow that the
source edge directs to the edgea) andz the amount edgés, a) directs to edgéa, b). It is then trivial to optimize
edge(s, a)’s choice ofz as a function ofy (the cost to be minimized ig — z + z - (1 — y + 2)), and, given that, the
source edge’s choice gf The result of this calculation is the Nash equilibrium of the new game: The price of anarchy
descends frong to 311
This seems very exciting. Could it be that this more realistic model yields a much better price of anarchy than the
original one? Our result here is devastating:

1 At this point, of course, our model contains no reason why an edge may want to stay in business; all in good time.



Fig. 1. Braess’s network, for which POA: 4/3 in the strategic flows model but POA 31/30 in the strategic edges model.

Theorem: The price of anarchy of the strategic edges modﬂ@as%), wheren is the number of nodes in the network.

The proof is by a recursive construction; we do not know any satisfactory upper bound. In fact, we prove something
much stronger: Not just the price of anarchy (the cost of the worst Nash equilibrium) is bad; but seik¢hef
stability (the cost of thebestNash equilibrium). We also show (Theorem 1) that pure Nash equilibria in this game
always exist. One important technical reason why the situation is so far worse than the Roughgarden/Tardos model is
this: In Roughgarden-Tardos, tB8% price of anarchy kicks in only when the traffic from source to destination is at
its peak of 1. In contrast, the much more modistdeviation in our new model persists at low traffic rates; it is this
feature that enables our recursive construction.

There is an interesting issue in defining Nash equilibria in this and similar games, that is worth discussing here.
A pure Nash equilibrium is, of course, a set of choices (routing decisions by edges) such that no edge can gain by
changing its decisiorif one assumes that all other edges do not change thNiote that, in this particular game,
the highlighted sentence is a little ambiguous. If | change my outgoing flows, downstream edges will have different
incoming flows, and so they withaveto change something in their outgoing flows! There are two ways to define
what it means that an edge “does not change its decision.” Ifixbe ratioversion of the model Nash equilibrium is
defined assuming that all other edges keep allocating their incoming flows to their outgoing edges in the same ratios as
before. In thefully rational variant, it is assumed that downstream edges readjust optimally to the new situation. This
latter model is less realistic (as it suggests that autonomous systems in the Internet anticipate sophisticated behavior by
far-away autonomous systems, something that is quite implausible); however, it does correspond more closely to the
demanding notions of rationality of mainstream Game Theory. As it turns out, these variants behave quite similarly in
terms of our present interests and results (even though we can show, see Proposition 1, that they can lead to different
equilibria).

There is one ray of hope in the strategic edges model: In a network of parallel links (in which we already have
nontrivial price of anarchy in the Roughgarden-Tardos model), the price of anarchy is one. This is easy to see, but it
does raise our hopes, because it can be interpreted to mean that the reason for the abysmal performance of the strategic
edges model is its dependence on non-local information; perhaps by addressing this problem (by pursuing departure
(2) above from the Roughgarden-Tardos model) good performance can be restored. (As a matter of fact, our result is
more general: The price of anarchy is one even in series parallel networks (Theorem 2).)

Which brings us to the non-local information problem. The procrustean way of fixing it, by restricting information
about marginal latencies to the immediate neighborhood of each edge, results in essentially random decisions and
terrible worst-case performance. On the other extreme, it could be argued that no fixing is needed: the strategic edges
model does not really require non-local information, in that what is needed by each edge to reach a decision is only
the average marginal delay of the immediately downstream edges — the kind of information that could be propagated
in the network through local exchanges, and be reported by the downstream neighbors. But this argument misses the
important point ofncentive compatibilityThe next edge could lie about its flow’s delays — for example, exaggerating
them so that its upstream neighbors avoid the paths it uses, and so its own average latency improves.



By what means can information about latency conditions propagate upstream in a manner that is both efficient and
incentive compatible? The answerpgces— the economist’s instrument of choice for informational efficiehay.

Section 3 we describe a model in which edges make both routing and pricing decisions, all based on local information.

This is not the first time that prices have been suggested in this context, see for example [3, 4, 12] and Chapter 22
in [7]. However, in these previous works prices are set by the edgemutirig decisions are still made by flonas
in the Roughgarden-Tardos model. It is the combination of pricing and routing decisions by the edges that makes the
difference.

Suppose that we assume that edges charge per-unit-of-flow prices to upstream neighbors routing flow through
them, and compete with other edges for upstream flow by announcing these prices. The utility of each edge now boils
down to the payments received from upstream neighbors, minus the amounts paid to downstream niigiuscise
costs incurred due to the flow through the edgés natural to assume that this latter cost is proportional to the total
latency suffered by the flow at the edge — since this latency reflects the total amount of computational work needed
in order to process the flow. And this defines our new game: Strategies are pricing schemes (per unit price as a linear
function of the flow routed), announced to upstream neighbors, and decisions about splitting the received flow among
the downstream neighbors. The utility of an edge is the sum total of the payments it receives, minus the sum of its
payments downstream, minus the total activity taking place at the edge.

As it often happens in the analysis of competition in networks [1], to arrive at a meaningful answer we need to
exclude “monopolistic” networks, in which one edge has too much control over the outcome. The condition needed is
rather technical: there must be an optimum flow in which, for every node other then the destination, either there are two
edge-disjoint flow-carrying paths from the node to the destination, or a direct flow-carrying edge to the destination. In
the absence of this, things fall apart. Importantly, however, the bad examples in the strategic edges game satisfy this
condition. We assume latency functions of the fdifm) = « - . We can prove:

Theorem: The price of anarchy in monopoly-free networks in which edges announce linear pricing schemes is one.

The price charged by each edge at equilibrium is constant, and, perhaps not surprisingly, coincides with the mar-
ginal latency to the destination (which, at optimality, is independent of the path) — in other words, precisely the
non-local information the edges are missing in this model. Our proof starts by establishing that at equilibrium all pric-
ing schemes are flat. We then show that charging above the marginal latency by any subset of the edges leads to loss
of flow to the competition. This is a subtle argument based on a sophisticated analysis of electrical networks.

In Section 2 we define our models, in Section 3 we study the strategic edges model and prove, among other results,
our lower bound for general networks. We then prove our POA = 1 result for the pricing model in Section 4, while in
Section 5 we briefly discuss the questions left open by our work.

2 The Models

We introduce two distinct models, one for latency minimization and one for pricing.

The Latency Minimization Model

A networkN = (V, E, s,t, /) is a directed acyclic graph with nod®s edgest, sources € VV and a sink € V, and
for each edge € F alatency functiorf, : ®, — R, assumed to be linear of the fory(z) = a. - z, wherea, > 0.
We call all edges of the fornw, t) terminal edgesThe set of non-terminal edges is denofég. (Actually, all the
results in Section 3 hold in the more general setting with edge latencies of théfarfin= a.x + b., for a., b. > 0.)

We assume that flow of total valugs injected ins and siphoned off. Each edge = (u, v), is a strategic player
with strategy spacel,, thek — 1-dimensional simpleX (a1, ..., o) : a; > 0,>", a; = 1}, where there aré > 0
edges leaving, e1, . .., ex. If edgee = (u,v) plays strategd = (ae,, ..., a., ), this means that if the total flow of
e is f., edgee; will receivec,, - f. of this flow (in addition to any other flows received from other edges leading into
v). To treat the source uniformly, we assume that there is a single efige’) leavings, and this edge decides how
the flow injected tos splits.

2 Economic history studies some astonishingly long chains of exchanges between neighbors, such as the trade routes for tin from
Cornwall and Afghanistan to Bronze Age Greece ca. 1500 BC [2, 6], which were apparently created in the absence of any
non-local information and solely by the propagation of price-like information.



Thus, a strategy profildl = (A€ : e € E,,;) of all nonterminal edges defines a flgitt in the network. The utility
of edgee = (u,v) is then defined to be the average latency of the flow threugtt; that is,

Ue(A) = — > Y ITes -t (s,

(eo=e€,€1,...,€p)EPy,¢ 1=1 j=1

where byP, , we denote the set of all paths framo ¢.

A (pure) Nash equilibriunis a strategy profiled such that, for each edge A€ is the distribution that maximizes
U. if all other distributions are kept the same. We shall see (Theorem 1) that such equilibria always exist. This is the
equilibrium in thefixed ratio model.

An equilibrium in thefully strategic modeis a strategy profiled such that, for alk, if e changes its distribution
A€ in any way, and all downstream edges respond by optimally changing their distributions, thelgtidibes not
improve. As we shall see, this model results in potentially different equilibria, but in a way that does not affect our
upper and lower bounds.

The Pricing Model

In the pricing model our networy = (V, E, s,t, () is anundirectedgraph, again with a source, sink, and latency
functions (and a single edde, s'] out of s). Our reason for adopting undirected networks is technical convenience,
as certain insights from resistive networks that we need are more accessible in this case; we strongly believe that our
results hold for dags (as well as for many other extensions), but we have not shown this yet.

A strategyfor a nonterminal edge = (u,v) is now an object of the forn§ = (A, A,, P,, P,), whereA, is a
distribution of the flow in the€wv, u) direction into the other edges incident upgn4, a distribution of the(u, v) flow
into the other edges incident upen P, is a set of pricing functions (assumed to be of the forfm) = a - 2 + b
with a,b > 0), one advertised to each edge incident uppand P, is a similar set of advertised pricing schemes to
the edges incident upan (At equilibrium, of course, only one direction of the flow will be in effect.) Edges’)’s
strategy only has thd,, component.

The utility of edgee = (u, v) under the strategy profilé = {Se'} is defined as the sum of all payments received,
minus the sum of all payments made for outgoing flows, minus the total latency at the edge:

Ue(S) = D 0o elfipmy As)+ D 1oulfim AT — D oS AL

e/=(w,u) e'=(v,w) e/'=[w,u]
- Z pi,e(f&i,v) : Ai,e’) - [f(‘i,u) + f(sv,u,)] : ZE([f(i,v) + f(sv,u)])'
e/ =(v,w)

A Nash equilibriumis a strategy profile in which each edge plays the best response to the pricing and routing
choices of the remaining edges together with the assumption that immediate upstream neighbors will always adjust
their routing so as to route optimally given the advertised prices. Additionally, we assume that edges that route zero
flow advertise price schemesg-) such thatp(0) is equal to their true cost—that is, edges that don’t receive flow
advertise the smallest price for which they would be willing to route flow. We believe that this assumption is reasonable,
and that it can be justified in several natural ways.

The pricing model behaves very badly in the absence of some assumption that eliminates monopolies, that is,
situations in which a player can demand and get unboundedly high prices. Define a flow in the netwasktiobé
if its total latency is as small as possible among all flows. That is, an optimal flow is the solution of the min-cost
problem associated with the network; it turns out to be, in the case of thdatencies we are considering, the current
flowing through this network under voltage difference-dfetweens andt, and the resistance of edgés a..

Definition 1. We say that a given instance of the routing problemamopoly fredf in every optimal flow, any node
that routes positive flow is either directly connected to the destination via an edge carrying positive flow, or has at
least two edge-disjoint paths to the destination that carry positive flow.

3 Minimizing Latency

In this section we focus on the model in which edges seek to minimize the latency experienced by their flow. We begin
by stating some basic facts about the Nash equilibria fofiteel ratioandfully rational model dynamics, then prove
our main results about the price of anarchy for series parallel networks and the price of stability for arbitrary networks.



Theorem 1. In both the fixed ratio model and the fully rational model with directed acyclic graphs, pure strategy
Nash Equilibria exist.

The proof of Proposition 1 is by induction on the edges in topological order, beginning with the edges connected
to the sink. We defer details to the full version.

Although the fixed ratio and fully rational models differ, one might hope that the equilibria of the fixed ratio model
would be a subset of equilibria of the fully rational model. The following proposition, whose proof is by a simple
example (which we defer to the full version) demonstrates that this need not be the case, and highlights the sensitivity
of the equilibria to the choices in definition of best responses.

Proposition 1. There are instances of strategic routing networks with laten€iés) = a.x + b, for which the fixed
ratio model and the fully rational model have disjoint sets of equilibria.

The above proposition illustrates that the fixed ratio model and the fully rational model yield distinctly different
games. The results in the remainder of this section illustrate that, although there are differences in the two models,
similar price of anarchy and price of stability results hold for both models. We believe that it would be worthwhile to
try to extend these results to the class of all ‘reasonable’ definitions of best responses.

Theorem 2. For both the fixed ratio model and the fully rational model, i@ A = 1 for series parallel networks.

Proof. We proceed by induction on the graph structure. The claim is trivially satisfied for the base case—a single link.
Assuming the claim holds for series parallel netwatk®, we consider the two possible types of compositions. The
claim holds trivially in the case that we compas@ndg in series, via associating the sitkwith the sources s, and
letting the new source and new sink &g ¢z, respectively.

For the case where we compasandg in parallel by associating, with sg, andt,, with ¢, in both the fractional
and fully rational dynamics, all edges other than the source edge will still route optimally at equilibrium because after
the composition, the utility of these nodes for routing in a given manner is identical to their utilities given such a routing
in the subnetworky, or 3. Thus it suffices to consider the routing decisions of the source under the two dynamics.
Under the fully rational dynamics, the source will route as in an optimal flow because it assumes the downstream nodes
will route optimally for their flow, which, by our inductive hypothesis, means optimally for the network as a while,
and optimal routings of series parallel networks consist of optimal routings in each component. Under the fixed ratio
dynamics at equilibrium, by our inductive hypothesis, the source’s evaluation of the marginal cost of sending flow to
either subnetworky, or 3 is the true marginal cost, because at optimum the marginal costs along all paths are equal,
and thus the source will have a deviation unless these marginal costs are equal, completing our proof.

Theorem 3. For arbitrary, even monopoly-free networks, the worst-cR&&S > 2(n'8:(>1/50)) for linear latency
functions.

Our proof of Theorem 3 is by construction, and relies on recursively embedding the network given in Figure 3,
which we refer to as thbeetlenetwork. We begin by characterizing the unique equilibrium of the beetle.

Fig. 2. Thebeetlenetwork. For any traffic rate?OA = 51/50.



Lemma 1. The POS of the beetle networlGis/50, for any positive traffic rate entering the network.

Proof. Assume a traffic rate of entering the network. At equilibrium, edgesinde’ will each equalize the marginal
cost experienced bieir traffic along the two possible routes available to each node. Thus we have that

2fa,e) + fo,e) = 2f(aty
2fw,e) t fla,e) = 2fb,0)-

For the fully rational model, using the above characterization of the behavior of edgede’ together with the
conservation of flow constraints, the cost of the source as a functign of is proportional t08972 — 50r fes,a) T+
50f(253a), which is minimized by setting, .y = f(s,») = r/2. Similarly for the fixed ratio model, given the above
characterization of the equilibrium behaviors of edges, and the constraints imposed by conservation of flow, one
can express the source’s best-response move as a functjn.9f Requiring that there is no best-response move
yields thatf(, .y = fs,») = r/2, as in the case of the fully rational model.

To conclude, note thak, .y = f(» = /2 and the characterization of how edges route at equilibrium imply

that f,.c) = fv,ep = /5, andfu ) = frar) = 3r/10, and thus the total cost of the flowlég—z. The optimal flow
routesr/3 flow on each of the edges incident to the sink, and thus has%fgsost

Remark 1.The POS of the beetle network is independent of the amount of (nonzero) traffic entering the network; this
is a fundamental difference in behaviors of our models and the Roughgarden and Tardos's strategic flows model, for
which any given network has a relatively small range of traffic rates which induce signiff¢aAt

Proof of Theorem 3To complete our proof, we exploit the independence of the POS and traffic rate in the beetle
network by recursively replacing edges ¢), (b, t), and(c, t) with copies of the entire beetle network. From Lemma 1,

at equilibrium the beetle with input traffic ratebehaves like a single edges connected to the sink, with latency
((z) = 2z, and thus, aftek — 1 recursions, the unique equilibrium of the network will resemble that of a single

link of latency/(x) = (5%?3)16 x. The optimal flow has cost equivalent to that of a single link of latefifey = 7.
Finally, note that the network has size= 2 + 3* nodes, and thus, in terms of the network size, the price of stability

is £2(nlogs(51/50)) as desiredll

Note that although the beetle network does not satisfy the monopoly-free condition, by replacing all tatency
edges with edges of latenédyr) = ex for any smalle > 0, the network will be monopoly-free, and the price of
anarchy approaches that for the beetle network-as0.

4 Maximizing Profit

We now consider the setting in which edges advertise prices to their neighbors. The hope, which proves to be well-
founded, is that the prices allow information to propagate in a local fashion in such a manner as to ensure societally
‘good’ equilibria. As a motivation for considering advertispdcing schemes-a price-per-unit-flow that is a non-
decreasing function of the amount of traffic—we first consider what happens if edges can only advertise constant
functions.

Proposition 2. If edges can only advertise constant per-unit-flow prices, then BOSIn monopoly-free networks
with arbitrary nondecreasing latencies, but worst-case POA — 2 even for linear latency functions.

Proof. Fix a societally optimal flowf, and assume each edge= (u,v) advertises a constant prieg equal to the
marginal cost of its internal latency plus the minimum price advertised by its downstream neighbors. Beisause
optimal, allv — ¢ paths carrying positive flow have the same marginal latencies, and thusuttes positive flow,

Ce = dz;ff) (fe) + cer, Wherec, is the common price-per-unit-flow advertised by each of the downstream neighbors

of e that carry flow inf. Thusc, is simply the marginal cost of all — ¢ paths that carry flow irf. To see that this is

an equilibrium, note that since the latencies are nondecreasing, the marginal cost is at least the latency, and thus every
edge has nonnegative utility. By the monopoly-free condition, if any edge raises its advertised price, it will receive

zero flow and thus have zero utility. If an edgéowers its price fronx, to ., it will receive some amount of flow




f > f.. Now, note thalm — @) (fe) — ¢.r, and thus even at price, edgee maximizes its utility by
receiving f. units of flow, andU (fe,ce) > U (fl,ce) > Ue(fl, ).

For the price of anarchy, consider a networlnerf 2 nodes consisting of parallel links between a source and sink
with each link having latency(xz) = x, and traffic rate- = 1. The instance where one edge receives all the traffic,
and advertises a prieg = 1 is clearly an equilibrium, and has PCAn.

Intuitively, the inefficient equilibria caused by requiring that prices be constants arise because the strategy-space
is too restricted; an edge has no way of indicating that it would like to route a small amount of flow at a modest
price. The problem is that an edge cannot control how much flow it receives—it receives either zero flow, or all the
flow from its upstream neighbors depending on whether its price is greater or less than the price of its competitors. As
we shall see, this problem can be remedied by expanding the strategy space to allow linear nondecreasing functions
as pricing schemes. At a high level, this added power enables edges to control the amount of flow they receive from
each upstream neighbor, allowing them to be more specific in expressing their selfishness; somewhat remarkably, this
increased expressive power results in societally optimal flows at equilibrium.

Theorem 4. In monopoly free instances with edge latency functions of the f0rin= a.x with a. > 0, POA= 1 if
nodes can advertise linear, nondecreasing price schemes.

To prove Theorem 4, we'll argue that in every equilibrium, any edge that is competing with another edge will end
up advertising a constant pricing schemes. Then, we show that the value of this constant will be equal to the edge’s
true marginal cost for routing the amount of flow it receives. Finally, we’ll require a technical lemma that relies on
properties of electrical resistive networks to show that in any equilibrium it must be the case that all edges that receive
flow split their outgoing flow to at least two edges, from which our claim follows.

First, we observe that the optimal equilibrium described in the proof of Proposition 4 remains an equilibrium in
this more general setting in which edges may advertise nondecreasing linear prices. The arguments used in the first
part of the proof of Proposition 4 hold, and yield the following proposition:

Proposition 3. The following instance is a Nash equilibrium: fix a societally optimal fjgvand let each edge =
(u,v) advertises a constant prieg equal to the marginal cost of all — ¢ paths that carry positive flow.

We now show that in all equilibria, edges compete over flow must advertise constant pricing schemes by demon-
strating that a competing edge routing positive flow has an improving move unless it is advertising a constant pricing
scheme. To show this, we’ll begin by considering the simple setting in which aneedgempeting with one other
edge.¢’, for the traffic from a single upstream edgeWe then extend this analysis to the scenario in whiatepre-
sents a collection of edges.

We begin with an easy technical lemma.

Lemma 2. Letp(z) = ax + b, with some fixed > 0 be the pricing scheme of edgeGiven a fixed non-decreasing
price scheme’(x) = o’z + V' of edgee’ and total flowf, to be routed by:, the amount of flovf,, . routed toe is a
continuous nonincreasing function lof

Proof. For ease of notation, we'll lef,, ) (b) denote the flow routed te givenp(x) = ax + b. The component of
edgeu’s cost from edges, ¢’ is

(fu - f(u,e) (b))p/ (fu - f(u,e) (b)) + f(u,e)(b)p (f(u,e) (b)) :
Because both(-), andp’(-) are nondecreasing, this function is convex with minimum at

—b+b +2df,

f(u,e)(b) = 2((1 + a/)

Given thata > 0, f(..)(b) is well-defined, and is a continuous decreasing functioh. ¢fi the case that the mini-
mal solution is at some value outside[6f f.,], then f,, . (b) = 0, fr..)(b) = 1 accordingly, which preserves the
continuity of f(, )(b), as desired.

Remark 2.1t is precisely in the case that both the derivativepaindp’ are zero that Lemma 2 breaks. At first glance,
this seems troubling given our characterization of equilibria as exclusively having constant prices. Nevertheless, the
threatof eithere or ¢’ using a nonconstant price is enough to ensurexttsatits flow in the desirable fashion.



Lemma 3. Letp(xz) = az + b, with some fixed > 0 be the pricing scheme of edgeFix a non-decreasing price
scheme’(z) = o’z 4 b’ of competing edge’ and total flowf,, > 0 to be routed byu. If e receives flowf(, ., with
0 < fru,e) < fu, thene can strictly improve its utility by advertising prigéz) = ax/2 + b’ for someb’ > b.

Proof. Consider the pricing schemg(z) = ax/2 4 by whereby = b+ af(, /2 is chosen so thaiy(f(u,e)) =
P(f(u,e))- We claim that the pricing schemg(-), induces an increased flow to By assumption: chose the routing
Jue)> fu — fru,e) 10 €dges:, €’ respectively so as to equalize the marginal costsande’. With pricing schemey,
the marginal cost of routing tehas been decreased, and thus with ppige: will receive ﬂowf(Ou’e) > flu,e)-

There is some valuk, > b such that would receive zero flow were it to advertise priger) = ax/2 + b;. By
Lemma 2, there must be some constanwvith by < 8 < by such that pricing schem&z) = ax/2 + 3 inducesu
to split the flow in the same manner as was done with pricing schgéme= ax + b. To complete the proof, observe
that given this new pricing schemereceives the same amount of flow as for its original pricing scheme, yet receives
a strictly higher per-unit-flow payment.

The following lemma extends the above arguments to the case that ézlgempeting with more than one other
edge, and has several upstream edges routing flow.

Lemma 4. In a pure strategy Nash equilibrium, for any edgand an upstream edge sharing an endpoint, either
e receives all ofiu;’s flow, ore advertises a constant pricing schemeuto

Proof. We start by considering the case wheis competing with edges,, . . ., e, for flow from upstream neighbor-

ing edgeu. Given differentiable nondecreasing pricing schemgs- - ), ..., px(-) advertised by the competitors, for
the purpose of evaluating whetheshould deviate from a given pricing scheme, it can model the routing decisions of
u, by replacing thes, . . ., e, with a single competitoe’ that has pricing schemé(-), wherep’(x) is defined to be

the price-per-unit-flow of optimally routing flow amonge, . . ., ex.. Since each,(-) is nondecreasing, it follows that
p'(+) is nondecreasing and continuous. Even if epgh) is linear,p’(-) will not necessarily be linear. Nevertheless
the proof of Lemma 2 does not rely in a fundamental way on the linearigy (of, and can be easily modified so

as to apply to arbitrary nondecreasing competitor’s strategies. Given that Lemma 2 holds, the proof given above for
Lemma 3 applies without modification to general continuous nondecreasing price funeétigndhus our lemma
holds for the case of competition with multiple nodes. In the case of multiple upstream neighlkoaslvértises a
nonconstant pricing scheme g, then by the above extension to Lemma 3 it can alter the price it advertisgs to
S0 as to receive the same amount of flow freprat a strictly higher price, thereby increasing its utility and thus the
instance could not have been at equilibrium.

Given that edges actively competing for flow will advertise constant pricing schemes at equilibrium, the following
lemma states that either the flow at equilibrium is the optimal flow, or there are edges who have ‘local monopolies’,
meaning that they receive all of an upstream neighbor’s flow.

Lemma 5. In any equilibrium in which all edges that receive nonzero flow split this flow between at least two down-
stream edges (aside from edges connected directly to the sink), the routing must be an optimal flow.

Proof. From Lemma 4, we know that at such an equilibrium all edges will advertise constant pricing schemes. Con-
sider an edge that is competing with edges, .. ., e; for flow from some edge. Let edgee; advertise (necessarily
constant) pricing scheme. For anyf, € [0, f,], and any > 0, there is a pricing schemsg, (-) which will induceu

to route exactlyf units of flow tov, at price-per-unit — ¢, wherec := min;(p;). Indeed, it is easily verified that the
pricing scheme

P, () = S ate—2e
Jo
induces such a routing.

Now, we show that under the conditions of our lemma, eclgeust advertise the same constant to each of its
upstream neighboring edges. Lgt .. ., ¢ be the constant prices it advertises tokitapstream neighboring edges
that route positive flowg ., ..., fi ., respectively tce. Let fi, ..., fi be the total amount of flow arriving at each
upstream neighbor, and by assumption we Have f; . < f;. First, observe that; = ¢y = ... = ¢; if this were
not the case, assume without loss of generality ¢hat c,, and from above, for any > 0, e could augmenting its
advertised prices so as to receive fify, = min(f1, f1.c+ f2.c) > f1,c atpricec; —eandflowf; ., = fae — (fi . —
f1,e) < fa,. at pricecy — €. Such a change would strictly increase the utilityeof



To see that the flow is optimal, observe thawill have an improving deviation unless it receives the amount of
flow f¥ that maximizes its utility given its advertised constant price-per-unit #id8y definition,
fe = (cx —aC(x)),

whereC(x) is the private cost per unit flow of edgeas a function the total flow it receives, encapsulating both the
internal latency ok, and the prices of the downstream edges. Setting the derivative of the above expression equal

to zero, we see that = W, which is precisely the marginal cost of nodevaluated at the amount of flow it
receives.

A symmetric argument applies to the competitore,odind thus in order for the instance to be at equilibrium, one
of the following conditions must hold:

— Asingle edge:; receives the entire flovf,, at costc and all other edges; have cost-per-unit flow strictly larger

thanc.
— m > 2edges;,,...,e¢;, receive positive flow from:, and each advertises the same constant priaed receives
flows fi,. .., fm, respectively, such that for alle {1,...,m},
_ d[zC;(x)]
c= T(fj)a

whereC; () is the private cost per unit flow for edge, to routex units of flow. Furthermore, every edggthat
receives zero flow from has cost-per-unit flow at leasfor routing the flow they receive.

Given an instance at equilibrium in which every edge that receives nonzero flow routes nonzero flow to at least two
distinct edges, the above requirements of equilibria guarantee that the routing induces a socially optimal flow. To see
why, observe that every edge that routes nonzero flow must satisfy the second condition above, and thus all source-sink
paths that carry nonzero flow will have identical castsequal to their marginal costs, and all source-sink paths that
carry zero flow have marginal cost at leastthis is precisely the characterization of societally optimal flows.

To complete the proof of Theorem 4, we must show that given the monopoly-free condition, there are no equilibria
in which some edges receive all of an upstream neighbor’s flow. Intuitively, such a local monopoly seems at odds
with our monopoly-free condition—if no monopolies exist when all edges advertise their true marginal costs, then if
some edge were to exaggerate his costs, it seems like the flow should penalize him rather than rewarding him with
the entire flow from an upstream neighbor. This intuition turns out to be correct. We will show that if some set of
edgesS advertises prices more than their true marginal costs, at equilibrium it must be the case that at least one of
them receives flow from a neighbor who also sends positive flow to a different edge, and thus by Lemma 4 we have a
contradiction. Our proof relies on viewing the equilibrium flow as an optimal flow in a related network, and then using
ideas from electrical circuit analysis to characterize this optimal flow.

Lemma 6. Given a networkV at equilibrium, the flow is an optimal flow for the netwa¥k, which is a network with
identical structure taV but with latency functions modified as follows. For every edge that does not receive the entire
flow of an upstream neighbors, the edge latenclyins the same as itV. For edges that receive the entire flow from

an upstream edge, the latencyM is Iy (z) = (ay + a)z + by for somea > 0 where the latency of the edge v
wasl(z) = ax +b.

Proof. Fixing the flow and advertised prices of our equilibrium &f we start from the sink and work our way
towards the source in topological order, computing the edge latenci¥s thfat would induce the optimal flow to be
the observed flow. To illustrate, consider an edge connected to the sink with latency to theSink (@) = ax + b

receiving flowf, and advertising a pricing schemg), we set ., = %ﬁ) +b. Since we are at equilibriurﬁ(é}—_b =a

if the node in question is competing with other edges by Lemma 4. Additio#éﬂ% > a otherwise the edge would
have an improving deviation by raising its price given flgw

Now, observe that it suffices to consider possible equilibria in which only edges that receive nonzero flow at the
optimal flow advertise exaggerated marginal costs. This is true because at least one of these edges must receive nonzero
flow in the optimal flow, otherwise the routing would still be the optimal routing. Furthermore, for eacheetge
doesn’t receive flow at the optimal flow who exaggerates its marginal cost at an equilibrium, we can construct a related
instance of the game in which everything is identical, except where&slfee marginal cost is equal to its advertised
cost at equilibrium (by increasing its latency function, which obviously does not change the optimal flow, and doesn’t
change the fact that it is at equilibrium).



Lemma 7. Consider a networkV where the monopoly-free property holds, and some set of edges , e, with
the property that no two edges share a source in the optimal flowF'Lad#note the optimal flow itV and consider
increasing the coefficients of the latency functions of edgges . , e, to yield networkN’. Let F’ denote an optimal
flow for N'. If all edgese;, ..., e, carry nonzero flow inf”, then there is at least ong = (u,v) such that some
nonzero flow is routed from along another edge’.

We begin with a fact adapted from circuit analysis. ConsidArwaith edge latencie& (x) = a.z and an optimal
flow F. Choose an edge = (u,v) carrying flow f, at the optimal flow, and consider increasing its latency function
fromi(z) = a.x tol(z) = (a. + )z to get networkN’. Define the associated netwalk,, to be identical taV, but
with an extra node’ inserted into edge. Let the latency ofu,v’) bel(xz) = (a. + )z, and we remove the edge
connecting’ andv. Let F;,, denote the optimal flow i@V,,, with sourcev” and sinkv given a traffic rate that induces
latencys f. betweenv’ andv. Note that such a traffic rate exists because the optimal flow scales directly with the input
traffic rate. We now have the following fact:

Fact5 Inthe above setup,
Fn+F=F

where we viewF,,, as a circulation in networkV’ by merging vertex’ andv.

Proof. First observe thaf},, + F is a valid flow for networkN’, sinceF" a valid flow for N/, and F,, is a circulation.
Next, to see thaf’,, + F is optimal for N, it suffices to check that the sum of the marginal costs around any cycle
is zero (where "backwards’ oriented flows contribute negatively). First consider a cycle that contairis.edgéet

fi1, ..., fr denote the flows of" around the cycle witlf; being the flow on edgéu,) and letf{™ ..., f;* denote the

flows on these edges ifi,,. We have)_, %(ai‘fiD =0, and(a; + 0) fi* + Zf:2 a; fI* = ¢ f1, and thus

k

(@1 )T + )+ b+ D e (alf+ A7) =0
i=2

as desired. For a cycle that does not include €dge), the argument is similar.

We are now ready to prove Lemma 7, completing our proof of Theorem 4.
Proof of Lemma 7Note that Fact 5 generalizes to a set of ed§es- (uj,v1),..., (ur, vx) Who increase their
latencies, by viewing the netwolk,,, as a resistive network identical fé’, but with voltage sources inserted in each
edge of increased latency. Consider the set of ndéfles {u,,...,u;} of highest voltage potential. It must be the
case that the voltage potential of all nodedins higher than any other node in netwabk,,, aside from the added
nodesv’. For eachu; € U, let (u;, w;) be an edge that receives positive flowfinand note that sincg@:;, w;) ¢ S by
assumption, it must be the case thathas strictly lower voltage tham;. Thus inF,,, no current travels fronw; to
u;, and thus the total flow on edde;, w;) in F must be at least that ifi, which is positive as claimed

5 Discussion and Open Problems

We have revisited the classical Roughgarden-Tardos framework of the price of anarchy in routing, and showed that the
price of anarchy becomes unbearable when decisions are made by autonomous systems and are based on knowledge of
global traffic conditions, but becomes exquisite in the presence of prices (and absence of monopolistic situations). One
immediate question is, how robust are these results? Do they extend to models in which latencies are more general
(linear with a constant term, or concave)? When more elaborate pricing schemes are allowed? When the networks
are directed, or when the latencies, as well as the pricing and routing decisions are at the nodes? When autonomous
systems are modeled, more accurately, as hyperedges? Or when there are multiple sources and multiple sinks? We
believe that our results extend to many of these models, but we can see technical obstacles for each extension.
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