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Abstract. Braess’s paradox states that removing a part of a network may improve the players’ latency
at equilibrium. In this work, we study the approximability of the best subnetwork problem for the class
of random G, , instances proven prone to Braess’s paradox by (Roughgarden & Valiant, RSA ’10) and
(Chung & Young WINE ’10 - Chung, Young & Zhao, RSA ’12). Our main contribution is a polynomial-
time approximation-preserving reduction of the best subnetwork problem for such instances to the
corresponding problem in a simplified network where all neighbors of source s and destination ¢ are
directly connected by 0 latency edges. Building on this, we consider two cases, either when the total
rate r is sufficiently low, or, when 7 is sufficiently high.

In the first case of low r = O(n4.), here n4 is the maximum degree of {s, ¢}, we obtain an approxi-
mation scheme that for any constant € > 0 and with high probability, computes a subnetwork and an
e-Nash flow with maximum latency at most (1 4+ )L™ + ¢, where L* is the equilibrium latency of
the best subnetwork. Our approximation scheme runs in polynomial time if the random network has
average degree O(poly(Inn)) and the traffic rate is O(poly(Inlnn)), and in quasipolynomial time
for average degrees up to o(n) and traffic rates of O(poly(lnn)).

Finally, in the second case of high r = {2(n+ ), we compute in strongly polynomial time a subnetwork
and an e-Nash flow with maximum latency at most (1 4 2e 4 o(1))L".

1 Introduction

An instance of a (non-atomic) selfish routing game consists of a network with a source s and a sink ¢, and a
traffic rate r divided among an infinite number of infinitesimally small players. A picturesque way to see a
large network of links shared by many infinitesimally small selfish users is as a large pipeline infrastructure
with users as liquid molecules flowing into it. Every edge has a non-decreasing function that determines
the edge’s latency caused by its traffic. Each player routes a negligible amount of traffic through an s — ¢
path. Observing the traffic caused by others, every player selects an s — ¢ path that minimizes the sum
of edge latencies. Thus, the players reach a Nash equilibrium (a.K.a., a Wardrop equilibrium), where all
players use paths of equal minimum latency, while the remaining unused paths have higher (unappealing)
latency. Under some general assumptions on the latency functions, a Nash equilibrium flow (or simply a
Nash flow) exists, it is efficiently computable and the common players’ latency in a Nash flow is essentially
unique (see e.g., [39]).

When the owner of such a selfishly congested network tries to improve its flow speed, the common
sense suggests to focus and fix links that seem older and slower. Contrary to this belief, Braess’s paradox
illustrates that destroying a part of a network, even of the most expensive infrastructure, can improve its
performance. So a wise owner should take steps cautiously and benefit by exploiting the nature of this
paradox. There are a few natural approaches for improving network performance. A simple approach, not
requiring any network modifications, is Stackelberg routing. The network owner dictatorially controls a
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Fig. 1. (a) The optimal total latency is 3/2, achieved by routing half of the flow on each of the paths (s, v,t) and
(s,w, t). In the (unique) Nash flow, all traffic goes through the path (s, v, w, t) and has a latency of 2. (b) If we remove
the edge (v, w), the Nash flow coincides with the optimal flow. Hence the network (b) is the best subnetwork of network

(a).

small fraction of flow, aiming to improve the induced routing performance of the remaining selfish flow.
Unfortunately, there are examples of unboundedly bad performance under any possible control attempt
made by the owner. Another side effect is that the dictatorially controlled flow is usually sacrificed through
slower paths, compared to the latency faced by the remaining free flow. An alternative approach is to
introduce economic incentives, usually modeled as flow-dependent per-unit-of-flow tolls, that influence
the users selfish choices towards improving performance. However, the idea of tolls is not appealing to the
users, since large tolls increase the users disutility: routing time plus tolls paid, see details in [8]. A simple
and easy to implement way out from the above side effects is to exploit the essence of Braess’s paradox
towards improving network performance.

Previous Work. It is well known that a Nash flow may not optimize the network performance, usually
measured by the total latency incurred by all players. Thus, in the last decade, there has been a significant
interest in quantifying and understanding the performance degradation due to the players’ selfish behavior,
and in mitigating (or even eliminating) it using several approaches, such as introducing economic disincen-
tives (tolls) [8] for the use of congested edges, or exploiting the presence of centrally coordinated players
(Stackelberg routing) [38], see also [39] for more references. A simple way to improve the network perfor-
mance at equilibrium is to exploit Braess’s paradox [4, 33], namely the fact that removing some edges may
improve the latency of the Nash flow(see e.g., Fig. 1 for an example and [34, 40] for more bibliography).
Thus, given an instance of selfish routing, one naturally seeks for the best subnetwork, i.e. the subnetwork
minimizing the common players’ latency at equilibrium. Compared against Stackelberg routing and tolls,
edge removal is simpler and more appealing to both the network administrator and the players (see e.g.,
[12] for a discussion).

Despite the intense research [37, Sect. 5.1.2] for algorithmically detecting the paradox, little positive
results have been shown rigorously. Unfortunately, Roughgarden [40] proved that it is NP-hard not only
to find the best subnetwork, but also to compute any meaningful approximation to its equilibrium latency.
Specifically, he proved that even for linear latencies, it is NP-hard to approximate the equilibrium latency of
the best subnetwork within a factor of 4/3 — ¢, for any € > 0, i.e., within any factor less than the worst-case
Price of Anarchy for linear latencies. On the positive side, applying Althofer’s Sparsification Lemma [1,
27], Fotakis, Kaporis, and Spirakis [12] presented an algorithm that approximates the equilibrium latency
of the best subnetwork within an additive term of ¢, for any constant € > 0, in time that is subexponential
if the total number of s — ¢ paths is polynomial, all paths are of polylogarithmic length, and the traffic rate
is constant.

Interestingly, Braess’s paradox can be dramatically more severe in networks with multiple sources and
sinks. More specifically, Lin et al. [25] proved that for networks with a single source-sink pair and general
latency functions, the removal of at most k£ edges cannot improve the equilibrium latency by a factor greater
than k& 4 1. On the other hand, Lin et al. [25] presented a network with two source-sink pairs where the
removal of a single edge improves the equilibrium latency by a factor of 2("). As for the impact of the
network topology, Milchtaich [31] proved that Braess’s paradox does not occur in series-parallel networks,
which is precisely the class of networks that do not contain the network in Fig. 1.a as a topological minor.



Recent work actually indicates that the appearance of Braess’s paradox is not an artifact of optimization
theory, and that edge removal can offer a tangible improvement on the performance of real-world networks
(see e.g., [23,35,39,43]). In this direction, Valiant and Roughgarden [44] initiated the study of Braess’s
paradox in natural classes of random networks, and proved that the paradox occurs with high probability in
dense random G,, ,, networks, with p = w(n*1/2), if each edge e has a linear latency £, (z) = acz+b,, with
e, be drawn independently from some reasonable distribution. The subsequent work of Chung and Young
[6] extended the result of [44] to sparse random networks, where p = 2(Inn/n), i.e., just greater than the
connectivity threshold of G,, ,,, assuming that the network has a large number of edges e with small additive
latency terms b.. In fact, Chung and Young demonstrated that the crucial property for Braess’s paradox to
emerge is that the subnetwork consisting of the edges with small additive terms is a good expander (see also
[7]). Nevertheless, the proof of [6,7,44] is merely existential; it provides no clue on how one can actually
find (or even approximate) the best subnetwork and its equilibrium latency.

In all the work above, the graph G and the latencies ¢ are random. But, the traffic r is adversarial
and selected for the paradox to occur whp. Roughgarden raised the question of random traffic r > 0, or,
investigating the range of r that causes the paradox, citing the works [15, 35] with evidence of r ranges that
the paradox is unlikely. A related question is to identify the vulnerable network topologies [37, pp. 125-6]
that, given a graph G, there is a choice of traffic value r¢ and latency functions ¢ that cause the Braess
paradox to occur. As a sharp contrast, vulnerable graphs are easy [10, 33, 31].

Motivation and Contribution. The motivating question for this work is whether in some interesting set-
tings, where the paradox occurs, we can efficiently compute a set of edges whose removal significantly
improves the equilibrium latency. From a more technical viewpoint, our work is motivated by the results
of [6,7,44] about the prevalence of the paradox in random networks, and by the knowledge that in random
instances some hard (in general) problems can actually be tractable.

It is well known that a NP-completeness reduction may use complex structures that may rarely occur in
generic/realistic instances. NP-completeness focus to the worst-case analysis of a given class of instances,
while it provides limited or no information about the algorithmic hardness of the typical (overwhelming
majority of) instances. There is a need to get a bigger picture of the complexity landscape. Therefore, a
way to widen this limited view of an NP-hard proof, is to suggest the probabilistic analysis of algorithms
[20,22]. Where, a meaningful target is to exhibit that algorithmic hard instances come up often, or show
that hard cases are rare, given a distribution that resembles most of the problem’s rich landscape. Towards
to achieve more insight in the underlying algorithmic complexity for the majority of the instances, random
instances are used for evaluating algorithms for NP-hard problems. Random instances are cheap and usu-
ally (but not always) lack structures that expose information and facilitate the running time of algorithms,
often unavoidably hidden in deterministic instances. Random instances often provide control parameters
for important characteristics, such as expected hardness and/or (in)solubility, that help to validate and im-
prove sophisticated heuristics [21,32,42]. Of course, instances obtained from real-world applications are
the best source, albeit of limited supply and sometimes suffer being structured/oriented towards specific
applications. On the positive side, there is a wide experience, constantly updated from ongoing compe-
titions [2, 9, 21], illustrating the strong correlation (wrt algorithm performance) between real-world and
random instances. Hence, in the last 20 years an area of intense research in Artificial Intelligence (Al) [5,
24,30], Computer Science (CS) [13] and Statistical Mechanics (SM) [29] has been the typical algorithmic
complexity of hard problems wrt the Erdos-Rényi G,, ,, (or G(n, m)) model [3] of random instances.

Departing from [6,44], we adopt a purely algorithmic approach. We focus on the class of so-called
good selfish routing instances, namely instances with the properties used by [6,44] to demonstrate the
occurrence of Braess’s paradox in random networks with high probability. In fact, one can easily verify
that the random instances of [6,44] are good with high probability. Rather surprisingly, we prove that, in
many interesting cases, we can efficiently approximate the best subnetwork and its equilibrium latency.
What may be even more surprising is that our approximation algorithm is based on the expansion property
of good instances, namely the very same property used by [6, 44] to establish the prevalence of the paradox
in good instances! To the best of our knowledge, our results are the first of theoretical nature which indicate
that Braess’s paradox can be efficiently eliminated in a large class of interesting instances. In particular,
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our work exploits algorithmically the paradox down to the connectivity threshold p = = wrt control

parameter p of a random G,, ,, graph [11]. Our argument relies strongly to the existence of many “short



& fast paths” that connect the neighbors of s to the neighbors of ¢. Since the existence of such paths is
critically related to the connectivity threshold, we believe it is also interesting to explore for parameter p
ranging below this threshold, whether the paradox can still be efficiently exploited or not. Another source
of randomness is the random coefficient model wrt edge latencies. But, our main focus is to assume the
same assumptions for the random edge coefficients as in [6, 7, 44]. Of course, if we change the coefficient’s
distribution it is possible to ruin the existence of such fast paths, despite p ranging above the connectivity
threshold.

Technically, we present essentially an approximation scheme. In the first case of low r = O(ny),
with n4 the maximum degree of {s,t¢}, given a good instance and any constant £ > 0, we compute a
flow g that is an e-Nash flow for the subnetwork consisting of the edges used by it, and has a latency of
L(g) < (1+¢)L* + ¢, where L* is the equilibrium latency of the best subnetwork (Theorem 1). In fact, g
has these properties with high probability. Our approximation scheme runs in polynomial time for the most
interesting case that the network is relatively sparse and the traffic rate r is O(poly(lnlnn)), where n is
the number of vertices. Specifically, the running time is polynomial if the good network has average degree
O(poly(Inn)), i.e., if pn = O(poly(Inn)), for random G, , networks, and quasipolynomial for average
degrees up to o(n). As for the traffic rate, we emphasize that most work on selfish routing and selfish
network design problems assumes that » = 1, or at least that r does not increase with the network’s size
(see e.g., [39] and the references therein). So, we can approximate, in polynomial-time, the best subnetwork
for a large class of instances that, with high probability, include exponentially many s — ¢ paths and s — ¢
paths of length ©(n). For such instances, a direct application of [12, Theorem 3] gives an exponential-time
algorithm. Finally, in the second case of high r = {2(ny), we compute in strongly polynomial time a
subnetwork with maximum latency at most (1 + 2¢ + o(1))L*.

The main idea behind our approximation scheme, and our main technical contribution, is a polynomial-
time approximation-preserving reduction of the best subnetwork problem for a good network G to a cor-
responding best subnetwork problem for a 0-latency simplified network G, which is a layered network
obtained from G if we keep only s, ¢ and their immediate neighbors, and connect all neighbors of s and
t by direct edges of 0 latency. We first show that the equilibrium latency of the best subnetwork does not
increase when we consider the 0-latency simplified network G (Lemma 1). Although this may sound rea-
sonable, we highlight that decreasing edge latencies to 0 may trigger Braess’s paradox (e.g., starting from
the network in Fig. 1.a with I5(z) = 1, and decreasing it to I3(z) = 0 is just another way of triggering the
paradox). Next, we employ Althofer’s Sparsification Lemma [1] (see also [26,27] and [12, Theorem 3])
and approximate the best subnetwork problem for the 0-latency simplified network.

The final (and crucial) step of our approximation preserving reduction is to start with the flow-solution
to the best subnetwork problem for the 0-latency simplified network, and extend it to a flow-solution to
the best subnetwork problem for the original (good) instance. To this end, we show how to “simulate”
0-latency edges by low latency paths in the original good network. Intuitively, this works because due to
the expansion properties and the random latencies of the good network G, the intermediate subnetwork of
G, connecting the neighbors of s to the neighbors of ¢, essentially behaves as a complete bipartite network
with O-latency edges. This is also the key step in the approach of [6,44], showing that Braess’s paradox
occurs in good networks with high probability (see [6, Section 2] for a detailed discussion). Hence, one
could say that to some extent, the reason that Braess’s paradox exists in good networks is the very same
reason that the paradox can be efficiently resolved. Though conceptually simple, the full construction is
technically involved and requires dealing with the amount of flow through the edges incident to s and ¢
and their latencies. Our construction employs a careful grouping-and-matching argument, which works for
good networks with high probability, see Lemmas 5 and 6.

We highlight that the reduction itself runs in polynomial time. The time consuming step is the applica-
tion of [12, Theorem 3] to the 0-latency simplified network. Since such networks have only polynomially
many (and very short) s — ¢ paths, they escape the hardness result of [40]. The approximability of the best
subnetwork for 0-latency simplified networks is an intriguing open problem arising from our work.

Our result shows that a problem, that is NP-hard to approximate, can be very closely approximated
in random (and random-like) networks. This resembles e.g., the problem of finding a Hamiltonian path
in Erdos-Rényi graphs, where again, existence and construction both work just above the connectivity
threshold, see e.g., [3]. However, not all hard problems are easy when one assumes random inputs (e.g.,
consider factoring or the hidden clique problem, for both of which no such results are known in full depth).



2 Model and Preliminaries

Notation. For an event F in a sample space, IP[E] denotes the probability of F happening. We say that
an event E occurs with high probability, if IP[E] > 1 — n~ %, for some constant « > 1, where n usually
denotes the number of vertices of the network G to which F refers. We implicitly use the union bound to
account for the occurrence of more than one low probability events.

Instances. A selfish routing instance is atuple G = (G(V, E), ({c)ccE, ), where G(V, E) is an undirected
network with a source s and a sink ¢, . : IR>¢p — IR>( is a non-decreasing latency function associated
with each edge e, and r > 0 is the traffic rate. A picturesque way to see the total traffic rate r in a large
network of links is that there are many infinitesimally small selfish users of total volume r that flow into a
large pipeline infrastructure. That is, users are considered as liquid molecules that start to flow from node s
through the available pipelines of the smallest latency, trying to reach destination node ¢. We let P (or Pg,
whenever the network G is not clear from the context) denote the (non-empty) set of simple s — ¢ paths in
G. For brevity, we usually omit the latency functions, and refer to a selfish routing instance as (G, 7).

We only consider linear latencies . (z) = aex + b, with a., b, > 0. These encapsulate that the time
delay (latency), on any edge a particular commuter decides to walk, increases when x other commuters
also decide to walk along it, with a rate that depends on the road specific characteristics a., b.. We restrict
our attention to instances where the coefficients a. and b, are randomly selected from a pair of distributions
A and B. Following [6, 7, 44], we define:

Definition 1. We say that A and B are reasonable if:

1. A has bounded range [Amin, Amax) and B has bounded range [0, Bpyax], where Apmin > 0 and Apax,
Bhax are constants, i.e., they do not depend on r and |V|.

2. There is a closed interval 14 of positive length, such that for every non-trivial subinterval I' C 1 4,
Pyosla e '] >0.

3. There is a closed interval Ip, 0 € Ip, of positive length, such that for every non-trivial subinterval
I' C Ip, IPyp[b € I'] > 0. Moreover, for any constant n) > 0, there exists a constant 5, > 0, such
that IPbNB[b < 77] > (577.

Subnetworks. Given a selfish routing instance (G(V, E), r), any subgraph H(V', E'), V' CV,E' C E,
s,t € V', obtained from G by edge and vertex removal, is a subnetwork of G. H has the same source s
and sink ¢ as G, and the edges of H have the same latencies as in G. Every instance (H (V’, E’),r), where
H(V',E') is a subnetwork of G(V, E), is a subinstance of (G(V, E), r).

Given a network G and a traffic rate r, there are exponentially many subnetworks, each incurring its
own common path latency. Therefore the problem of detecting the particular subnetwork that achieves the
minimum common path latency is a combinatorial one with exponential worst case complexity.

Flows. Given an instance (G, ), a (feasible) flow f is a non-negative vector (f, : ¢ € P) indexed by P
such that 4P fq = 7. Thatis, f, is the amount of flow routed from s to ¢ through the links of path ¢ € P.
For a flow f, let fo = > gre€q fq be the amount of flow that f routes on edge e through all the paths that
traverse e. That is, path flow f induces the non-negative vector (f. : e € E) indexed by E. Two flows f
and g are different if there is an edge e with f. # g.. An edge e is used by flow f if f. > 0, and a path ¢
is used by f if min.e,{fe} > 0. We often write f, > 0 to denote that a path ¢ is used by f. Given a flow
[ the latency of each edge e is lc(f.), the latency of each path g is £4(f) = >, le(fe), and the latency
of fis L(f) = maxg.s,~0/e(f). We sometimes write L(f) when the network G is not clear from the
context. For an instance (G(V, E),r) and a flow f, welet Ey = {e € E : f. > 0} be the set of edges used
by f, and G#(V, Ey) be the corresponding subnetwork of G.

Our notation is based on the fact that each path flow (f, : ¢ € P) induces a unique edge flow (f. :
e € E), see [36, Th. 2.2]. In general, the converse is not true since in an edge flow it is possible to induce
cycles with positive flow, see [36, Sect. 2.2.2]. But, in our case, all edges have strictly increasing latencies,
therefore, in (or in a social optimum flow) a Nash equilibrium it is not possible for a positive amount of
flow to be trapped in cycles. This nice observation allows us to conveniently interchange between path and
edge flows. This nice fact that Nash flows are acyclic and independent of the particular flow decomposition
is extensively and implicitly being used in recent works, see for example in [38] Proposition 2.4 and the
paragraph above it.



Nash Flow. A flow f is a Nash (equilibrium) flow, if it routes all traffic on minimum latency paths. For-
mally, f is a Nash flow if for every path ¢ with f, > 0, and every path ¢/, £,(f) < £, (f). Therefore, in a
Nash flow f, all players incur a common latency L(f) = min, £4(f) = maxg.f,~0 £q(f) on their paths. A
Nash flow f on a network G(V, E) is a Nash flow on any subnetwork G'(V', E’) of G with Ey C E'.

Every instance (G, r) admits at least one Nash flow, and the players’ latency is the same for all Nash

flows (see e.g., [39]). Hence, we let L(G,r) be the players’ latency in some Nash flow of (G, r), and
refer to it as the equilibrium latency of (G, ). For linear latency functions, a Nash flow can be computed
efficiently, in strongly polynomial time, while for strictly increasing latencies, the Nash flow is essentially
unique (see e.g., [39]).
e-Nash flow. The definition of a Nash flow can be naturally generalized to that of an “almost Nash” flow.
Formally, for some ¢ > 0, a flow f is an e-Nash flow if for every path ¢ with f, > 0, and every path ¢/,
lg(f) <Ly (f) + e
Best Subnetwork. Braess’s paradox shows that there may be a subinstance (H, r) of an instance (G, )
with L(H,r) < L(G,r) (see e.g., Fig. 1). The best subnetwork H* of (G,r) is a subnetwork of G with
the minimum equilibrium latency, i.e., H* has L(H*,r) < L(H,r) for any subnetwork H of G. In this
work, we study the approximability of the Best Subnetwork Equilibrium Latency problem, or BestSubEL
in short. In BestSubEL, we are given an instance (G, ), and seek for the best subnetwork H* of (G, r)
and its equilibrium latency L(H*,r).
Good Networks. We restrict our attention to undirected s — ¢ networks G(V, E). We let n = |V and
m = |E|. For any vertex v, we let I'(v) = {u € V : {u,v} € E} denote the set of v’s neighbors in
G. Similarly, for any non-empty S C V, we let I'(S) = (J, g I'(v) denote the set of neighbors of the
vertices in S, and let G[S] denote the subnetwork of G induced by S. For convenience, we let Vy, = I'(s),
E;={{s,u} :ueV;L, V,=T{#), B, ={{v,t} :veV;},and V,,, =V \ ({s,¢} UV; UV;). We also
let ng = |Vs|, ny = |Vi|, ny = max{ng, n}, n— = min{ns,n:}, and n,,, = |V;,,|. We sometimes write
V(G), n(G), V5(G), ns(G), ..., if G is not clear from the context.

It is convenient to think that the network G has a layered structure consisting of s, the set of s’s neigh-
bors Vs, an “intermediate” subnetwork connecting the neighbors of s to the neighbors of £, the set of ¢’s
neighbors V;, and ¢. Then, any s — ¢ path starts at s, visits some u € Vj, proceeds either directly or through
some vertices of V,,, to some v € V;, and finally reaches ¢.

Our layered graph construction above allows us to think that each path latency is only contributed by
the latency of the edge exiting s plus the edge latency entering to ¢, while the remaining edges (those not
touching s, t) of the path contribute 0 latency. The main concern here is that a path, while exiting Vs and
visiting vertices in V;,,, is possible to come back and visit again some vertex in v € V;. This bad scenario
can hurt our argument only if this path also sends positive flow back from u to s. In this scenario however, a
cycle appears, but, as mentioned above, it is known that an arbitrary Nash equilibrium can be made acyclic
with no increase of the common latency. The idea is that a Nash equilibrium is the solution of a convex
program and hence, we can remove the flow trapped around a cycle (it important that it traverses edges with
strictly increasing latency functions, otherwise the removing of circulated flow would not turn beneficial)
without increasing any path latency. See for example the recent work [40] below Proposition 2.3, or, for a
detailed exhibition of this argument the nice book of Patriksson [36, Sect. 2.2.2].

Thus, we refer to G,,, = G[Vs U V,,, U V}] as the intermediate subnetwork of G. Depending on the
structure of G,,,, we say that:

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

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

— G is O-latency simplified if it is internally complete bipartite and every edge e connecting a neighbor
of s to a neighbor of ¢ has latency function £.(z) = 0.

Definition 2. The 0-latency simplification G of a given network G is a 0-latency simplified network ob-
tained from G by replacing G[V,,,] with a set of 0-latency edges directly connecting every neighbor of s to



Algorithm 1: Approximation Scheme for BestSubEL in Good Networks

Input: Good network G(V, E), rate r > 0, approximation guarantee ¢ > 0
Output: Subnetwork H of G and e-Nash flow g in H with L(g) < (1 +¢)L(H",r) +¢
if L(G,r) < €, return G and a Nash flow of (G, ) ;
create the 0-latency simplification Gg of G ;
if 7 > (Bmaxn+)/(€Amin). then let Hy = G and let f be a Nash flow of (G, r) ;
let H = G4 C G the g-used subnetwork with g computed by Lemma 5 given Hg and f computed above ;
else, let Hy be the subnetwork and f the €/6-Nash flow of Thm. 2 applied with error /6 ;
let H = G4 C G the g-used subnetwork with g computed by Lemma 6 given Hy and f computed above;
return the subnetwork H and the e-Nash flow g ;

N T B W N -

every neighbor of t. Moreover, we say that a 0-latency simplified network G is balanced, if [ns—n;| < 2n_.

Definition 3. We say that a network G(V, E) is (n, p, k)-good, for some integer n < |V
p € (0,1), with pn = o(n), and some constant k > 1, if G satisfies that:
1. The maximum degree of G is at most 3np/2, i.e., for anyv € V, |I'(v)| < 3np/2.
2. G is an expander graph, namely, for any set S C V, |I'(S)| > min{np|S|, n}/2.
3. The edges of G have random reasonable latency functions distributed according to A X B, and for any
constant 1 > 0, Py, 5[b < n/Inn] = w(1/np).
4. If k > 1, we can compute in polynomial time a partitioning of V,,, into k sets V.1 ... VX each of
cardinality |V, | /k, such that all the induced subnetworks G[{s, t}UV,UV,}, UV;] are (n/k, p, 1)-good,
with a possible violation of the maximum degree bound by s and t.

, some probability

In our text whenever we wish to give emphasis to these particular 4 properties above that good networks

posses, we explicitly use the term (n, p, k)-good networks. Our assumption 3 above: P[B < 1] =

w(nip), for constant 7 > 0, is equivalent to the assumption in [6, Corollary 6 and Lemmata 7,8] requiring
that for any small constant § > 0, there are constants ¢ > 1 and ng > 0 such that for n > ng to
hold IP[B < @] > le:%. Our assumption 3 also is in comparison to [6, Lemma 5], that requires
that for any small constant § > 0, there are constants ¢ > 1 and ng > 0 such that for n > ng to hold
P[B < J ] > - Tt is also helpful for the reader to see our assumption 3 in comparison to [7, Sect. 1.2-

— lognd = np
It paragraph] stating that if pn > clog n then the G, graphis an (o = 2np, 8 = I)-expander. Therefore
in the subsequent paragraph in [7, Sect. 2.2-pp. 457] the 2nd bullet becomes IP[B < g ] > 22 Our

logn 3np
assumption 2 above: VS C V it holds |I"(S)| > % min{np|S|,n} is more relaxed than [6, Lemma 4]
stating that for G,,;, graphs with p > logn whp YU C V it holds that | I"(U)| > % min{np|U|,n}, since
% > % Our assumption 1 above: Vu € V whp it holds I'(u) < %np follows from a standard Chernoff
bound. Our assumption 4 above: it is easy to see that it holds for G,;,, graphs due to the fact that each edge
appears independently and hence each subset V/ C V with |V’| = n’ of a G,,;, graph behaves as G,,/),.

If G is a random G, , network, with n sufficiently large and p > ckInn/n, for some large enough
constant ¢ > 1, then G is an (n, p, k)-good network with high probability (see e.g., [3]), provided that the
latency functions satisfy condition (3) above. As for condition (4), a random partitioning of V;,, into k sets
of cardinality |V;,|/k satisfies (4) with high probability. Similarly, the random instances considered in [6]
are good with high probability. Also note that the O-latency simplification of a good network is balanced,

due to (1) and (2).

3 The Approximation Scheme and Outline of the Analysis

In this section, we describe the main steps of the approximation scheme (see also Algorithm 1), and give
an outline of its analysis. We let &€ > 0 be the approximation guarantee, and assume that L(G,r) > e.
Otherwise, any Nash flow of (G, r') suffices, see step 1 of Algorithm 1.

Algorithm 1 is based on an approximation-preserving reduction of BestSubEL for a good network G
to BestSubEL for the 0-latency simplification G of G. The first step of our approximation-preserving



reduction is to show in Lemma 1 in Section 4 that the equilibrium latency of the best subnetwork does
not increase when we consider the 0-latency simplification G of a network G instead of G itself. Since
decreasing the edge latencies (e.g., decreasing l5(z) = 1 to I3(z) = 0 in Fig. 1.a) may trigger Braess’s
paradox, we need Lemma 1, in Section 4, and its careful proof to make sure that zeroing out the latency of
the intermediate subnetwork does not cause an abrupt increase in the equilibrium latency.

Next, we focus on the 0-latency simplification G of G (Def. 2), see step 2 in Algorithm 1. We show that
if the traffic rate is large enough, i.e., if 7 > (Bpaxn+)/(€Amin), the paradox has a marginal influence
on the equilibrium latency and can be approximated in step 3 and 4 of Algorithm 1. In particular, in
Section 6.3, we first consider the Nash flow f on (Gp, ) computed in strongly polynomial time. Then,
using Lemma 5 we “extend” f in poly(]|V'|) time to a corresponding flow g on the g-used subgraph G,
of the random instance G. Flow g satisfies the s, ¢-link capacity constraints imposed by f, while being
the minimizer of a potential over all G and, hence, g is a Nash flow on the remaining g-used subgraph
Gy C G (after discarding all the empty paths of G). Furthermore, if L(H*) = w(1) then g approximates
within (1 4 & + o(1)) the BestSubEL, and if L(H*) = O(1) then ¢ approximates within (1 + 2& + o(1))
the BestSubEL (Remark 2). On the other hand, if 7 < (Bpaxn+)/(€Amin) we work as step 5 and 6 of
Algorithm 1. In Section 6.2 we use [12, Theorem 3] restated as Theorem 2 here, and we obtain (within the
time bounds of this theorem) a subnetwork Hy and an ¢/6-Nash flow f that comprise a good approximate
solution to BestSubEL for the simplified instance (G, 7). The next step of our approximation-preserving
reduction is to extend f to an approximate solution to BestSubEL for the original instance (G,r). The
intuition is that due to the expansion and the reasonable latencies of GG, any collection of 0-latency edges
of Hy used by f to route flow from V to V; can be “simulated” by an appropriate collection of low-latency
paths of the intermediate subnetwork GG,,, of G. In fact, this observation was the key step in the approach
of [6,44] showing that Braess’s paradox occurs in good networks with high probability. We first prove this
claim for a small part of Hy consisting only of neighbors of s and neighbors of ¢ with approximately the
same latency under f (see Lemma 5, the proof draws on ideas from [6, Lemma 5]). Then, using a careful
latency-based grouping of the neighbors of s and of the neighbors of ¢ in H, we extend this claim to the
entire H, (see Lemma 6). Thus, we obtain a subnetwork H of G and an e-Nash flow ¢ in H such that
L(g) < (1+¢e)L(H*,r) + ¢ (step 6).

Theorem 1. Let G(V, E) be an (n, p, k)-good network (Def. 3), with k > 1 is a large enough constant.

o Letr < BA“:% be any traffic rate. Let H* be the best subnetwork of (G,r). Then, for any ¢ > 0,

2 42 2
Algorithm 1 computes in time ng(r Amax In(n) /¢ )poly(|V ), aflow g and a subnetwork H of G such that

with high probability, wrt the random choice of the latency functions, g is an e-Nash flow of (H,r) and has
common path latency L(g) < (1 4+ ¢)L(H*) + &.
o Letr > % be any traffic rate. Then, for any € > 0, Algorithm 1 computes in strongly polynomial

time a subnetwork H of G such that with high probability, wrt the random choice of the latency functions,
g is an e-Nash flow of (H, r) and has common path latency L(g) < (1 + 2 + o(1))L(H*).

By the definition of reasonable latencies, Ay, is a constant. Also, by Lemma 2, r affects the running
time only if » = O(n./e). In fact, previous work on selfish network design assumes that r = O(1), see
e.g., [39]. Thus, if r = O(1) (or more generally, if 7 = O(poly(Inlnn))) and pn = O(poly(lnn)), in
which case n4 = O(poly(Inn)), Theorem 1 gives a randomized polynomial-time approximation scheme
for BestSubEL in good networks. Moreover, the running time is quasipolynomial for traffic rates up to
O(poly(lnn)) and average degrees up to o(n), i.e., for the entire range of p in [6,44]. The next sections
are devoted to several lemmas and theorems that are useful and combined together in Section 6.2 and 6.3
for achieving the corresponding approximation for low and high values of r

4 Network Simplification

We first show that the equilibrium latency of the best subnetwork does not increase when we consider the
0-latency simplification G of a network G instead of G itself. We highlight that the following lemma holds
not only for good networks, but also for any network with linear latencies and with the layered structure
described in Section 2. Lemma 1 will be important in the proof of Lemmata 2-4, since we can work directly
in the O-latency simplification G of G.
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Fig. 2. In (a), we have a cycle C = (u1, vz, u2, . .., Uk, Uk, V1, u1) in the intermediate subnetwork Hy[I'(s) U I'(t)].
We assume that fi is the minimum amount flow through an edge of C in the equilibrium flow f. In (b), we have
removed the edge ey1, and show the corresponding change in the amount of flow on the remaining edges of C'. Since
the latency functions of the edges in C' are constant, the change in the flow does not affect equilibrium.

Lemma 1. Let G be any network, let v > 0 be any traffic rate, and let H be the best subnetwork of (G, r).
Then, there is a subnetwork H' of the 0-latency simplification of H (and thus, a subnetwork of Gg) with
L(H',r) < L(H,r).

Proof. We assume that all the edges of H are used by the equilibrium flow f of (H,r) (otherwise, we can
remove all unused edges from H). The proof is constructive, and at the conceptual level, proceeds in two
parts.

1st Part: Given the equilibrium flow f of the best subnetwork H of G, we construct a simplification H;
of H that is internally bipartite and has constant latency edges connecting I'(s) to I'(t). Hy also admits f
as an equilibrium flow, and thus L(Hy,r) = L(H,r). We also show how to further simplify H; so that its
intermediate bipartite subnetwork becomes acyclic.

To construct the simplification H; of H, we let f be the equilibrium flow of H, and let L = L(H,r).
For each w; € I'(s) and v; € I'(¢t), we let f;; = Zp:(s,uh“wj_’t) fp be the flow routed by f from
u; to v;. The network H; is obtained from H by replacing the intermediate subnetwork of H with a
bipartite subnetwork connecting I'(s) and I'(¢) with constant latency edges. More specifically, instead
of the intermediate subnetwork of H, for each w; € I'(s) and v; € I'(t) with f;; > 0, we have an
edge {u;,v;} of constant latency bi; = L — (afs.u;} fis,uiy + Ofsui)) = (@fo, 63 f{o;.6) + bfo,.ey) (the
corresponding a;; is set to 0). If f;; = 0, u; and v; are not connected in ;. We note that by construction,
H, admits f as an equilibrium flow, and thus L(H,r) = L.

Furthermore, we modify H; by deleting some edges from its intermediate subnetwork so that the in-
duced bipartite subgraph H1[I'(s) U I'(t)] becomes acyclic. Therefore, in the resulting network, for each
u; € I'(s) and each v; € I'(t), there is at most one (s, u;, v;,t) path in Hy. Hence, the resulting network
admits a unique equilibrium flow with a unique path decomposition.

To this end, let us assume that there is a cycle C' = (u, v, u2, ..., Vg, Uk, V1, 41 ) in the intermediate
subnetwork Hy[I'(s)UI'(t)]. We let e;; = {ux, v1} be the edge of C with the minimum amount of flow in
f,and let fi1 be the flow through e (see also Fig. 2). Then, removing ey, and updating the flows along
the remaining edges of C' so that f/, = fi; + fr1, 1 <@ < k, and fi’(m) = fitisr) — fr1, 1 <i <k —1,
we “break” the cycle C, by eliminating the flow in ey, and obtain a new equilibrium flow f’ of the same
rate  and with the same latency L as that of f. Applying this procedure repeatedly to all cycles, we end
up with an internally bipartite network H; with an acyclic intermediate subnetwork that includes constant
latency edges only. Moreover, H; admits an equilibrium flow f of latency L. This concludes the first part
of the proof.
2nd Part: The second part of the proof is to show that we can either remove some of the intermediate
edges of H or zero their latencies, and obtain a subnetwork H' of the 0-latency simplification of H with
L(H',r) < L(H,r). To this end, we describe a procedure where in each step, we either remove some
intermediate edge of [ or zero its latency, without increasing the latency of the equilibrium flow.

Let us focus on an edge e; = {uy, v;} connecting a neighbor uy, of s to a neighbor v; of ¢. By the first
part of the proof, the latency function of ey; is a constant by; > 0. Next, we attempt to set the latency of ey,



to b), = 0. We have also to change the equilibrium flow f to a new flow f’ that is an equilibrium flow of
latency at most L in the modified network with b}, = 0. We should be careful when changing f to f’, since
increasing the flow through {s, ux} and {v;,t} affects the latency of all s — ¢ paths going through u;, and
v; and may destroy the equilibrium property (or even increase the equilibrium latency). In what follows,
we let r, be the amount of flow moving from an s — ¢ path ¢ = (s, u;, v;,t) to the path gx = (s, ug, vi, t)
when we change f to f’. We note that r; may be negative, in which case,
from gy to g. Thus, r,’s define a rerouting of f to a new flow f’, with f; = f; — ry, for any s — ¢ path ¢
other than g, and f};, = fr + Zq rq.

We next show how to compute 7,’s so that f’ is an equilibrium flow of cost at most L in the modified
network (where we attempt to set b, = 0). We let P = Pp, \ {qu} denote the set of all s — ¢ paths
in H; other than gy;. We let F be the |P| x |P| matrix, indexed by the paths ¢ € P, where F[q1,q2] =
deqm g Qe — Y ec 1 0qn, Qs and let 7 be the vector of ry’s. Then, the g-th component of F'r is equal to
Lo(f)—Ly(f). In the following, we consider two cases depending on whether F' is singular or not.

If matrix F' is non-singular, the linear system F'r = €1 has a unique solution 7., for any £ > 0.
Moreover, due to linearity, for any a > 0, the unique solution of the system F'r = a1 is a r.. Therefore,
for an appropriately small ¢ > 0, the linear system Q. = {Fr =¢1, f,—1, >0 Vg € P, fiu + Zq rg >
0,4g,,(f") < L + by — ¢} admits a unique solution 7. We keep increasing ¢ until one of the inequalities
of @) becomes tight. If it first becomes r, = f, for some path ¢ = (s,u;,v;,t) € P, we remove the
edge {u;,v;} from H; and adjust the constant latency of e; so that £, (f’) = L — €. Then, the flow f’
is an equilibrium flow of cost L — ¢ for the resulting network, which has one edge less than the original
network H;. If Zq rq < 0 and it first becomes Zq rq = —fr1, we remove the edge ey, from H;. Then,
f’ is an equilibrium flow of cost L — ¢ for the resulting network, which again has one edge less than H.
If Zq rq > 0 and it first becomes £, (f') = L + by — &, we set the constant latency of the edge ey, to

%, = 0. In this case, f’ is an equilibrium flow of cost L — ¢ for the resulting network that has one edge of
0 latency more than the initial network H;.

If F is singular, proceeding similarly, we compute r,,’s so that f’ is an equilibrium flow of cost L
in a modified network that includes one edge less than the original network H;. When F' if singular, the
homogeneous linear system F'r = 0 admits a nontrivial solution  # 0. Moreover, due to linearity, for
any o € IR, a7 is also a solution to F'r = 0. Therefore, the linear system Qo = {Fr = 0, fp—1p >
0VpeP,fut Zp rp > 0} admits a solution r # 0 that makes at least one of the inequalities tight and
has £y, (f') < L+ by;>. We recall that the p-th component of Fr is equal to £,,(f) — £, (f'). Therefore, for
the flow f’ obtained from the particular solution 7 of Qy, the latency of any path p € P is equal to L. If r
is such that r, = f,, for some path p = (s, u;,v;,t) € P, we remove the edge {u;, v; } from H; and adjust
the constant latency of ey; so that £, (f') = L. Then, the flow f’ is an equilibrium flow of cost L for the
resulting network, which has one edge less than the original network H;. If  is such that Zp rp = — ful,
we remove the edge ey from Hy. Then, f” is an equilibrium flow of cost L for the resulting network, which
again has one edge less than H;. Moreover, we can show (see Property 1 below) that if gi; is disjoint from
the paths ¢ € P, the fact that the intermediate network H; is acyclic implies that the matrix F' is positive
definite, and thus non-singular. Therefore, if q; is disjoint from the paths in P, the procedure above leads
to a decrease in the equilibrium latency, and eventually to setting b}, = 0. So, by repeatedly applying these
steps, we end up with a subnetwork H' of the O-latency simplification of H with L(H',r) < L(H,r). O

Property 1. If the path py, is disjoint to the paths p € P, the matrix F' is positive definite, and thus non-
singular.

Proof. We first note that if py; is disjoint to all p € P, then for all py,ps € P, Fp1,p2] = Zeepmpz Qe
Hence, for all z € RI7!, 27 Fe = ZeeE(P) a.w? > 0, where E(P) denotes the set of edges included

in the paths of P and x, = Zp:eep xp. Since the intermediate network of H; is acyclic and any flow in
H, has a unique path decomposition, if & has one or more non-zero components, there is at least one edge

> If the direction of a solution r¢ gives increase to £y, (f') then, because of linearity, the direction of —ro decreases it.
So we can assume that we can hit one of the constraints and have ¢4, , (f’) < L+ by (e.g. by choosing the direction
that decreases £q,, (f")). Note that in both directions of ro and —ro we are bounded by one of the constraints
because, in any direction, either some r, would be increasing and f; —r, > 0 will be bounding us, or all r,’s would
be decreasing and fr; + > 4 Ta = 0 will be bounding us.
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e adjacent to either s or ¢ such that ., > 0, and thus T Fx > 0. Otherwise, the difference of the flow
defined by a with the trivial flow defined by 0 would indicate the existence of a cycle in the intermediate
subnetwork of H;. This is a contradiction, since by the first part of the proof, the intermediate part of H;
is acyclic. a

5 Approximating the Best Subnetwork of Simplified Networks

We proceed to show in Theorem 2 how to approximate the BestSubEL problem in a balanced 0-latency
simplified network Gy with reasonable latencies. We may always regard G as the O-latency simplification
of a good network G. Before proving this theorem, we first prove two useful lemmas, that is, Lemma 2
about the maximum traffic rate » up to which BestSubEL remains interesting, and Lemma 3 about the
maximum amount of flow routed on any edge / path in the best subnetwork. The combination of these
two lemmas readily yields the proof of Lemma 4, concluding that the best subnetwork of any simplified
instance (Gy, r) routes O(1) units of flow on any used edge and on any used path. This is the “missing tile”
for finally proving Theorem 2.

Lemma 2. Let G be any 0-latency simplified network, let v > 0, and let Hy be the best subnetwork of
(Go,r). Foranye > 0, ifr > %, then L(Go,r) < (1 +¢)L(H{,r).

Proof. We assume that r > m‘*"”* , let f be a Nash flow of (G, ), and consider how f allocates r units
of flow to the edges of E; = E (Go and to the edges E; = E;(G)). For simplicity, we let L = L(Go, )
denote the equilibrium latency of G, and let As = > . 1/acand Ay =) 1/ac.

Since Gy is a O-latency simplified network and f is a Nash flow of (Gy, ), there are Ly, Lo > 0, with
L1 + Ly = L, such that all used edges incident to s (resp. to t) have latency L; (resp. L2) in the Nash flow
f. Since we assume arbitrarily small constant 0 < ¢ < 1, then r > B““‘""* , L1, Ly > Bpax and all edges
in E; U E; are used by f.

A useful property is that Je € F with a.f, < r/As and similarly, 3e € E; with a.f. < r/A;.
To reach a contradiction, assume this is not true: Ve € Fj it holds f. > a:;ls and: Ve € E; it holds
fe > "5 - But, this contradicts the total r of the s-links flow, since r = >_ . .p fe > > cp oa =

A% Do o al—p = A%As = r (similar is the omitted contradiction for r on the ¢-links). Since all s-links
with positive flow must have equal edge latency L;, due to this particular s-link e, it follows that L; =
tefe+be <1r/As+be < 1/As+ Bmax. Similarly, since all ¢-links with positive flow must have equal edge
latency Lo, due to this particular ¢-link e, it follows that Ly = aefe + be < 7/At + be < 7/At + Bmax-

Thus,

L=1L Lo <|—+ — 2B ax 1
1 + 2 > (A + At) + a; ( )
On the other hand, consider the best subnetwork H{ with Nash common path latency L(H{, ) and hence,
with cost r x L(Hg, ). Let OPT the cost of the optimum® flow on H{, which by definition it holds

rL(Hj,r) > OPT

Note that O PT is at least the cost O PT” of separately assigning optimally the flow r on s-links (considered
as parallel links), plus, the cost of separately assigning the flow r on ¢-links (considered as parallel links).
Because we optimize the same objective ) ., iz, Te(@e - Te + be) consisting only of the s, t-links (since
the intermediary links have O-latency) without imposing the flow constraints for the intermediary paths of
H{ that connect I'(s) to I'(t). In symbols:

OPT > OPT' Emin{ Z Te(ae -xe—i—be)}

ecE;UE,
S.t. E Te =T, E Te =T 2)
ecl eck,

6 Recall Sect. 1, paragraph Previous work, that for the optimum cost, we compute the flow X that minimizes the
total latency cost C(X) = ZeeE(Hg) Ze(@e - Te + be) incurred by all users on network Hg wrt flow X.

11



In turn, OPT" is at least the cost OPT"' of the optimum flow assignment as above, but, assuming now that
each s, t-link e has b, = 0. This holds because we change the objective C'(z) = >_ . g, Te(@e Te+be)
of OPT" into the objective C"(z) = >_ g, Te(ae xe) of OPT", which trivially gives better solution,
since Vz it holds C’(x) > C"” (z). In symbols:

OPT’ > OPT" = Hlin{ Z xe(ae xe)} = min{ Z xe(ae 'xe) + Z xe(ae xe)}

ecE;UE, ecb eckE,
s.t. E Te =T, g Te =T 3)
eckEy eck,

But, this OPT’ " is an instance of affine parallel s-links (similarly, ¢-links) and the optimal load Ve €
E,is 0, = A (s1m1lar1y, for the t-links, o, = ﬁ), inducing optimum cost per s-link 0.f.(0.) =

T r T T T, T f ot A H
A Qe g AT = G A and cost over all s-links ZeeEs s A A = TA Similarly, we get for the ¢-links

the optimum cost is TE' Therefore OPT" = r (I + A%) . The above series of inequalities establish that:

rL(H¢,r) > OPT > OPT' > OPT" =r (A + j )
t

which readily implies that

LH: ") > —+ — 4

( 0> ) - A At ( )

otherwise the Nash flow on H; would improve the cost of the optimum flow on I, a contradiction. Now,
recall our assumption that r> M and note also that A, = ZEEES ai < ZeeEé % = ns% and

similarly that A; < n;—-—— A —. Pluggmg these into the above inequality, we get:

L(HS,T) > oy ALt > Bmaxns Amin 4 Bmaxnt Amin > QBmax/5 (3)

= As Amin€ 7N Aming Nt

therefore 2Byax < eL(H{, 7). Plugging this and (17) into (1) we conclude:
L<(1+e)L(H],r)
(|

We proceed to show that in a O-latency simplified instance (Gg, ), the best subnetwork Nash flow
routes O(r /n_ ) units of flow on any edge and on any s—t path with high probability (where the probability
is with respect to the random choice of the latency function coefficients). Intuitively, we show that in the
best subnetwork Nash flow, with high probability, all used edges and all used s — ¢ paths route a volume of
flow not significantly larger than their fair share. We first prove the following technical lemma. Recall that
we assume below that L(Go, ) > €, because otherwise it becomes trivial to e-approximate the BestSubEL
problem.

Lemma 3. Given a random instance G and total flow r, let the balanced 0-latency simplified network G
and the Nash flow on (G, ) with common path latency L(Gg,r) > € > 0. Then the Nash flow of the
best subnetwork H of Go whp' induces edge load < % on each edge, with 6. > 0 a constant that

0c Aminn

depends on ¢ > 0 and the reasonable input distribution of Deﬁnmon 1(3).

Proof. Given a random instance G and flow r > 0 construct the the O-latency simplified network G of G.
That is, Gy consists of the random snapshot of s-links and ¢-links that are realized in random instance G.
Also G contains the construction of the complete bipartite subnetwork that connects with O-latency links
each neighbor of s to all the neighbors of t. We let L = L(Gy,r) > £ > 0 denote the unknown equilibrium

7 With probability at least 1 — ¢~ %"~ /8,
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latency and g denote a Nash flow of the original instance (G, ). We wish to bound L whp as a function

of the given total flow 7. Since G| is a O-latency simplified network and g is a Nash flow of (Gy, ), there

are L1, Lo, > 0, with Ly + Lo = L, such that:

(i) for any edge e incident to s, if b, < L1, g. > 0 and a.g. + be = L1, while g. = 0, otherwise,

(ii) for any edge e incident to ¢, if b < Ls, ge > 0 and a.ge + b = Lo, while g. = 0, otherwise.

Namely, all used edges incident to s (resp. to t) have latency L; (resp. Lo) in the Nash flow g. Wlog., we

assume that L1 > Lo, and thus, L1 > L/2 > ¢/2.
Inequality (6) below gives the lower bound Aﬁmx on the load of each random s-link e that has the nice

random property b. < £/4. Let e be any edge incident to s with b, < £/4. By the discussion above, in the

Nash flow g of (Go, ), ge > 0 and a.g. + b = L;. Using that Ly > L/2 > £/2, we obtain that:

Li-e/d L L
Qe - 2Cle - 4Amax

leaege+be§aege+5/4:>gez 6)
In the sequel, a Chernoff bound (e.g., [18, (7)]) establishes that whp there are at least §.ns/2 such s-
links with the property of > Aim load per link, for an appropriate constant . > 0 that depends on
¢ > 0 and Definition 1(3). In particular, from Definition 1(3), there exists a constant 6. > 0 such that
IP[B < &/4] > 6. and Chernoff bounds yield:

P[|{e € E,(Go) with b, < £/4}| > 6.ns/2] > 1 — e %ns/8 (7)
Therefore the total of accumulated load on these s-links whp is at least .15 /2 x ﬁ, which, of course
is upper bounded by our fixed total flow r, that is, gfq”sL < r. Solving this wrt L, gives:

8Amax” _ 24AaxT
< <

L< ®)

dens  — ey
The last inequality holds because G is balanced, and |ns — ny| < 2n_.
To conclude the proof, observe that in the equilibrium flow f of the best subnetwork Hj of G, no used
s, t-link e has edge latency greater than the common path latency L of g on G, which is bounded as in (8).
Therefore, for any used edge e incident to either s or ¢, it holds:
L 24 A hax r
<

L
ele be S L= e S - S > o 9
¢ f * f Qe Amin 68Amin . ny ( )

where the last inequality follows from (8). Moreover, any edge e in the intermediate subnetwork of G has
fe < L/Amnin due to the flow conservation constraints. O

Remark 1. Lemma 2 shows that the interesting case for the paradox is for r» < BL’_‘"*, in this case we

combine Lemma 4 and Theorem 2 below and finally proceed to approximate the best subnetwork in Section
6.2. On the other hand, if r > BAL’,‘”E* we combine the ideas of Lemma 2 and Lemma 3 and proceed to
approximate the best subnetwork in Section 6.3.

Lemma 4. Given a random instance G and total flow 0 < r < BL"”; let the balanced 0-latency

simplified network G and the Nash flow on (Gg,r) with common path latency L(Go,7) > € > 0. Then

the Nash flow of the best subnetwork H{ of Go whp’ induces edge load o < %‘75‘3;“‘ on each edge,

min

with ¢ > 0 a constant that depends on € > 0 and the reasonable distribution of Definition 1(3).

Proof. Recall that we assume above that L(Gy, 1) > ¢, because otherwise it becomes trivial to e-approximate
the BestSubEL problem. Moreover, by Definition 1(3) of reasonable latency functions, we have that for
any constant € > 0, there is a constant 6, > 0, such that IP[B < £/4] > §.. Combining these with Lemma 2
and Lemma 3, we obtain Lemma 4. O

So from now on, we can assume, with high probability and wlog., that the Nash flow in the best subnetwork
of any simplified instance (G, ) routes O(1) units of flow on any used edge and on any used path.
Approximating the Best Subnetwork of Simplified Networks. We proceed to derive an approximation
scheme for the best subnetwork of any simplified instance (Gg, ).
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Theorem 2. Let Gg be a balanced 0-latency simplified network of a random instance G with reasonable
latencies and let the total rate 0 < r < %. Let H be the best subnetwork of (G, ). Then, for any

o 0(A2, P Tn(ny) e -
€ > 0, we can compute, in time n+( max?” In(n-4)/ ), a flow f and a subnetwork Hy C Gy consisting of

the edges used by f, such that (i) f is an e-Nash flow of (Ho,r), (ii) L(f) < L(Hg,r) + €/2, and (iii)

there exists a constant 0 < ¢ < %, such that f. < o+ ¢, forall e.

Theorem 2 is a corollary of [12, Theorem 3] (depicted as Theorem 3 below), since in our case the number
of different s — ¢ paths is at most ni and each path consists of 3 edges. So, in [12, Theorem 3], we have
dy = 2,ds = 0, @ = Apax, and the error is €/r. Moreover, we know from Lemma 4 above that any Nash
flow g of (H{,r) routes g. < o units of flow on any edge e, and that in the exhaustive search step, in
the proof of [12, Theorem 3], one of the acceptable flows f has |g. — fe| < ¢, for all edges e (see also
[12, Lemma 3]). Thus, there is an acceptable flow f with f. < o + ¢, for all edges e. In fact, if among all
acceptable flows enumerated in the proof of [12, Theorem 3], we keep the acceptable flow f that minimizes
the maximum amount flow routed on any edge, we have that f, < ¢ + ¢, for all edges e.

Theorem 3. Let G = (G(V, E), (acx + be)eck, 1) be an instance with linear latency functions, let o =
max.cp{ac}, and let HE be the best subnetwork of G. For some constants dy,ds, let |P| < m? and
Ip| < logd2 m, for all p € P. Then, for any € > 0, we can compute in time

mO(d1 a?log?92t1(2m)/e?)

a flow f that is an e-Nash flow on G and satisfies 6,(f) < L(HP) + /2, for all paths p in Gj.

6 Extending the Solution to the Good Network

First, in Section 6.2, we consider sufficiently low values of  and given a good instance (G, ), we create
the O-latency simplification G of G, and using Theorem 2, we compute a subnetwork Hy and an & /6-Nash
flow f that comprise an approximate solution to BestSubEL for (G, ). Next, we show how to extend f
to an approximate solution to BestSubEL for the original instance (G, 7). The intuition of this extension
is that the O-latency edges of Hj used by f to route flow from V; to V; can be “simulated” by low-latency
u-v paths of G, for any u € Vs and v € V;. In Section 6.1 and particularly in Lemma 5, we formalize
this intuition for the subnetwork of GG induced by the neighbors of s with (almost) the same latency B, and
the neighbors of ¢ with (almost) the same latency By, for some B;, B; with Bs + B; ~ L(f). We may
think of the networks GG and Hj in the Lemma 5 below as some small parts of the original network G and
of the actual subnetwork Hy of G. Thus, we obtain Lemma 5, the building block for proving the more
general Lemma 6 in Section 6.2, that helps to match the neighbors of s of almost equal s-link latency to
the corresponding neighbors of ¢ of almost equal ¢-link latency.

Finally, in Section 6.3, we show how to compute in strongly polynomial time a subnetwork G’ C G
that approximates the best subnework.

6.1 Bounding the latency of the intermediary paths for any » > 0

Lemma 5. Let instance (G, r) with G an (n,p, 1)-good network (Def. 3) with the relaxed degree bound
ny < 3knp/2, for some constant k > 0 and let v > 0 be any traffic rate. Assume that 3Bs,B; > 0 :
Ve € Es = L.(x) = Bs andVe € E; = {.(x) = By. Consider the 0-latency simplification Gy of G. Let
any Hy C Gg endowed with a flow [ on (Hy,r) that satisfies an edge load bound 0 < p’ < r, that is,
Ve € E(Hy): fe > 0= fo <.
Then, for any constant €1 > 0, whp we can compute in time poly(|V'|) a subnetwork G' C G and a flow g
on (G',r) with the properties:

1. Es(G")={e € Es(Hp) : fe >0} and E4(G') = {e € Ey(Hy) : fe > 0}.

2. Ve € E5(G")UE{(G") = g = fo > 0.

3. En(G') ={e€ E,(G):g. >0}

4. Flow g can be regarded as a Nash flow on G’ for any pair u € V5(G') and v € V,(G') connected by

g-used paths.
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5. Each g-used path ¢ = (s,u,...,v,t) in G’ has s-t path latency:

8A 2 6k 9%p
0,(g) < Bs+B; +6 i —B,+B;+6 ! % o(1
4(9) < Bs + By + 66 +pr(€1) [np( +Pb(1f%n)) 2Pb(61>} + By + 6e1 + p' x 0o(1)

Proof. We will construct G’ as the subnetwork G, containing only the edges that receive positive load by
the flow g computed below. Therefore property (3) above will be satisfied by our construction. For each
e € E; U E,, we set the capacity constraint g. = f.. Therefore the flow ¢ satisfies property (1) above by
construction, that is, Es(G’), E¢(G’) contain only the s, ¢-links that have positive load wrt f.

We compute the extension of g through G, as an “almost” Nash flow in the modified version G’ of G,
where each edge e € E; U F; has the capacity constraint g. = f, therefore property (2) above is satisfied
as well. Also, we set the constant latency ¢.(z) = By, if e € Fs, and {.(z) = By, if e € E;. All other
edges e of GG have no capacity constraint and have (randomly chosen) reasonable latency function ¢, (x).
We let g be the flow of rate r that respects the capacities of the edges in E; U F;, and minimizes Pot(g) =
Y oecE foe le(z)dz. Such a flow g can be computed in strongly polynomial time (see e.g., [45]). The
subnetwork G’ of G is simply Gy, namely, the subnetwork that includes only the edges that receive positive
flow by g. It could have been that g is not a Nash flow of (G, r), due to the capacity constraints on the edges
of E; U E;. However, since g is a minimizer of Pot(g), for any u € V5(G’) and v € V;(G’), and any pair
of s — t paths ¢, ¢’ going through u and v, if g, > 0, then ® ¢,(g) < £, (g). Thus, g can be regarded as a
Nash flow for any pair v € V3(G’) and v € V;(G’) connected by g-used paths, which proves property (4)
above.

It remains to prove property (5) above that upper bounds the path latency of any g-used path. Towards this,
we adjust the proof of [6, Lemma 5] in Proposition 1 below. To prove this, we let p = (s, u,...,v,t) be
the s — ¢ path used by g that maximizes ¢,(g). We show the existence of a path p’ = (s,u,...,v,t)in G
of latency ¢,/ (g) < Bs + By + 61 + p’ x o(1). Therefore, since ¢ is a minimizer of Pot(g), the latency
of the maximum latency g-used path p, and thus the latency of any other g-used s — ¢ path, is at most
Bs + B: + 6¢1 + p’ x o(1).

Proposition 1. For any s-t path g used by g it holds {;(g) < Bs + By + 6e1 + p’ x o(1).

Proof. Letp = (s,u,...,v,t) be the s — ¢ path used by g that maximizes ¢,(g). To show the existence of
apathp’ = (s,u,...,v,t) in G of latency ¢, (g) < Bs + B; + 6¢1 + p’ x o(1), we start from Sy = {u}
and grow a sequence of vertex sets Sy C S; C --- C S;», stopping when |I"(S;«)| > 3n/5 for the first
time. We use the expansion properties of GG, and condition (3), on the distribution of 5, in the definition of
good networks, and show that these sets grow exponentially fast, and thus, ¢* < Inn, with high probability.
Moreover, we showthat there are edges of latency €¢; + o(1) from Sy = {u} to each vertex of S1, and
edges of latency €;/Inn + o(1/Inn) from S; to each vertex of S;y;, forall i = 1,...,4* — 1. To see
this, the intuition is that if among the edges e incident to Vs U V;, we keep only those with b, < €;, and
among all the remaining edges e, we keep only those with b, < €;/Inn, then due to condition (3) on
the distribution of B, a good network GG remains an expander. Thus, there is a path of latency at most
2¢; + o(1) from u to each vertex of S;«. Similarly, we start from T = {v} and grow a sequence of vertex
sets Ty € 17 C --- C Tj«, stopping when |I'(T}~)| > 3n/5 for the first time. By exactly the same
reasoning, we establish the existence of a path of latency at most 2¢; + o(1) from each vertex of Tj- to v.
Finally, since |I"(S;+)| > 3n/5 and [I'(T}~)| > 3n/5, the neighborhoods of S;« and Tj- contain at least
n/10 vertices in common. With high probability, most of these vertices can be reached from S;- and from
T;- using edges of latency €1 + o(1). Putting everything together, we find a « — v path (in fact, many of
them) of length O(Inn) and latency at most 6¢; + o(1) < 7ey.

For completeness, we next give a detailed proof, by adjusting the arguments in the proof of [6, Lemma 5].
For convenience, for each vertex x, we let ds(z) (resp. d;(x)) be the latency wrt g of the shortest latency
path from s to z (resp. from z to t). Also, for any 6 > 0, we let P,(§) = IP[B < ] denote the probability

8 This holds because the flow travelling from u to v inside G faces no capacities. For this flow and the edges used by
it in GG, a new minimization problem similar to the one above could be defined. The objective would be the same
and the flows other the one going from u to v would be handled as constants. A solution to this problem could be
used to minimize the initial objective and that’s why the initial problem returns a solution that solves also the new
problem, which in turn has an equilibrium flow as a solution.
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that the additive term of a reasonable latency is at most §. Recall also that by hypothesis, there exists a
constant p’ > 0, such that for all e € E(Hy), f. < p’. Hence, the total flow through G (and through Hy) is
r<png.

At the conceptual level, the proof proceeds as explained above. We start with S = {u}. By hypothesis,
the flow entering u is at most p’. By the expansion property of good networks and by Chernoff bounds®,
with high probability, there are at least Py (e; )np/4 edges e adjacent to u with b, < €;. At most half of these
edges have flow greater than %ﬁ;w, thus there are at least Py(e1)np/8 edges adjacent to u with latency,

wrt g, less than i,‘:(‘:if;‘rf; + €1. We now let dy = B + i,f(‘:fj‘rf; +eand S; = {x € V : dy(x) < dy}. By

the discussion above, |S1| > Py(e1)np/8.

We now inductively define a sequence of vertex sets .S; and upper bounds d; on the latency of the
vertices in .S; from s, such that S; C S;41 and d; < d;1. This sequence stops the first time that |I"(.S;)| >
3n/5. We inductively assume that the vertex set S; and the upper bound d; on the latency of the vertices
in S; are defined, and that |I'(S;)| < 3n/5. By the expansion property of good networks |I'(S;) \ S;| >
np|S;|/3, for sufficiently large n. Thus, with probability at least 1 — e»(c1/Inm)nplSil/24 there are at least
Py (12-)np| S| /6 vertices outside S; that are connected to a vertex in S; by an edge e with b, < €1/ Inn.
Let S; be the set of such vertices, and let F; be the set of edges that for each vertex v € S!, includes a
unique edge e € E; with b, < ¢;/Inn connecting v to a vertex in .S;. Since the flow g may be assumed
to be acyclic, a volume r < p'n, of flow is routed through the cut (S;, V' \ S;). Then, at most half of
the edges in E; have flow greater than 2p'n, /|S}|. Consequently, at least half of the vertices v € S} have
latency from s:

€1 20" ny
ds(z) < d;j + — + Anax
s(@) = JrlnnJr A

€1 12Amaxp' s
Inn  Py(:)np|S;|

Inn

<d;+

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

€1 12A a0’ 1y
di = d7. . )
AT T B nplS

and we let S;11 = {z € V(G)|ds(x) < di4+1}. By the discussion above, and using the inductive definition
of S;’s, we obtain that:

|Si+1| Z (%Pb(el/lnn)anr 1)|Sl|

> (L Py(er/Inn)np + 1) EX

/N

We recall that ¢* is the first index 4 such that |I"(.S;)| > 3n/5. Then, the inequality above implies that:

o In (3n/(5|5.)) < In(24n/(58(e1)np))
~ In(HP(er/Inn)np+1) ~ In(35P(e1/Inn)np + 1)

Using that pn > lnn and that Py(e;/Inn)np = w(1), the inequality above implies that i* < Inn, for
sufficiently large n.

° We repeatedly use the following form of the Chernoff bound (see e.g., [18]): Let X1, ..., X% be random variables
independently distributed in {0, 1}, and let X = 3% | X,. Then, for all e € (0,1), P[X < (1 — ¢)E[X]] <

2 . . .
e ¢ ®IX1/2 where e is the basis of natural logarithms.
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Therefore, we obtain an upper bound on the latency from s of any vertex in S~ :

-~ 12Amx n
die < do+i" - +Z §p|§|

ln 71

Inn

<d1+71 n—l—
Z1P)b(lnn)np( Pb(1117L)np+1) |Sl‘

Inn

12Amdxp ny —1
=di + ¢ + Py(y)np +1
(1nn np|Sl| Z 2 )

12Amaxpln+

8Amaxp ) 96Amaxp’n+ e .
<\ Bs+ 57—~ —+ea | tea+ 27!
( Pyle)np ') T P(3E) Po(e) (np)? 2

8 Amaxp’ 144 A maxp'k

< B; + 2¢;1 +
T B | Pt ) Po(en)np

For the penultimate inequality, we use that P, (€1 / Inn)np = w(1), which implies that 14+ Py (e1 / Inn)np/12 >
2, for n sufficiently large. For the last inequality, we use that n < 3knp/2, for some constant k& > 0, by
hypothesis.

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

Ze—Pb(el/lnn)np|Si\/24 < Z ef(ll—QPb(el/lnn)np+l)l|sl\/24
i=1 =1

S lnne—(l—ng(el/ In n)np-l—l)Pb(el)np/lQZ

Therefore, the construction above succeeds with high probability.

Similarly, we start from Ty = {v}, and 1nduct1vely define a sequence of vertex sets T C 77 C --- C
Tj~, and a sequence of upper bounds dy < d} < --- < d’ on the latency from ¢ of the vertices in each T}.
We let T; = {x € V(G)|di(x) < d;} The sequence stops as soon as |[I'(T;)| > 3n/5 for the first time.
Namely, j* is the first index with [I'(T}-)| > 3n/5. Using exactly the same arguments, we can show that
with high probability, we have that j* < Inn, and that:

8Amaxpl 144Amaxp/k
Py(er)np — Py(32 ) Py(er)np

dj < By + 261 +

Wlog., we assume that S;« N T« = (. Since |I'(S;) (T;+)| > 6n/5, there are at least n/10
edge disjoint paths of length at most 2 between S;« and T;«. Furthermore, by Chernoff bounds, with high
probability, there are at least P, (e;)?n/12 such paths with both edges e on the path having b, < €. At

most half of these paths have flow more than 2 B (p T)L; and thus there is a path from a vertex of S;+ to a

24p'ny
max P, (e;)2n

vertex of T« that costs at most 2¢; + 24

Putting everything together, we have that there is a path p’ that starts from s, moves to u, goes through
vertices of the sequence S, ..., .S;+, proceeds to a vertex of I"(.S;«) N I'(T}+), and from there, continues
through vertices of the sequence 7}, . .., T, until finally reaches v, and then ¢. The latency of this path is:

8Amaxp’ 48 Apaxp'k ) A8 Appaxp'ny

l,(g) < Bs+ B, +6 2
p(9) < Bo+ Bi+ e + (Pb(Gl)”p By(5) Po(en)np Py(e1)?n
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We recall that since the flow ¢ is a minimizer of Pot(g), for any g-used path ¢ = (s,u,...,v,t),
44(g9) < ¢ (g). Thus we obtain that any g-used path ¢ = (s, u, ..., v,t) has latency

8Amaxp/ 48Amaxp/k 48Amax,0/n+
14 < Bs;+ B; 4+ 6¢1 + 2 <
a(9) ! ! (Pb(el)np Pb(ﬁ)Pb(el)np) Py(e1)2n
8Amax [ 2 6k 9kp
= B+ By + 6¢1 + 9’ { + - ]
ETYAT P B np( Pb(ﬁ)) 2Py (1)
1 1
=B;+B;+6 'xO(1)|0 | — O| ————— o1
ST BbaTe ()[ (np>+ (inb(h?n))Jr ()p}
= By + By + 6€1 + p' x o(1) (10)

In the above asymptotic expressions we used the assumption of Lemma 5 that n /n = max{ns,n:}/n <
3kp/2, for constant k£ > 0. We also used in the Definition 3 of good networks the condition (3) that
Py(e1/Inn)np = w(1). We also used in the Definition 1 of reasonable latency coefficients the condition
(3) that for any constant €; > 0 there exists a constant d., > 0 such that P,(e;) > 0, . Finally, we used in
the Definition 3 of good networks that pn = o(n) = p = o(1) and pn = 2(logn). O

We conclude that the flow g satisfies property (5) of Lemma 5 by Proposition 1 proved above in (10). O

Corollary 1. If p' = O(1) in (10) then Ye1 > 0 = £4(g) < Bs + B, + Tey, for each g-used path in (10).
Thus, g is an Te1-NE, Ye, > 0.

Bmaxn+
Amin€

6.2 Approximating the best subnetwork when » <

Grouping the Neighbors of s and ¢: Let us now consider the entire random instance G and the best
subnetwork H{ of Gy (recall, G is the 0-latency simplification of G, see Def. 2) and f* the corresponding
NE flow on H{. A subtle issue of Lemma 5 is that it applies only to subsets of s-links in Es(H}) and ¢-links
in E;(H{) that have (almost) the same s, t-link latency (recall the role of Bs, B; in Lemma 5) under the
given NE flow f* in Hj. But, unlike G, now H{ need not be internally complete bipartite, therefore may
exist neighbors of s (resp. t) connected to disjoint subsets of V; (resp. of Vy) in H{, and thus have quite
different s, ¢-link latency. Hence, to apply Lemma 5, we partition the neighbors of s and the neighbors of
t into an at most a constant number of classes V. and V;’ according to their latency. For convenience, we
let e = €/6 and apply Theorem 2. By Theorem 2 there is an acceptable flow f, determined by exhaustive
search within the time bound of this theorem, and a network H containing only the f-used paths, which
is an e3-Nash flow on Hj and induces a path latency L = Ly, (f). By Theorem 2, applied with error

€2 = €/6, there exists a constant ¢ such that 0 < o < 24?"272"?‘6““ (where this bound on p holds by

€4 min

Lemma 4), where for all e € F(Hp), 0 < f. < 0+ €5. The highest latency wrt f of an s-link, plus the
highest latency of an ¢-link upper bounds the latency of any s-¢ path used by f in Hy. Thus, using the error
€2 = £/6 above, we can define in (11) the following constants «, £, k that will be useful in the sequel:

5. A%, ¢

min

L= LHo (f) S 2Amax(g + 62) + 2Bmax S 2Amax <
k= [L/e] = [6L]/e]

24 Amax Bmax
Amax ( 5. A2 ¢ +€/6) 4+ Biax

3

—|—5/6> 4+ 2Bpax = L

0<k<rk?=[12 (1)

Note that constant L in (11) above is independent of the particular value that 7 takes and independent of
f*, f- Recall (11) and partition the interval [0, £] of the possible s, ¢t-link latency values into the constant
number k = [L/ex] = [6L/€] of subintervals, where the i-th subinterval is I* = (ieg, (i + 1)ea], i =
0,...,xk — 1. Once more « is independent of the particular value that r takes and independent of f*, f. We
partition the vertices of V; (resp. of V;) that receive positive flow by f into the same constant number x of
classes Vsi (resp. Vf), 1 =0,...,k — 1. Precisely, a vertex € V (resp. x € V}), connected to s (resp. to

18



t) by the edge e, = {s,z} (resp. e, = {x,t}), is in the class V (resp. in the class V}%), if £, (f.,) € I;. If
avertex x € V5 (resp. z € V;) does not receive any flow from f, x is removed from G and does not belong
to any class. Hence, from now on, we assume that all neighbors of s and t receive positive flow from f,
and that V0, ... VF=1 (resp. V), ..., V1) is a partitioning of V; (resp. V;). In exactly the same way, we
partition the edges of F (resp. of E;) used by f into the same constant number r of classes E¢ (resp. E}),
1=0,...,k— 1

To find out which parts of Hy will be connected through the intermediate subnetwork of G, using the
construction of Lemma 5, we further classify the vertices of V! and V;/ based on the neighbors of ¢ and

on the neighbors of s, respectively, to which they are connected by f-used edges in the subnetwork Hy. In

particular, a vertex u € V/ belongs to the classes V"7

v E th with f{uﬂ,} > 0. Similarly, a vertex v € V;j belongs to the classes Vt(i’j), forall,0<i<k—1,
such that there is a vertex u € V' with f{, 3 > 0. A vertex u € V' (resp. v € V) may belong to many
different classes Vs(i"j ) (resp. to V;(i"j )), and that the class Vs(i’j ) is non-empty iff the class Vt(i’j ) is non-
empty. We let k& < k2 in (11) to be the number of pairs (i, j) for which Vj “9) and Vt(i’j ) are non-empty.
We note that k is bounded above by constant x? that does not depend on |V|,r, f, f*. In particular, the
flow f at hand determines k which, by virtue of Theorem 2, the f at hand is the best outcome flow via

deterministic exhaustive search over all acceptable flows. We let B be the set of edges connecting s

.)

,forall j,0 < j <k — 1, such that there is a vertex

to the vertices in V™’ and Et(i’j ) be the set of edges connecting ¢ to the vertices in Vt(i’j ). We conclude
that, when f is handed, the above construction of all the corresponding subsets takes time bounded by 2
in (11).

Building the Intermediate Subnetworks of G. The last step is to replace the 0-latency simplified parts
connecting the vertices of each pair of classes Vs(i’j ) and Vt(i’j ) in Hy with a subnetwork of G,,. We
partition, as in condition (4) of Definition 3 of good networks, the set V;,, of intermediate vertices of GG into
k subsets, each of cardinality |V}, |/k, and associate a different such subset Véf ) with any pair of non-
empty classes Vs “9) and Vt(i’j ). For each pair (4, j) for which the classes V “9) and Vt(i’j ) are non-empty,
we consider the induced subnetwork G(*7) = G[{s,t} U v gy g Vt(i’j)], which is an (n/k,p, 1)-
good network, since G' is an (n, p, k)-good network. Therefore, we can apply Lemma 5 to G(*7), with
7 = Hol[{s,t} U V) U V"] in the role of Hy, the restriction () of f to H{"" in the role
of the flow f, and since p’ = ¢ + €2 = O(1) we can apply, in particular, Corollary 1. Moreover, we let
Bgi’j) = max__ . Le(fe) and Bgi’j) = max . po.) Le(fe) correspond to By and By, and introduce

constant latencies ¢, (z) = B forall e € E and l(z) = Bgi’j) foralle € Et(i"j), as required by
Lemma 5. Thus, we obtain, with high probability, a subnetwork H (7) of G(?-7) and a flow g(*/) that routes
as much flow as f(*7) on all edges of Egi’j) U Egi’j), and satisfies the conclusion of Lemma 5, if we keep
in H(J) the constant latencies ¢, (z) for all e € ES U Et(i’j).

The final outcome is the union of the subnetworks H (%7 ), denoted H (H has the latency functions of
the original instance (), and the union of the flows g(/), denoted g, where the union is taken over all k
pairs (4, j) for which the classes V;(i"j ) and Vt(i’j ) are non-empty. By construction, all edges of H are used
by g. Using the properties of the construction above, we can show that if ; = /42 and €5 = £/6, the flow
g is an e-Nash flow of (H, r), and satisfies L (g) < Ly, (f) + /2. Thus, we obtain:

Lemma 6. Fix any ¢ > 0 and set constant k = k2 as in (11). Let (G, r) with G a (n, p, k)-good network
(Def. 3) and arbitraryr : 0 < r < B}‘L""&* Consider by Theorem 2 an acceptable (g/6)-Nash flow f and
the subnetwork Hy C Gy used by f which satisfies: Ve € E(Hy) = 0 < f. < o+ £/6, with constant
0<p< %. Then whp'® we can compute in poly(|V|) time a subnetwork H C G and an e-Nash

€4 min

flow g of (H,r) with Ly (g) < Ly, (f) +¢/2.

Proof. We consider the subnetwork H (with the original latency functions of ), computed as the union

of subnetworks H (*7), and the flow g, computed as the union of the flows ¢(*7), where the union is taken

over all k pairs (i, j) for which the classes Vs(i’j ) and Vt(i’j ) are non-empty. We recall that by construction,

10 wrt. the random choice of the latency functions of G
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all edges of H are used by g. We show that if e; = £/42 and ¢2 = /6, the flow g is an -Nash flow of
(H,r), and satisfies Lz (g) < Lg,(f)+¢e/2. We stress that the edge and path latencies here are calculated
with respect to the original latency functions of GG and under the edge congestion induced by the flow g (or
the flow f).

For convenience, we let B() = B 1 B9 for any pair of non-empty classes V") and V;("7),
Since the difference in the latency of any edges in the same group is at most €2, we obtain that for any
edge e € Egi’j), Bgi’j) —ex < Ul(fe) < Bgi’j), and similarly, that for any edge e € Et(i’j), Bt(i’j) — €y <
Le(fe) < Bt(i’j ), Therefore, since Hy is a 0-latency simplified network, and since by hypothesis, all the
edges of Hj are used by f, for any pair of non-empty classes V;(i’j ) and V;(i"j ), and for any s — ¢ path p
going through a vertex of Vs(i’j ) and a vertex of Vt(i’j ),

B®I) _9¢y < 0, (f) < B
Moreover, since f is an e3-Nash flow of (Hy, r), for any s — ¢ path p € Py,
Luo(f) — €2 < 6p(f) < Ly (f)
Combining the two inequalities above, we obtain that for any pair of non-empty classes V( 7 and V(l J )
BW9) —2e5 < Ly, (f) < B4 4 ¢ (12)

As for the flow g, by construction, we have that g. = f, for all edges e € E; U E;. Therefore, for
any edge e € Egi’j), Bgi’j) — €3 < le(ge) < Bgi’j), and similarly, for any edge e € Egi’j), B,fi’j) —€6 <
le(ge) < Bt(i’j ). Thus, by Lemma 5 and its Corollary 1, and since all the edges of any subnetwork H (i.4)
are used by g, for any s — ¢ path p in the subnetwork HG5) BEI) — 2e9 < Ep(g) < BGJ) 4 7e1. Using
(12), we obtain that for any subnetwork H (*7) and any s — ¢ path p of H(7),

L, (f) —3e2 < Lp(g) < Ly, (f) + 262 + Teq (13)

Furthermore, we recall that the subnetworks H (%) only have in common the vertices s and ¢, and
possibly some vertices of V U V; and some edges of F; U E;. They have neither any other vertices in
common, nor any edges connecting vertices in the intermediate parts of different subnetworks H () and
HU"") Hence, any s — ¢ path p of H passes through a single subnetwork H (/). Therefore, and since by
construction, all the edges and the paths of H are used by g, (13) holds for any s — ¢ path p of H.

Thus, we have shown that g is a (52 +7e1 )-Nash flow of (H, ), and that Ly (9) < Ly, (f)+2e2+7e;.
Using €3 = ¢/6 and €; = £/42, we obtain the performance guarantees of g as stated in Lemma 6. a

6.3 Approximating the best subnetwork when » > M

Amin€

In Lemma 2 we have proved that: for an arbitrary net G at hand, if G denotes the O-latency simplified
network (Def. 2) of G the Nash flow f can be computed in strongly polynomial time (see e.g., [45]) on
(Go, r) and there are L1, Ly > 0, with Ly + Lo = L, such that all used edges incident to s (resp. to t) have
latency L (resp. L) in the Nash flow f. Since r > “““‘”* then Ly, Ly > Bpax and all edges in Fs U E,
are used by f. In particular, recall here (1) that the common path latency of the NE of Gy is

L(G(),’I") = Ll + L2 S (A + 14t> + 2Bma\x (14)

Also, in Lemma 2 we have proved that the common edge latency L; of loaded s-links is L1 < AL + Brax-
From this, we derive that the upper bound p’ used in the property (5) of Lemma 5 on the load of any s-link
e, satisfies:

T T 1
Aminp/ - Ll S I + Bmax = Pl S <A + Brnax) T (15)
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which bounds the flow traversed by any loaded path departing from a v € I'(Gg) and arriving at a u €
I'(Gy). By the NE flow f on (Gg, ) all the loaded s-links have equal latency L; and all the loaded ¢-links
have equal latency Lo, therefore we can plug f into Lemma 5 and compute in poly|V| time a flow g and a
subnetwork G’ C @G that satisfies properties (1-5) of Lemma 5. In particular, g is a NE on the subnetwork
G’ = G, that contains all g-used paths, where each g-used path has latency as in property (5) of Lemma 5,
that is, for any constant €; > 0:

L(G',r) < Ly + Ly +6¢e; +p' x 0(1) < <£ + AT> + 2Bnax + 661 + p' x o(1)
s t

r r T 1
< 1 A 2B max 6 A Bmax N 1 16

_(A3+At)+ +€1+<As+ )Aminxo() (o
where above we have plugged the p’ in (15). The expression in (16) will be useful bellow, when divided
by the common path latency L(H*,r) of the best subnetwork H* C G and derive the approximation ratio
of our algorithm 1. Towards this, in Lemma 2 we have proved that the best subnetwork H; C G of the
0-latency simplification of our initial graph G has a common path latency L(H{,r) at least:

r r
r) > ) > — 4+ ——
L(H*,r) > L(H,r) > <A5+At) >>1 a7

In particular, by virtue of our Lemma 1, the expression in (17) is a lower bound of the common path
latency L(H*,r) of the best subnetwork of the original G. We should stress here that we assume that this
expression is >> 1, since we refer to very high values of total rate r that loads all s, ¢-links thus inducing
high common path latency. Otherwise, if the common path latency is O(1), our previous analysis in Section
6.2 applies as is. We conclude that, if we consider the ratio of (16) and (17), then for any positive constant
€1 > 0, our approximation ratio for computing an e-NE is at most:

LGr) (5 + %) + 2Buax + 661 + (- + Bunax) 54 % 0(1)

(% +%)

=
T
o *
2

|

IA

14+e+

=14+e+4o(e)+

Amin 214min
=1+4+ec+o(er) +o(l) =
LG, r) < (1 +e+o(er) + o)) L(H*,r) = (1 + e+ o(1))L(H*,7) (18)

To derive (18), we have used the following bounds. From the 1st line to 2nd line we used that: (23# <

As T Ay
e, proved in (5). From the 2nd line to 3rd line we used that: - < (AL + 1) andthat (1~ + ) >>1

that we assumed in (17) because we study the case of high values of r. From the 3rd line to 4th line, we
recall the bound used in 1st to 2nd line, to obtain: —2max - < ¢/2. From the 4th line to 5th line we used

A, T A
that: % = (2(1), see assumption (1) of the reasonable coefficients in Definition 1.

Remark 2. We can also relax the assumption that (ALS + A%) >> 1 and obtain a slightly weaker approx-

2Bmax
T, r

imation ratio than in (18). In particular, recall ( < g, proved in (5) that yields in the 2nd line of

A, T Ay

(18) that term ( 7.6;1 ) < gqs < g,Ve; < B‘g‘“‘. Thus, in a scenario that (A’— + A%) = (2(1) then
o max . :

Ve 10 < e < Bmax we get L(G',r) < (1+2¢+ o(1))L(H*, 7).
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7

Open problem

Once more we highlight that the reduction itself runs in polynomial time. The time consuming step is
the application of [12, Theorem 3] to the O-latency simplified network. Since such networks have only
polynomially many (and very short) s — ¢ paths, they escape the hardness result of [40]. The (improved)
approximability of the best subnetwork for O-latency simplified networks is an intriguing open problem
arising from our work.
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