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Abstract

Best response (BR) dynamics is a natural method by which players proceed toward a
pure Nash equilibrium via a local search method. The quality of the equilibrium reached
may depend heavily on the order by which players are chosen to perform their best response
moves. A deviator rule S is a method for selecting the next deviating player. We provide
a measure for quantifying the performance of different deviator rules. The inefficiency of
a deviator rule S is the maximum ratio, over all initial profiles p, between the social cost
of the worst equilibrium reachable by S from p and the social cost of the best equilibrium
reachable from p. This inefficiency always lies between 1 and the price of anarchy.

We study the inefficiency of various deviator rules in network formation games and job
scheduling games (both are congestion games, where BR dynamics always converges to a pure
NE). For some classes of games, we compute optimal deviator rules. Furthermore, we define
and study a new class of deviator rules, called local deviator rules. Such rules choose the
next deviator as a function of a restricted set of parameters, and satisfy a natural condition
called independence of irrelevant players. We present upper bounds on the inefficiency of
some local deviator rules, and also show that for some classes of games, no local deviator
rule can guarantee inefficiency lower than the price of anarchy.

1 Introduction

Nash equilibrium (NE) is perhaps the most popular solution concept in games. It is a strategy
profile from which no individual player can benefit by a unilateral deviation. However, a Nash
equilibrium is a declarative notion, not an algorithmic one. To justify equilibrium analysis, we
have to come up with a natural behavior model that leads the players of a game to a Nash
equilibrium. Otherwise, the prediction that players play an equilibrium is highly questionable.
Best response dynamics is a simple and natural method by which players proceed toward a NE
via the following local search method: as long as the strategy profile is not a NE, an arbitrary
player is chosen to improve her utility by deviating to her best strategy given the profile of
others.

Work on BR dynamics advanced in two main avenues: The first studies whether BR dynamics
converges to a NE, if one exists, e.g., [33 26] and references therein. The second explores how
fast it takes until BR dynamics converges to a NE, e.g., [17, [19, 36} 28§].
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It is well known that BR dynamics does not always converge to a NE, even if one exists.
However, for the class of finite potential games [35, B2], a pure NE always exists, and BR
dynamics is guaranteed to converge to one of the equilibria of the game. A potential game is
one that admits a potential function — a function that assigns a real value to every strategy
profile, and has the miraculous property that for any unilateral deviation, the change in the
utility of the deviating player is mirrored accurately in the potential function. The proof follows
in a straight forward way from the definition of a potential game. Due to the mirroring effect,
and since the game is finite, the process of BR updates must terminate, and this happens at
some local minimum of the potential function, which is a NE by definition. While BR dynamics
is guaranteed to converge, convergence may take an exponential number of iterations, even in
a potential game. [2] showed that a network design game with costs obtained by a sum of
construction cost and latency cost, which is a potential game, convergence via best response
dynamics can be exponentially long.

Our focus in this work is different than the directions mentioned above. The description
of BR dynamics leaves the choice of the deviating player unspecified. Thus, BR dynamics is
essentially a large family of dynamics, differing from one another in the choice of who would be
the next player to perform her best response move. In this paper, we study how the choice of
the deviating player (henceforth a deviator rule) affects the efficiency of the equilibrium reached
via BR dynamics.

Our contribution is three fold.

First, we introduce a new measure for quantifying the performance of different deviator
rules. This measure can be used to quantify the performance of different deviator rules in
various settings, beyond the ones considered in this paper.

Second, we introduce a natural class of simple deviator rules, we refer to as local. Local
deviator rules are simpler to apply, since they are based on limited information. In practice,
simple deviator rules should be preferred over more complicated ones. Our results help in
quantifying the efficiency loss incurred due to simplicity.

Finally, we quantify the inefficiency of various deviator rules in two paradigmatic congestion
games, namely network formation games and job scheduling games. Our results distinguish
between games where local deviator rules can lead to good outcomes and games for which any
local deviator rule performs poorly.

1.1 Model and Problem Statement

A game G has a set N of n players. Each player i has a strategy space P;, from which she chooses
a strategy p; € P;. A strategy profile is a vector of strategies for each player, p = (p1,...,pn).
The strategy profile of all players except player ¢ is denoted by p_;, and it is convenient to denote
a strategy profile p as p = (p;, p_;). Each player has a cost function ¢; : P — R=% where ¢;(p)
denotes player i’s cost in the strategy profile p. Every player wishes to minimize her cost. There
is also a social objective function, mapping each strategy profile to a social cost.

Given a strategy profile p, the best response of player i is BR;(p) = arg minp; ep, (D} P—i);
i.e., the set of strategies that minimize player i’s cost, fixing the strategies of all other players.
Player i is said to be suboptimal in p if the player can reduce her cost by a unilateral deviation,
i.e., if p; € BR;(p). If no player is suboptimal in p, then p is a Nash equilibrium (NE) (in this
paper we restrict attention to pure NE; i.e., an equilibrium in pure strategies).

Given an initial strategy profile p°, a best response sequence from p° is a sequence (p°, p',...)



in which for every T = 0,1,... there exists a player i € N such that p’ ! = (p;,pzi), where

p; € BRi(p:Ci). In this paper we restrict attention to games in which every BR sequence is
guaranteed to converge to a NE.

Deviator rules and their inefficiency. A deviator rule is a function S : P — N that
given a profile p, chooses a deviator among all suboptimal players in p. The chosen player then
performs a best response move (breaking ties arbitrarily). Given an initial strategy profile p°
and a deviator rule S we denote by NEs(p°) the set of NE that can be obtained as the final
profile of a BR sequence (p°, p',...), where for every 7' > 0, p” *! is a profile resulting from a
deviation of S(p’) (recall that players break ties arbitrarily, thus this is a set of possible Nash
equilibria).

Given an initial profile p°, let NE(p") be the set of Nash equilibria reachable from p° via
a BR sequence, and let p*(p°) be the best NE reachable from p° via a BR sequence, that is,
p*(p¥) = arg miny,e v oy SC(p), where SC' : P — R is some social cost function.

The inefficiency of a deviator rule S in a game G, denoted ag, is defined as the worst ratio,
among all initial profiles p°, and all NE in NEg(p°), between the social cost of the worst NE
reachable by S (from p°) and the social cost of the best NE reachable from p°. Le.,

af =sup max SC(p)

0 peNEs(p?) SC(p*(p°))

For a class of games G, the inefficiency of a deviator rule S with respect to G is defined as the
worst case inefficiency over all games in G: ag = supgeg{a$}. A deviator rule with inefficiency
1 is said to be optimal, i.e., an optimal deviator rule is one that for every initial profile reaches
a best equilibrium reachable from that initial profile.

The following observation, shows that the inefficiency of every deviator rule is bounded from
above by the price of anarchy (PoA) [31],[34]. Recall that the PoA is the ratio between the cost
of the worst NE and the cost of the social optimum, and is used to quantify the loss incurred
due to selfish behavior.

Observation 1.1 For every game G and for every deviator rule S it holds that the inefficiency
of S is at least 1 and bounded from above by the PoA.

Proof: For every game G, initial profile p°, and deviator rule S, by definition, p*(p°) =
arg minpe v 0y SC(p). Since NEs(p®) € NE(p°) we know that SC(p*(p°)) < SC(NE4(p®))

SC(NE (po)) SC(NE (po)) SC(NE (p())) max,cp SC(p)
and therefore Wéﬁ)) > 1. Also, SC(p*pr)) < minpepch(p) O§ min;’; 500 = PoA(G).
Since 1 < % < PoA(G), we conclude 1 < suppo% < PoA(G) and therefore
1 <af < PoA(G). n

Local deviator rules. We define and study a class of simple deviator rules, called local
deviator rules. Local deviator rules are defined with respect to state vectors, that represent
the state of the players in a particular strategy profile. Given a profile p, every player i is
associated with a state vector v;, consisting of several parameters that describe her state in p
and in the strategy profile obtained by her best response. The specific parameters may vary
from one application to another. A vector profile is a vector v = (vy,...,v,), consisting of the
state vectors of all players. A deviator rule is said to be local if it satisfies the independence of
irrelevant players condition, defined below.



Definition 1.1 A deviator rule S satisfies independence of irrelevant players (IIP) if for every
two state vectors v;,, vi,, and every two vector profiles v,v" such that v = (vi,,Viy, V_i, i,), and
V' = (Viys Vigy v ) ﬂ if S(v) =11, then S(v') # is.

The IIP condition means that if the deviator rule chooses a state vector v; over a state
vector v; in one profile, then, whenever these two state vectors exist, the deviator rule would
not choose vector v; over v;. Note that this condition should hold even across different game
instances and even when the number of players is different. Many natural deviator rules satisfy
the IIP condition. For example, suppose that the state vector of a player contains her cost
in the current profile and her cost in the profile obtained by her best response; then, both (7)
max-cost, which chooses the player with the maximum current cost, and (i7) max-improvement,
which chooses the player with the maximum improvement, are local deviator rules.

Congestion games. A congestion game has a set E of m resources, and the strategy space
of every player i is a collection of sets of resources; i.e., P; C 2F. Every resource e € E has a
cost function f. : IN — IR, where f.(¢) is the cost of resource e if ¢ players use resource e. The
cost of player i in a strategy profile p is ¢;(p) = Zeem fe(le(p)), where £.(p) is the number of
players that use resource e in the profile p. Every congestion game is a potential game [32], thus
admits a pure NE, and moreover, every BR sequence converges to a pure NE. In this paper we
study the efficiency of deviator rules in the following congestion games:

Network formation games [2]: There is an underlying graph, and every player is associated
with a pair of source and target nodes s;,t;. The strategy space of every player ¢ is the set of
paths from s; to t;. The resources are the edges of the graph, every edge e is associated with
some fixed cost c., which is evenly distributed by the players using it. That is, the cost of an
edge e in a profile p is fe(p) = c¢/¢(p). In network formation games the cost of a resource
decreases in the number of players using it. We also consider a weighted version of network
formation games on parallel edge networks, where players have weights and the cost of an edge
is shared proportionally by its users. The social cost function here is the sum of the players’
costs; that is SC(p) = > ;cy ci(p).

The state vector of a player in a network formation game, in a profile p, consists of:

1. Player i’s cost in p: ¢;(p)

2. The cost of player i’s path: Zeepi Ce

3. Player 4’s cost in the profile obtained from a best response of i: ¢;(p'(i)) (where p/(i) =
(p—i, BR;(p—;)) is the profile obtained from a best response of 7).

4. The cost of player i’s path in the profile p/(i): ZeeBRi(p,i) Ce-

In weighted instances, the state vector includes player ¢’s weight as well.

Job scheduling games [38]: The resources are machines, and players are jobs that need to be
processed on one of the machines. Each job has some length, and the strategy space of every
player is the set of the machines. The load on a machine in a strategy profile p is the total length
of the jobs assigned to it. The cost of a job is the load on its chosen machine. We also consider
games with conflicting congestion effect ([23] [10]), where jobs have unit length and in addition
to the cost associated with the load, every machine has an activation cost B, shared by the jobs

Note that the profiles v and v may correspond to different sets of players.



assigned to it. The social cost function here is the makespan, that is SC(p) = max;en ¢i(p).
The state vector of a job (player) in a job scheduling game, in a profile p, consists of the job’s
length, its current machine, and the loads on the machines.

1.2 Our Results

In Section [2| we present our results for network formation games. Some of our results refer to
restricted graph topologies. These topologies are defined in Appendix [A] We first show that
in general network formation games, finding a BRD-sequence that approximates the optimum
better than the PoA is NP-hard. Therefore, we restrict attention to subclasses: We study
symmetric games, where all the players share the same source and target nodes. We show that
the local Min-Path deviator rule, which chooses a player with the cheapest best response path,
is optimal. In contrast, the local Max-Cost deviator rule has the worst possible inefficiency,
n (which matches the PoA for this game). We then consider asymmetric network formation
games. Unfortunately, the optimality of Min-Path does not carry over to asymmetric network
formation games, even when played on series of parallel paths (SPP) networks. In particular,
the inefficiency of Min-Path in single-source multi-targets instances is §(|V]), and for multi-
sources multi-targets instances, it further grows to 9(2“/‘). On the positive side, we show a
poly(n, |V|) dynamic-programming algorithm for finding an optimal BR sequence for network
formation games played on SPP networks in single-source multi-targets instances. We also
show a poly(n,|V]) such algorithm for multi-sources multi-targets instances that admit “proper
intervals” (see Section for formal definitions). For network formation games played on
extension-parallel networks we show that every local deviator rule has an inefficiency of Q(n).

In Section [2.5| we study network formation games with weighted players. It turns out that
weighted players lead to quite negative results. We show that even in the simplest case of
parallel-edge networks, it is NP-hard to find an optimal BR-sequence, and no local deviator rule
can ensure a constant inefficiency. Moreover, the Min-Path deviator rule has inefficiency Q(n),
even in symmetric games on SPP networks, and even if the ratio between the maximal and
minimal weights approaches 1. This result is quite surprising in light of the fact that Min-Path
is optimal (i.e., has inefficiency 1) for any symmetric network formation game with unweighted
players.

Job scheduling games with m identical machines are studied in Section A job’s (= player’s)
state vector in job scheduling games includes the job’s length, its machine, and the machines’
loads. Thus, local deviator rules capture many natural rules, such as Longest-Job, Max-Cost,
Max-Improvement, and more. We show that no local deviator rule can guarantee inefficiency
better than the PoA in this class of games (which is nz—’fl) In contrast, for job scheduling games
with conflicting congestion effects [23] we present an optimal local deviator rule.

Positive results on local deviator rules imply that a centralized authority that can control
the order of deviations can lead the population to a good outcome, by considering merely local
information captured in the close neighborhood of the current state. In contrast, negative
results for local deviator rules imply that even if a centralized authority can control the order
of deviations, in order to converge to a good outcome, it cannot rely only on local information;
rather, it must be able to perform complex calculations and to consider a large search space.



1.3 Related work

A lot of research has been conducted on the analysis of congestion games using a game-theoretic
approach. The questions that are commonly analyzed are Nash equilibrium existence, the con-
vergence of BR dynamics to a NE, and the loss incurred due to selfish behavior — commonly
quantified according to the price of anarchy [31], 4] and price of stability (PoS) [2] measures.

Our work addresses mainly congestion games. Specifically, we consider network formation
games and job scheduling games and variants thereof. It is well known that every congestion
game is a potential game [35, B2] and therefore admits a PNE. In potential games every BR
dynamics converges to a PNE. However, the convergence time may, in general, be exponentially
long. It has been shown in [I4] that in random potential games with n players in which every
player has at most a strategies, the worst case convergence time is n - a® . The average
case convergence time in random potential games is sublinear but along with the computation
complexity of finding the best response has running time of O(a - n). Results regarding the
convergence time in network formation games are shown in [2], [I9]. They showed that in
general, finding a PNE is PLS-complete. In the restricted case of symmetric players, in a game
with both positive and negative congestion effects, the convergence is polynomial. Analysis of
job scheduling games is presented in [16], where it is shown that it may take exponential number
of steps to converge in general cases.

The observation that convergence via best response dynamics can be exponentially long has
led to a large amount of work aiming to identify special classes of congestion games, where BRD
converges to a Nash equilibrium in polynomial time or even linear time, as shown by [2] for
games with positive congestion effects and by
[16] for games with negative congestion effects. This agenda has been the focus of [25] that
considered symmetric network formation games with negative congestion effect played on an
extension-parallel graph, and showed that the convergence is bounded by n steps. For resource
selection games (i.e., where feasible strategies are composed of singletons), it has been shown in
[28] that better-response dynamics converges within at most mn? steps for general cost functions
(where m is the number of resources).

Another direction of research considers an approximate Nash equilibrium, also known as e-
Nash equilibrium. An approximate-NE is a strategy profile in which no player can significantly
improve her utility by a unilateral deviation. [9] presented an algorithm that identifies a poly-
nomially long sequence of BR moves that leads to an approximate NE in congestion games
with linear latency functions. [8] showed for the more general case of polynomially decreasing
resources’ cost functions, given an algorithm to find e-best response, convergence time is poly-
nomial. In weighted network formation games which are known to not always have a PNE, [12]
study the relations between the ¢ needed to ensure existence of an e-PNE and the inefficiency
of the solution. [II] showed that it takes poly(n, %) steps to converge to a PNE in symmet-
ric network formation games, and that even when using different thresholds ¢; the amount of
deviations conducted by player i will be poly(n, é)

Another technique for controlling the convergence time of BRD is using a specific deviator
rule. [16] compared the convergence time of different deviator rules for different variants of
job scheduling games. For example, for instances of identical machines they show that the
Max-Weight-Job deviator rule ensures convergence in at most n steps while convergence by the
Min-Weight-Job can be exponential. They also show that the FIFO deviator rule converges
within time O(n?) and the expected convergence time of a random order is also O(n?). [23] and



[10] considered a variant of job scheduling with both negative and positive congestion effects and
analyzed their PoA and PoS. We will refer to that model in this work. [22] showed that using
the Max-Cost deviator rule, tightly bounds the convergence rate to 1.5n (worst-case) in these
games. The Max-Cost deviator rule was also considered in [30] for Swap-Games [4]. In Swap-
Games with initial strategies corresponding to a tree it has been shown that the convergence
time is O(n?), but using the Max-Cost deviator rule improves the bound to O(n).

Although every congestion game have a PNE and BRD always converges to one, examples

for variants of congestion games that do not have a PNE or that BRD does not necessarily
converge to one are shown in the literature. In particular, [12] presents a network-formation
game with weighted players that does not have a PNE;
[26] presents a characterization of the resources’ cost functions that ensures existence of PNE,
and proves various conditions for the finite-improvement-property (FIP) that implies that every
best response dynamic converges to a PNE. [33] shows that in a variant of congestion games in
which every player has a specific decreasing cost function for every resource, the FIP condition
does not necessarily hold. Though there is always a PNE and best response dynamics can
always converges to it, it is shown that there can be infinitely long best response sequences and
conditions for them to occur are presented. [5] presents network formation games with a variation
that players do not aim to connect a source and a sink, but to select a path corresponding to a
word in a regular language, assuming the edges are labeled by an alphabet. They showed cases
with no PNE and moreover, that computing a player’s best response is NP-hard, as was shown
for another variant of network formation games presented in [I8]. A variant of job scheduling
game on unrelated parallel machines, studied in [6] is shown to have a PNE only for unit-cost
machines. All the above works imply that the existence of a PNE, as well as the convergence
of BRD to one are not trivial. Moreover, even when a PNE exists and BRD is guaranteed to
converge, the implementation of best response dynamics can be computationally hard.

BRD has been studied also in games that do not converge to a PNE. The notion of dynamic
inefficiency was defined in [7] as the average of social costs in a best response infinite sequence
(for games that do not possess the finite improvement property). They considered the effect of
the chosen player on the obtained efficiency in games where BR dynamics can cycle indefinitely.
They consider job scheduling games, hotelling model and facility location games and study the
dynamic inefficiency of Random Walk, Round Robin and Best Improvement deviator rules.

2 Network Formation Games

In this section we study network formation games. We consider two natural local deviator
rules, namely Maxz-Cost and Min-Path. The Max-Cost deviator rule chooses a suboptimal
player that incurs the highest cost in the current strategy profile p, i.e., Max — Cost(p) €
arg MaX ;e Nip, ¢ BR;(p)} ¢i(p). The Min-Path deviator rule chooses a suboptimal player whose
path in the profile obtained from a best response move is cheapest, i.e., Min — Path(p) €
arg minge Ny, ¢BR; (p)} ESGBRi(p) ce. Both rules are local deviator rules.

Recall that some of our results refer to restricted graph topologies, defined in Appendix [A]
This section is organized as follows. Section includes our analysis of symmetric games. In
Sections and we study games played on series of parallel paths networks and extension
parallel networks, respectively. Finally, in Section we study weighted network formation
games.



2.1 The BRD-Inefficiency in General Network Formation Games

We start with the most general form of network formation games, with no restriction on the
network topology or the players’ objectives. We prove that for the general case it is NP-hard to
find a deviator rule whose inefficiency is lower than the PoA.

Theorem 2.1 In network formation games, it is NP-hard to find a deviator rule with ineffi-
ciency lower than Q(n).

Proof: Given a game, an initial strategy profile, and a value k, the associated decision
problem is whether there exists an order according to which the players are activated and
results in a NE whose social cost is at most k. We show a reduction from the Partition problem:
Given a set of numbers {aj,ag,...,a,} such that Zz‘e[n} a; = 2, the goal is to find a subset
I C [n] such that »Z,c;a; = 3 ;¢ @ = 1. This problem is NP-hard even if it is known that
such a subset [ exists. Given an instance of Partition, such that for some I C [n], it holds that
> icr @i = 1, consider the network depicted in Figure|l} with the following initial strategy profile
of 2n + 2 = O(n) players:

e Players 1,...,n: Each Player i € [n], has a source v;_; and a target v; and she initially
uses the upper edge of cost 3 by herself. The alternative edge for Player ¢ costs a;.

e Players n + 1,...,2n: n players whose objective is an (s',¢')-path. Initially, they all use
the lower (s,t')-edge of cost n, thus, each of them pays 1.

e Player a whose objective is an (sq, t,)-path. She initially uses the upper path and share
its second edge with Player b, so her initial cost is 1.5 + 5.

e Player b whose objective is an (sp, 4 )-path. She initially uses the upper path and share
its second edge with Player a, so her initial cost is 1.5 + 5.

Figure 1: The network constructed for a given Partition instance. Every edge is labeled by its
cost and (in brackets) the number of players using it in the initial strategy profile.

The following simple observations limit the possible BRD sequences of the above game
instance:



1. Since a; < 3, for all i € [n], each of the first n players uses the a;-edge in any NE.

2. The n (s',t')-players would benefit from a deviation only after the edge of cost 2 — € is
utilized by some other player.

3. Players a and b will never use edges of cost 3. If they select a path that passes through
v, it will consist of all the a;-edges. The initial cost of this alternative path for Player a
is " a; = 2. She will deviate to this path only after her total share in the a;-edges is at
most 1.5.

4. As long as Player a is using the upper path, deviating to a path through vg is not beneficial
for Player b, since such a path will incur her a cost of at least % + 1. Also, deviating to the
lower path will incur her a cost of 2 — ¢, which is more than her current cost. Therefore,
Player b will not deviate before Player a.

Using the above observations we prove the statement of the reduction.

Claim 2.2 Let I be a subset of [n] such that ) ;.;a; = 1. A deviator rule that knows I can
determine a BR-sequence that ends up with a NE whose social cost is O(1). If I is not detected
then the final NE will have social cost Q(n).

Proof: Assume that a subset I C [n] such that ), ;a; = 1 is known. Consider a BR-
sequence in which the players in I deviate first (in an arbitrary order), then Player a deviates,
then Player b, and then all the suboptimal players (in an arbitrary order). Since >, ;a; = 1,
the players in I utilize a;-edges of total cost 1. When Player a gets to deviate, she selects a
path that passes through vg. Her share in the sub-path consisting of the a;-edges is 0.5 for the
utilized edges, and 1 for the non-utilized edges. Since her current cost is 1.5 + 5, this deviation
is indeed beneficial.

When Player b gets to deviate, her share in the sub-path consisting of the a;-edges would be
% + % = %. Her best response is therefore the lower path since 2 — € < % =+ % = 2.

After Player b deviates all the players using the expensive (s',t’)-edge will join Player b, and
the rest of the first n players will deviate to their corresponding a;-edge. The social cost of the
resulting NE would be 2 — € + % +2=52—¢e=0(1).

For the other direction of the reduction assume that the social cost of some NE reachable
from the given initial profile is a constant. We show that the deviator rule must activate a
subset of the players 1,...,n, corresponding to partition elements of total size 1 before Player
a deviates. In order to end up with a constant social cost, the expensive lower (s, t')-edge was
abandoned. By the above observations, the players using this edge deviated to the (2 — €)-edge,
and in order for that to happen, Player b must deviate to this (2 — €)-edge first. As stated,
Player b will not deviate before Player a. Also, players 1,...,n must deviate sometime along
the dynamics. Let x, (zp) be the total cost of a;-edges utilized by Players 1,2,...,n before
Player a (b) deviated. Since Player a must deviate before Player b it holds that z, < xy.

In order for the deviation to be profitable for Player a, it must be that %-xa—l—(2—$a) < 1.5+5%,
since her newly incurred cost consists of her share in the cost of edges she share with players
that already deviated and the cost of edges she uses alone. We conclude that z, > 1 — €.

In order for Player b to deviate to the (2 — €)-edge it must be more beneficial than deviating

to a path through vyg. The latter would consists of the edge of cost %, edges she share with



Player a and players in [n] that already deviated, and edges that she share only with Player a.
Formally, 2 — e < %—i—%-xb—i—%-@—xb). That is, 5 < 1 + 6e.

Combining the above observations, we get that 1 — e < z, < xp < 1 + 6e. This implies that
for e < %mini a;, we have x, = xp = 1. The set of players that utilize the edges of total cost 1
correspond to a set I C [n] of sum 1, which induces a partition.

Finally, note that any other BR-sequence leaves the lower expensive edge activated, and
therefore, has total cost Q(n). [ [

2.2 Symmetric Network Formation Games

A network-formation game is symmetric if all the players have the same source and target nodes.
Recall that the inefficiency of any deviator rule is upper bounded by the price of anarchy of the
game. It is well known that the PoA of network formation games is n (i.e., the number of
players).

We first show that the Max-Cost rule may perform as poorly as the PoA, even in symmetric
games on parallel-edge networks.

Observation 2.3 The inefficiency of Maz-Cost in symmetric network formation games on
parallel-edge networks is n.

Proof: Given n € N, we present an instance G over n players for which a]\G/[a:c—Cost = n.
Consider the network depicted in Figure 2l The initial profile consists of a single player using

1

Figure 2: A network on which Max-Cost has inefficiency n.

the top edge and n — 1 players using the bottom edge. For the first step, the cost of the player
on the top edge is 1 and the costs of the players on the bottom one is Tl;i Therefore, Max-Cost
chooses the player on the upper edge. That player migrates to the bottom edge, resulting in
social cost 1 — €. However, if the players on the bottom edge deviate first (to the middle edge),
then the player on the top edge will also deviate to the middle edge, resulting in a NE profile
with a social cost of % The ratio converges to n as € — 0. |

On the other hand, we show that Min-Path is an optimal deviator rule, i.e., it always reaches
the best NE reachable from any initial profile. Our analysis of Min-Path is based on the following

Lemma:

Lemma 2.4 In symmetric network formation games, the path chosen by the first deviator is
the unique path that will be chosen by all subsequent players, regardless of the order in which
they deviate.

Proof: Assume that player i is the first to migrate and it chooses p; as a best response.
Since py is i1’s best-response, after her deviation she cannot be suboptimal, and so are all the
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other players who use p; by symmetry. Assume, by a way of contradiction, that ps # p1 is a

best response of a suboptimal player io not using p;. Since i2 can deviate to p; and incur a cost

lower than the cost i1 pays, but prefers to deviate to py - a deviation of i1 to ps will also be

beneficial, a contradiction. [ |
Lemma directly implies the optimality of Min-Path:

Theorem 2.5 Min-Path is an optimal deviator rule for symmetric network formation games.

Proof: By lemma after the first deviation, the first deviation dictates the NE to be
reached. Thus, the set of BR paths in p° are the set of reachable NE, and choosing the cheapest
one among them is optimal. [ |

2.3 Series of Parallel Paths (SPP) Networks

In this section we study network formation games played on SPP networks. An SPP network
consists of m segments, where each segment is a parallel-edge network. Let {uq, ..., u,} denote
the vertex set, and for every j < m, let E; denote the set of edges in segment j (i.e., the parallel
edges connecting u;—1 and u;). For a player i, let E(i) = Uy, <k<¢, E, denote the set of edges
player ¢ may choose.

Note that in an SPP network, a player’s choice of an edge in F; is independent of any other
segment in her path. This implies that a network formation game on an SPP network consists
of a sequence of symmetric games, where the set of players participating in each game varies.
Combining this observation with Lemma implies the following.

Lemma 2.6 In every network formation game played on an SPP network with m segments,
for every 1 < j < m, and every BR sequence, let i be the first player in the sequence such that
E; € E(i), and let e be the edge in E; chosen by player i. Then e is the unique edge in Ej;
players deviate to.

2.3.1 Optimal BR sequence for single-source, multi-targets games

We first consider single-source, multi-targets instances. For this case, we devise a dynamic
programming algorithm that computes an optimal BR sequence.

Theorem 2.7 For any single-source multi-targets network formation game played on an SPP
network, an optimal BR sequence can be computed in time O(nm), where m is the number of
segments and n is the number of players.

Proof: Lemma[2.6lapplied to a game with a single source implies that a migration of a player
i with target u; determines the path from the source (s = ug) to u; that will be used in the NE
reached.

Let N; denote the subnetwork consisting of the last j segments in the input SPP. Formally,
N; = UL, _ i1k Our dynamic programming solution is based on calculating an optimal
solution for every suffix IV; of the network. In particular, a solution for NV, is a solution for the
input SPP.

Let OPT; be the minimum cost of a path that can be reached in the game induced by V;,
and let P; denote the first player that has to migrate in order to reach it. The base case of
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the dynamic programming is j = 1. Clearly, OPT; and P; can be easily found since the game
induced by N7 is symmetric:

OPT; = min ¢(BR;(p°) N Ny)

{ilti=um}

Py = argmin ¢(BR;(p") N Ny).
{ilti=um}

For j = 2,...,m we calculate OPT}; and P; as follows: For every player ¢ such that ¢; €
{tm—jt1,...um}, denote by OPT]? the minimal cost of a path that can be reached in the game
induced by Nj, if player i is the first to perform her BR. Assume ¢; = u;. By Lemma the
NE corresponding to OPT; consists of a prefix e;,—j,...,e, in Ey,_j11U...UEy, which is player
i’s best response path. That prefix is followed by a suffix of cost OPT,,_;. Denote the prefix’s
cost by Cfn—j,t,- = ¢(BR;(p") N N;)

We can compute OPTj, P; using the following formulas:

OPT]Z = Czn—j,ti + OPTp_p ,t; = ug

OPTj = min OPT;}
{iltie{um—j,...um}}
P; = arg min OPT}

{iltie{um—j,..um}}

The algorithm consists of an O(nm) preprocessing in which the values C? jt; are calculated
for all j and . Given C, it is possible to calculate each of OPT, ..., OPT,, in time O(n), giving
a total of O(nm) for the whole algorithm. Note that the player P; is a one determining OPT},

that is, OPT; = OPTij . Given OPT}, P; for all j, the BR sequence begins with P, as the first
player, if its target is uj then the next player to perform BR will be Py, etc. ]

2.3.2 Optimal BR sequence for multi-sources, multi-targets games with proper
intervals

In this section we consider multi-sources, multi-targets instances with proper intervals. A net-
work formation game played on an SPP network is said to have proper intervals if for every two
players i1, iy it holds that if s;, < s;, then t;; <t;,. We denote by [s;, ¢;] the set of segments from
i’s source to i’s target, and call it the interval of player i. Le., [s;,t;] = Es,41 U Es, 42U ... U E}..

Theorem 2.8 For any multi-sources multi-targets network formation game played on an SPP
network with proper intervals, an optimal BR sequence can be computed in time O(nm?), where
m is the number of segments and n is the number of players.

As in the single-source case in the previous subsection, every deviation dictates the specific path
that will be used in the NE reached. Therefore, the best NE path reached by a BR sequence
that starts by a deviation of a specific player, consists of the player’s BR path and the best
solution in the subnetworks that the player doesn’t use. Our dynamic programming solution
uses this observation to find the player that the NE reached by a BR sequence that starts with
her deviation is the optimal. To find that NE, we consider the player’s BR path and the optimal
paths on the residual, strictly shorter subnetworks. Denote by N,; the subnetwork consisting
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of the segments connecting u, and u;. That is, Ng; = U};:S 41Ek. The dynamic programming
solution is based on calculating, for every 0 < s <t < m, an optimal solution for the subnetwork
N, by iterating over the subnetworks in ascending lengths. In particular, a solution for Ny,
is a solution for the input SPP. Let OPT,; be the minimum social cost in a NE that can be
reached in the game induced by N, ;. Let Ps; denote the first player that has to migrate in order
to reach that optimal NE. The base cases of the dynamic programming are all the subnetworks
induced by a single segment, i.e., N;_1 ; for all 1 < j < m. Clearly, OPT;_; ; and P;_;; can be
easily found since the game induced by N;_; ; is symmetric. So we initialize
. 0
OPTj—1; = {i‘E]r'reu[g,ti]}C(BRz(p ) N Nj-1,)
Pj_1;= argmin c¢(BR;(»°) N N;_1,)
{ilEj€lsit]}

In addition, for all 0 < j < m, we initialize OPT} ; = 0.

For t > s+ 1, we compute OPT,; and P;; as follows: For every player ¢ for which [s,t] N
[si,ti] # 0, denote by OPT, ;t the minimal cost of a path that can be reached in the game
induced by Ny, if player ¢ is the first to perform her BR. Denote by C;t the cost of i’s BR on
the subnetwork N N [s;,%;].

CZ

S

+ = c(BRi(p°) N Nyy)
When calculating OPTSi,t We distinguish between four cases:

o If Ny; C [si,t;] then OPT!, = Ci,, i.e., if the subnetwork is contained in the i’s interval
then its deviation will set the cost of the whole subnetwork.

o If Egy1 € [si,tg] then OPT!, = Ci, + OPT,,, ie., if the subnetwork has a suffix not
contained in 4’s interval then its deviation will set the cost of their intersection and we
need to add the optimal cost of the suffix to the total cost.

o If By € [si, ;] then OPT!, = OPT;,, + C._,, residue prefix equivalent to the suffix in the
previous condition

e Otherwise, OPTSi’t = OPT,,, + C;i,ti + OPT;, ;, combines residue prefix and suffix of
the subnetwork over the player’s interval. Note that since we assume a proper interval
instance, no player that plays in Ny, can play in Ny, ; and vice versa, so the process of
computing each of them is completely independent.

In each of the cases, the calculation of OPT. ;,t requires as sub-problems only values of OPTy ¢
for which Ny 4 is strictly shorter than N,;. Also, our base cases include N;; and N;_q; for
every j, thus calculating OPTyg, can be done by iterating through N in increasing length. We
get that

sz,tﬂ

OPT,; = min
{alls,tIN[sits]#0}
Ps; =  argmin OPTit
{ills,tIN[sits]#0}

The algorithm consists of an O(n - m?)-time preprocessing in which the values C;t are
calculated for all 4, s and ¢. Given C, it is possible to calculate each of OPT; in time O(n - m?),
giving a total of O(n - m?) for the whole algorithm. The set of players Ps; that are calculated
in the process form the optimal BR-sequence.
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2.3.3 The performance of Min-Path in SPP networks

After presenting non-local optimal deviator rules, we turn to analyze the inefficiency of Min-
Path that was shown to be optimal for symmetric network formation games. Given an SPP
network and a BR-sequence, we say that a segment is unresolved if there are at least two players
whose interval include the segment, and each of them will select a different edge in the segment
if chosen to perform a BR next. The other segments are denoted resolved. By Lemma after
a player performs her best response, all the segments in her interval are resolved. Thus, no
player migrates more than once. By definition, in a resolved segment, the edge chosen in every
reachable Nash equilibria is determined already, therefore, migrations of players who use only
resolved segments do not influence the reachable Nash equilibria and in the following analyses
we ignore them. In other words, all the deviations we consider resolve at least one segment. We
denote by R; the resolved segments after ¢ such deviations. Let OPT denote the minimal cost
of a NE reachable from p° by some BR sequence. Formally, OPT = SC(p*(po)).

Lemma 2.9 For any BR sequence of an SPP network instance, as long as there are unresolved
segments, there exists a suboptimal player whose interval includes unresolved segments, and if
this player is chosen next, then the cost of the unresolved segments she would set (“resolve”) is
at most OPT.

Proof:  Let p be an intermediate strategy profile in the BR sequence. Consider the players
according to the order they deviate in some optimal BR sequence. Let ¢’ be the first player in this
order who is suboptimal in p. Since no player prior to 7’ in the optimal sequence is suboptimal,
the segments that i would resolve by a deviation from p are a subset of the segments she resolves
in the optimal sequence. In the optimal sequence she obviously resolves these segments such
that the selected edges are of total cost at most OPT, and therefore this is an upper bound on
the total cost of unresolved segments she would set by deviating from p. |

Using the above lemma, we provide tight analysis on the performance of Min-Path for SPPs
with multi-targets and single or multiple sources. Note that in a single-source instance, every
player resolves the prefix of the network corresponding to her interval.

Theorem 2.10 The inefficiency of Min-Path in SPP network formation games with single-
source and multi-targets is 8(m).

Proof:  We show that the total cost determined for the segments resolved in every iteration is
at most OPT'. Since at least one segment is resolved in each iteration, the whole network’s cost
is bounded by m - OPT. Let i be the i-th player chosen to deviate by Min-Path and assume i
has unresolved segments. Let 7/ be the player guaranteed by Lemma It may be that 1 = 7'.
Both players have the same BR path in the resolved segments and therefore differ only in their
unresolved segments. Since Min-Path chose i, the cost of her unresolved segments is at most
the cost of #'’s unresolved segments, which is at most OPT by Lemma [2.9]

We show that the analysis is tight: Consider the network depicted in Figure [8] There are
n = m players, where t; is the target of player ¢. In the initial strategy profile for every 1 <1i¢ < n,

P = (e1,ea,...,ei_1,¢,). Note that in every segment, E;, connecting ¢;_ and t;, the upper

edge costs n — j and is used by the n — j players j +1,...,n and the lower edge costs 1+ € and

is used only by player j. Thus, the initial cost of player i is c,0(p°) = > Z—:? +(1+¢€) =
‘ 1<j<i—1

(t—=1)4+1+e) =i+e
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e, 1+¢€ es,1+¢€ e;,1+¢€

Figure 3: A network on which Min-Path has inefficiency Q(m).

Clearly, in every segment, the players using the upper edge will benefit from deviating to
the lower one and the player using the lower edge will benefit from deviating to the upper one.
By Lemma the first deviation will determine the edge that will be used in the NE reached.

Note that player i’s best response, is (€], €5, ..., ¢ei_1,¢e;) whosecostis > (14€)+(n—i) =

1<j<i—1
(i—1)-(1+€)+(n—i)=n+(i—1)-e. Player 1 will be chosen by the Miil—Path deviator rule,
and will deviate to (e1). After this deviation e; is included in the BR of all the players. We
can therefore consider the game induced by the nodes {t1, ..., t, }, treating ¢; as the source. The
resulting game is similar to the initial one, and the same analysis shows that the second deviation
is of player i to (e, e2). Repeating the process, we get that NE reached by Min-Path consists
of the edges {e1,ea,...,en_1,¢,} and therefore SC(NEpin—patn(p®)) = > Ce; FC =
1<j<(n—1)

Y (n—j)+l+e=mn-15+1+e
1<j<(n—1)

On the other hand, another valid BR sequence is a one in which player n migrates first. Her
BR is deviating to all the lower edges. By Lemma other players will follow and the BR

sequence will converge to {e}, €}, ..., e/} having SC = (1 +€) = n(1+¢€). The ratio between the
1<j<n
(n—1)5+1+e¢ (n—1)5+1
n(l+e) =0 n
of Min-Path in SPP networks with single-source and multi-targets is 6(m). [

We turn to consider arbitrary instances and show that Min-Path can perform poorly.

two social costs is ~ 5. Since n = m, we conclude that the inefficiency

Theorem 2.11 The inefficiency of Min-Path in SPP network formation games with multi-
sources and multi-targets is 6(2™).

Proof: Let ¢(R;) denote the total cost of resolved segments after i deviations of players
whose deviation resolved at least one segment. The segments that are resolved already in Ry
will be included in the NE reached, therefore, ¢(Ry) < OPT. We prove that ¢(R;) — c(R;—1) <
¢(R;—1) + OPT for every i; i.e., ¢(R;) < 2¢(R;—1) + OPT. This implies that the total network’s
cost is c(Ry,) < 2™+ OPT.

Let i be the it" player chosen to deviate by Min-Path that has some unresolved segments.
The total cost of the unresolved segments that i resolves is ¢(R;) — ¢(R;—1). Let i’ be a player
guaranteed by Lemma 3. Since ¢ was chosen by Min-Path, the cost of ¢’s BR path is lower
than the cost of 7/’s BR path. But the cost of i’s BR path is at least the cost of the unresolved
segments in 7’s BR path. On the other hand, the cost of i’s BR path equals the sum of
the cost of her resolved segments, which is bounded by ¢(R;—1) and the cost she would set
to her unresolved segments, bounded by OPT (by Lemma 3). Putting it all together, we get
c¢(R;) —c(Ri—1) < ¢(BR;(p)) < ¢(BRy(p)) < c¢(Ri—1) + OPT, as required.
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Figure 4: Min-Path lower bound for multi-sources multi-targets SPP.
Every edge is labelled by its cost and the number of players using it in the initial strategy profile. E.g., the edge

e} costs 2™ and is used by 2! players in the initial strategy profile.

We show that the bound is tight: Consider the network depicted in Figure [ There are
2m=1 1+ m players as follows: For 1 < i < m: The source of player i is s; = v;_1 and her target
is t; = v;. 1’s initial strategy is p? = ¢;. Therefore, there is one player in each segment of
the network who uses the lower edge. There are 2! other players, the "upper-players”, with

/

objective (vg, vy,) who use the upper path (€}, ...,e},). For every segment F;, the BR path of

s €
C_r ;
.. / . e, gmti—l i _ Ce .
player i is (e}), since zc/,-lkl = gm1g <2 = x—(fl and the BR path of the upper-players is the
: Ce; 27 j—1 gm+j—1 Ce;
lower path since s il en 2 < S = e

An optimal BR sequence start by a deviation of an upper-player to the lower path (e1,...e;,),
after that deviation all the players 1 < ¢ < m do not have a beneficial deviation and all the
other upper-players will follow. The NE will be (e1,...€;), whose cost OPT = 7, ,,, ¢; =
> i<i<m 2 =9omtl _ 9

Consider now the BR sequence induced by the Min-Path deviator rule. Notice that for
two players 1 < i1 < ip < m, the BR-paths costs satisfy c¢(BR;, (p°)) = c(ej) = 2™t~ <
2+l — ¢(e] ) = ¢(BRy,(p")). The cost of the BR path of the upper-players is D 1<j<m Cej =
Z1g j<m 2/ = 2m+1 _ 2 Thus, Player 1 whose BR path cost 27 will be chosen first. After her
migration to €, the BR path of the upper players becomes (€], e, ..., €,,). The cost of this path
18 2™ 4+ D ocicm 20 = 2m 4 gmtl 9 5 omtl — Cey = c(BRy(p')), and therefore the second
player to migrate will be Player 2.

Continuing in the same manner, the first ¢ < m migrations are of players 1, ...,7 and the BR
path of the upper-players is (e}, ..., €}, €i+1, ..., &), having cost 37, ., omti—1 4 D it1<j<m 2 =
(2m+i 1= Zlgjgm—l 2j) + (2m+1 — 1= Zlgjgi 2j) — (2m+i —1-9m4 1) + (2m+1 —1—9t+1 + 1) —
2mtipom _2i 4+ 1> 2™+ Player i+ 1 is the minimal of the first m players that did not deviate
and her BR path’s cost is Cel,, = 2+ 50 the Min-Path deviator rule will choose player i + 1.

We conclude by induction that Min-Path deviator rule will select the players in order 1, ..., m,
and the NE that will be reached is (€}, ..., e},), having SC(N Epsin— patn(p°)) = d1<i<m 2mti—l =
2m-—1 D 1<i<m 2J =om=1.(gm+l _1) = 22m _ 9m~1_ The inefficiency of Min-Path in this game

22m72m—1
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2.4 Local Rules for Extension Parallel Graphs

We now show that the inefficiency of any local deviator rule is as high as the PoA, namely, Q(n),
even in the restricted class of EP networks. Recall that the state vector of a player consists of
the player’s cost in her current profile and in the profile obtained by a deviation of the player,
and the total cost of the path used by the player in the two profiles.

Theorem 2.12 For the class of single-source network formation games played on extension-
parallel networks, the inefficiency of every local deviator rule is Q(n).

Proof: Consider the network depicted in Figure (a). There are n players, all sharing the
source s, and the targets are as depicted in the figure. Consider the following profile:

e Player 1 uses the path (e;).
e Player 2 uses the path (e1,es).
e Players 3,4 use the path (e3).

e Players 5,...,n use the path (e5).

Ce, = 24

Figure 5: A local deviator rule fails (a) if vq is preferred, and (b) if vs is preferred.
Every edge is labelled by the edge cost and the number of players using it in the initial strategy profile. E.g., the
edge e costs 24 and is used by two players in the initial strategy profile.

Consider player 2, who uses the path (e, es). Her current cost is 22 (she shares the cost of
edge e; with player 1 and pays fully for edge e2), the total cost of her path is 34, her post-deviation
cost is 10 (obtained by deviating to es, and sharing this cost with players 3,4), and the total
cost of her post-deviation path is 30. Thus, the state vector of player 2 is vy = (22,34, 10, 30).
Similarly, one can verify that the state vector of player 3 (or player 4) is v3 = (15, 30,13,34)
(obtained by deviating to the path (e1,e2)). The suboptimal players in this profile are players 2
and 3 (or 4). If the deviator rule chooses the state vector vy over vs, then player 2 will deviate
to es, reaching a NE whose social cost is 54 4 7.4(n —4). On the other hand, if the deviator rule
chooses the state vector vs over vy, then player 3 will deviate to (e, e2), and from this point on
all players will deviate to (e1,e2), reaching a NE whose social cost is 34. We conclude that a
deviator rule that prefers vy over vs reaches an inefficiency of %4("74) = Q(n).

Consider next the network depicted in Figure (b) There are n players, all sharing the
source s, and the targets are as depicted in the figure. Consider the following profile:

e Player 1 uses the path (eq, e2).
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e Player 2 uses the path (eq, eg).
e Players 3,4 use the path (es).
e Players 5,...,n use the path (e5).

One can verify that the state vector of player 2 (or 1) is vo = (22,34, 10,30) (where the best
response is a deviation to (e3)), and the state vector of player 3 (and 4) is v3 = (15,30, 13, 34)
(where the best response is a deviation to (e1, e2)). These are the only suboptimal players. By
the previous scenario, in order to avoid an inefficiency of {2(n), the deviator rule must choose v3
over vy. If player 3 deviates, then she deviates to (e1, e2). After this deviation, players 4 and 2
will also deviate to (ej, ea), but the n —4 players will stay in their original path (for a cost of 6.5
each, compared to 6.8 upon deviation), resulting in a social cost of 34 4+ 6.5(n — 4). In contrast,
a deviator rule that chooses vo over vz will result in players 1 and 2 deviating to (e3), followed
by the n — 4 bottom players deviating to (e3, e4). This leads to a social cost of 30, so a deviator

rule that prefers vz over vy results in an inefficiency of %0(71_4) = Q(n). We conclude that

any local deviator rule has inefficiency of Q(n). [

2.5 Weighted Symmetric Network Formation Games on Parallel-Edge Graphs

A weighted symmetric resource selection network formation game [1,,[26], also known as a network
formation game with weighted players on parallel (s, ¢) links, is a game in which the players are
weighted, and all players have the same set of singleton strategies. Formally, each player i has
a weight w; > 0, and her contribution to the load of the (single) resource she uses as well as her
payment are multiplied by w;, i.e., if an edge with cost ¢, is shared by k players with weights

wi, Wy, ..., wg then player i pays —z2%— - ce.
D=1 Wj

In Section we prove that i‘]c ils NP-hard to find a deviator rule with inefficiency lower
than %, and in Section we show that no local rule can guarantee a constant efficiency. In
Section we show that while being optimal for unweighted games, Min-Path has inefficiency
n in weighted symmetric games, even if the weights are arbitrarily close to each other.

2.5.1 Hardness Result

We first consider the computational complexity of finding a good BR sequence, and show that
it is NP-hard to find one, or even to achieve inefficiency at most %

Theorem 2.13 In weighted network formation games on parallel edge networks, it is NP-hard
to find a deviator rule with inefficiency at most %

Proof:  We show a reduction from the Partition problem: Given a set of numbers {aj, as, ..., a,}
such that 3¢, a; = 2, the goal is to find a subset I C [n] such that > ;cpai = > e @i = 1.
This problem is NP-hard even if it is known that such a subset I exists. Given an instance
of Partition, such that for some I C [n], it holds that ), ;a; = 1, construct the network and
initial profile depicted in Figure @(a). Specifically, the instance consists of n + 8 players using
four parallel links as follows:

e ¢1 has a large cost C and is used by one player of weight 2, denoted the 2-player.
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Ce = 001{2} Ce :OO!{Z}

1 1

Ce, =9+¢,{1x6}

Cep = 2,0
(a) (b)

Figure 6: The network constructed in the reduction from Partition.
(a) is the initial configuration, and (b) is the configuration before the migration of the 2-player. The labels on an
edge give its cost, and the set of weights of the players assigned to it. E.g., the cost of edge ez in profile (a) is
9 4 € and it is used by 6 players of weight 1.

e ¢ has cost 3+ € and is shared by n players with the weights {a;}!" ; corresponding to the
Partition instance.

e e3 has cost 9 4 € and is shared by 6 unit-weight players.
e ¢4 has cost 2 and is not used by any player.
The following claim completes the proof.

Claim 2.14 Let I be a subset of [n] such that ), ;a; = 1. A deviator rule that knows I can
determine a BR-sequence that ends up with a NE whose social cost is 2. If I is not detected then
the final NE will have social cost more than 3.

Proof:  Assume that a set I C [n] s.t. Y ,.;a; = 1 is known. Observe the BR-sequence that
starts by migrations of the players in I, and then the player with weight 2. Note that migrating

to e4 incurs a cost of 2 which is more than their current cost % ca; = 3¢ q; < 2, for a; < 1.

2
The BR of the first player is e3 since % < % Also, after the first player it would be even

more beneficial to the others to follow. After the players in I deviate, the optimal BR sequence
let the player with weight 2 migrate. The load on e at this time point is 1, and the load on
e3 is 7. So the costs the 2-player would incur by deviating to es, es and eyq are % -2, % -2
and 2, respectively. Each of the first two alternatives is strictly larger than 2, and therefore, the
2-player will migrate to e4. It is easy to verify that all the unit-weight players will follow and
then all the other players. The NE that will be reached is the edge e4 which is clearly optimal.

For the other side of the reduction proof, assume that there exists a BR sequence converging
to a NE with SC' = 2. Such a sequence must converge to e4. Our proof is based on analyzing
the conditions required for having e4 the BR of some player for the first time. Specifically, we
show that the 2-player is the only one whose BR move may utilize e4, and that this can happen
if and only if the loads on ey and e3 are exactly 1 and 7 respectively. First note that as long as
e4 is not utilized, each of the players on ey and es either pays less than 2 or has a BR with cost
that is less than 2. Therefore, e4 can be the BR only of the 2-player. Denote by I and I3 the
loads (total weight) on es and e3 when the 2-player performs BR and migrate to e4. Given that

es is the BR of the 2-player it must hold that 2 - ;%5 > 2 and 2- l;ﬁ > 2. Substituting the
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Ce, = C,{2} Ce, = C,{2}

Ce, =1, {1 X (r* +1)}
2 4
bl

(a) (b)

Ce, =1, {1 X (r* + 1)}

Figure 7: A feature-based deviator rule fails (a) if v is prioritized, and (b) if v; is prioritized.
The labels on an edge give its name, its cost, and the set of weights of the players assigned to it in p°. The
labels on an edge give its cost, and the set of weights of the players assigned to it. E.g., the cost of edge e3 in
profile (a) is  and it is used by (r® + r) players of weight 1.

costs of es and e3, we get lo < 1+ € and I3 < 7+ €. Since € can be arbitrarily small, as shown
in Figure @(b), these conditions can only be fulfilled if players of total weight exactly 1 have
migrated from es to es3. This set of players corresponds to a subset I in the Partition instance
whose total sum is 1. Thus, converging to a NE with SC = 2, must involve a detection of the
subset I. Moreover, since the second-best NE has SC = 3 + ¢, we conclude that any deviator
rule with inefficiency %, must be able to exactly solve the partition problem. ] ]

2.5.2 Local Deviator Rules

Our bad news continue with a negative result referring to any local deviator rule. Recall that in
weighted network formation games, the state vector of a player includes her weight, her current
cost, her strategy’s cost, her cost after performing BR, and the cost of her BR strategy.

Theorem 2.15 Any local deviator rule has inefficiency Q(y/n) in weighted network formation
games on parallel-edges networks.

Proof:  Given r, we show that no local deviator rule has inefficiency lower than r/2. Consider
the game G, depicted in Figure (a).

The network consists of three parallel edges. The upper edge, e; has a very high cost, C,
and is used only by Player 1 whose weight is w; = 2. The middle edge, es costs 1 and is used
by r unit-weight players 2, ...,7 + 1. The lower edge, ez costs r and is used by 72 + r unit-weight
players 7+ 2, ...,72 +2r + 1, each has weight w; = +1+1 € {2,...,7+1}. The suboptimal players

ﬁ12 < ;37,53 the BR of Player 1 is (e2). Also, since
T < %, a deviation to (es) is the BR of Player 2 and all its equivalents. Observe the state
vectors corresponding to Player 1 and Player 2: Player 1 currently pays C for a path that costs
C, and after a deviation to its BR path ey will pay % for a path that costs 1. Her weight is 2
and therefore v; = (C, C, %, 1,2). One can verify that the corresponding state vector of Player
2is vp = (1,1, 21717 1) (obtained by a deviation to e3).

If a deviator rule prefers v; over ve then the resulting NE will be (e2), since no player on e
will be suboptimal after the first deviation. On the other hand, if vs is chosen then after her
deviation the only BR path is e3 and the resulting NE will be (e3). We conclude that in order

to achieve inefficiency less than r, the deviator rule must choose v over wvs.

in p¥ are the players on e; and es. Since
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Consider now the game G, depicted in Figure (b) It extends the game G, with an additional
edge e4 whose cost is % + € and a single player r2 + 2r + 2 having weight w, . Lopio = %. We show
that in this game, a deviator rule must choose vy in order to reach an efficient NE. Note that
for sufficiently large r and respectively sufficiently small €,

2 2
fte 2+e-r r e 14e3 1

= > d = > .
7 ks T 12 42 T or42

Therefore, the new edge ey4 is not the BR choice of any player and the state vectors of the players
on e; and es remain vy and v as in the game G,. We show that an efficient NE is achieved if
and only if a player on e plays first.
If the %—player is chosen to deviate first, she will select (e3) as her best response, since
1

r o 1 . .. . .
FEEE: S R W < s After this deviation (e4) is the least profitable choice, and therefore

a NE consisting of (e4) will not be reached. The players on e3 are not suboptimal in p°, and
therefore, will never be selected to play first. If v is chosen, then similar to G, we will end up
with a NE consisting of (e3).

An optimal BR sequence chooses v and let a unit player from es migrate to es. Then, Player

2 T

Z+te 1+e-5 .

T — 2

in = e < min{

1 is selected. Since

1 r :
Py S e +2} she will choose the lower cheapest

path (e4). The unit-players will then follow, leading to SC = %

We conclude that in order to avoid inefficiency 3, in each of the games, an optimal deviator
rule must choose a different deviator among the players corresponding to state vectors v; and
vg. Therefore, any local deviator rule has inefficiency at least § = Q(y/n). [

2.5.3 The Performance of Min-Path in Weighted Network Formation Games

Weighted network formation games on parallel-edges networks can be extended to weighted
symmetric games with strategies consisting of two resources (a 2-segment SPP). By

[2], these are potential games and any BR sequence converges to a NE. In Theorem we
showed that the deviator rule Min-Path ensures the optimal reachable NE in the unit-weight
symmetric games. We show that with weighted players, the inefficiency of Min-Path can be as
bad as the PoA even if the weights are arbitrarily close to each other, and the strategies are sets
of two resources.

Theorem 2.16 The Min-Path deviator rule in weighted network formation games on a 2-
segment SPP have inefficiency Q(n). This holds even if the ratio max; w;/ min; w; is arbitrarily
close to 1.

Proof: Let £ > 2 be an integer, and let [ = 1 + % and r = [ -k = k + 2. Consider the
SPP network consisting of two segments, Fy and Fs, depicted in Figure [§f The game consists
of r — 1+ 7 = 2k + 1 players in the following initial configuration:

r

e 7 = k players with weights [, denoted [-players. Each of these players is using an edge
with a cost of 2r that only she is using in F; and the upper edge in FEj.

e r — 1 unit-weights players. Each of these players is using the lower edge in £ and an edge
of cost 2r that only she is using in Fs.
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2r, {1 % 1}

Figure 8: An instance for which Min-Path ensures no finite inefficiency.
Every edge is labelled by its cost and the weights of players using it.

We calculate the players’ BR in this configuration. The BR edge of the I-players in F; is the
lower one since for sufficiently small e:
2r k+2 ! l-k ! r(r—2)+e

Ay ) — . — )
ST - S S gy y ruy (R P iy B g ) pray B (R gy

The BR edge of the [-players in FEs is one of the lower edges since é d=r-l> l% -{. Thus, the
BR path of every [-player is migrating to lower edges, and therefore the cost of their BR path
is r(r — 2) + €+ 2r = r2 + e. The unit-weight players’ BR edge in Ej is an upper edge since

r(r—2)4+e_ r(r—2) k 2 2r
> _71. :7’- = .
r—1 r—1 E+1 1+1+2 1+1

2

The BR edge in Fs for a unit-weight player is the upper one since 7];—1 < % Thus, the BR
path of the unit-weight players is the upper edges, and therefore the cost of their BR path is
2r + 2. For € < r it holds that 2r + r? > 2 + €; therefore, the Min-Path deviator rule will let
an [-player whose BR is minimal migrate first. It is easy to see that the unit-weight players will
join this path and the NE reached by Min-Path consists of the lower edge in the left segment
and one of the lower edges in the right segment. That implies, SC(N Eprin_patn(p°)) = 7% + €.

We show that a better BR sequence exists. Consider a BR sequence that starts by a migration
of a unit-weight player, followed by a migration of all the [-players whose edge in the first segment
was not the one migrated to. After the migration of the unit-weight player the loads on the
edges she migrated to are [ + 1 in Fy, and r + 1 in Ey. It is easy to verify that for sufficiently
large k,

2r 21 2k +4 k r—2 r(r—2)+e

2+1 A1 UBk+d " k142 r—24l ro2+l

so all of the [-players will follow the first migration in F7. Also, the BR edge for an [-player in
FE» is a lower edge, since
2r 1 1 r r?

=7- <r-: =7r- = .
1+1 1+ 4 1+ 5 r+1 r+1
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It is easy to verify that after the migration of an [-player, her chosen path, of cost 2r + 2r,
will remain the BR path of all the [-players and afterwards it becomes the BR path of the
unit-weight players as well. Therefore, there exists a BR sequence that converges to a NE with
social cost 4r. We conclude,

SC(N Entin-pan(p”) | 12 +€ 1 _ k+2
SC(p*(%)) T o4 T4 4

Sk
1

Note that the number of players is n = 7 + (r — 1) < 2r = 2k + 4. Since k can be arbitrarily
large, we conclude ., pun = €2(n). Thus, Min-Path ensures no finite inefficiency. Note that
[ can be arbitrarily close to 1. This implies that our bound is valid even if the ratio between the
maximal and the minimal weights is arbitrarily close to 1. |

3 Job Scheduling Games

Job scheduling games are resource selection congestion games corresponding to scenarios in
which each player controls a job and needs to select a machine to process the job. We consider
two models:

1. Every job is associated with a length w; corresponding to its processing time. The load
on a machine M; in a schedule p is the total processing time of the jobs assigned to it.
That is, L;(p) = Zi:va:Mj w;. The latency function is linear, thus, the cost of job ¢ in a
schedule p is ¢;(p) = Ly, (p) [38].

2. Congestion has conflicting effects ([23] [I0]). Jobs have unit processing time and machines
have an activation cost B. The cost function of job ¢ in a schedule p consists of two
components: the load on the job’s machine and the job’s share in the machine’s activation
cost. Formally, the cost of job 4 in a schedule p where p; = M is ¢;(p) = L;(p) + B/L;(p).

3.1 Weighted Jobs on Parallel Identical Machines

In what follows We show that no local deviator rule has inefficiency better than the PoA (which
is known to be m [24]). Recall that the state vector we use consist of the job’s length, its
machine and the machines’ loads.

2m

Theorem 3.1 The inefficiency of every local deviator rule is =75

Proof:  Assume, by a way of contradiction, that there is a local deviator rule whose inefficiency

is better than the PoA. Given m, let € be a small constant such that (m+ 3e)/(3€) is an integer.

The proof consists of two games, one can verify that both have the same initial loads profile.
Consider first an instance with the following initial schedule, depicted in Figure @](a)

0

o Li(p — €. My processes two jobs of length m — € and one job of length e.

0

o Lo(p m—+ e M, processes a job of length m — € and a job of length 2 5€.

m — 2e. Ms processes ™=2¢ jobs of length e.

0

(p")
(P°)
o L3(pY)
(p”) = m, for every machine M;,4 < j < m, each processing a single job of length m.
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Figure 9: The initial profile for which (a) prioritizing v’, or (b) prioritizing v" leads to inefficiency
2m
m -_ POA.

The only suboptimal jobs are the ones on M; and the job of length %6 on Ms. The state vector
of each of the (m — ¢€)-jobs on Mj is v/ = (m — €, 1)E| The state vector of the e-job on M is
0 = (¢,1). The state vector of the suboptimal job on M; is v" = (%e, 2). If a deviator rule prefers
v” over v’ then the short job on M, will migrate to M3. Then, the only beneficial migration is
of a job from M; to Ms, leading to a NE with makespan 2m — 2¢ (on either M; or Ms). If the
deviator rule prefers v then the e-job on M; will deviate to reach a NE with makespan 2m — 2e.

On the other hand, an optimal deviator rule selects v/, and let one of the jobs of length m — €
migrate to Ms. Then, the e-jobs from M3 will spread among the machines, and the resulting

NE would have makespan m + —2* =m + 1 — 2572
We conclude that a deviator rule that prefers v” or ¢ has inefficiency

_5
m—ge

2m—2e¢ 2m
m+1_2576n e—0 mtL

Consider now the following initial schedule, depicted in Figure @(b)

e L1(p®) = 2m —e. M processes two jobs, one job of length m — € and one job of length m.

1
m+§e

o Lo(p®) =m+ %e. M processes jobs of length %6.

gE
2
e L3(p®) = m — 2¢. M3 processes one job of length m — 2e.

e L;(p°) = m, for every machine M;,4 < j < m, each processing a single job of length m.

Again, the only suboptimal jobs are the ones on M; and Ms. If a local deviator rule chooses
v” then a job of length %e on My migrates first. It will migrate to M3 and then the job of length
m — € on M; will migrate to Ms, whose load, m — € is the lightest. Then, all the jobs of length
%e on My will spread among the machines and a NE with makaspan m+1 — 25—1; will be reached.

On the other hand, a deviator rule that does not choose v”, chooses a job on M. If it chooses
the job of length m — ¢, whose state vector is v’, it would migrate to M3. A NE is reached after
this single migration and has makespan 2m — 2¢. Alternatively, if the job of length m is chosen
first, it migrates to M3 and afterwards the only beneficial migration is of the job of length m — 2¢

to My. Again, we will end up with makespan 2m — 2e.

2For better readability we omit the machines’ loads from the state vectors, ind include only the jobs’ length
and the index of its machines.
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We conclude that for this instance, the deviator rule must choose v" in order to achieve

inefficiency better than 73—1?1 Since this conflicts with the optimal choice for the first instance,
no local rule ensures inefficiency better than n%—fl |

We note that this result captures several common natural deviator rules in job scheduling
games, such as selecting a longest job, a job having max-cost, or a job whose BR causes the
max-improvement.

3.2 Job Scheduling Games with Conflicting Congestions Effects

In this section we consider scheduling of unit-size jobs on identical machines. The machines are
associated with an activation cost, B. For a given profile p, the load on machine j, denoted
Lj(p), is the number of jobs assigned to it. The cost function of job 4 in a given schedule is the
sum of two components: the load on i’s machine and i’s share in the machine’s activation cost.
The activation cost B is shared equally between all the jobs assigned to a particular machine.
That is, given a profile p in which p; = Mj, the cost of job i is ¢;(p) = L;j(p) + %.

We denote the cost of a job assigned to a machine with load z by ¢(x), where ¢(z) = x +
As [22] showed, the cost function exhibits the following structure.

B
-

Observation 3.2 The function c(z) = x + B/x for x > 0 attains its minimum at x = /B, is
decreasing for x € (0,v/B), and increasing for x > v/B.

Denote by I* the load minimizing the players’ cost. Thus, I* = arg minle{ng\/E]} c(l),
with tie breaking in favor of the lower option. For a given profile p, let M(p) denote the active
machines in p, that is, M(p) = {j : L;(p) > 0}, and let m(p) = |M(p)|. Among the machines
in M(p), a machine that has load at least (respectively, smaller than) [* is said to be a high
(low) machine. By Observation the BR of any migrating job, is either the most loaded low
machine, or the least loaded high machine. Since the jobs are identical, all the jobs assigned on
a specific machine incurs the same cost. Thus, when analyzing BR-deviations, we assume that
a deviator rule is a function S : P — M (p) that given a profile p, chooses a machine rather than
a job. One arbitrary player assigned to the chosen machine then performs a BR move. We also
refer to machines, rather than jobs, as being suboptimal. A machine is suboptimal if the jobs it
processes are suboptimal. Finally, we assume that the activation cost, B, is a known parameter
that can be used by the deviator rule.

We first show that in any NE profile, the machines are balanced. Formally:

Claim 3.3 In a job scheduling game with activation cost B and unit-length jobs, in anyp € NE,

every active machine is assigned {%W or L%J jobs.

Proof: Assume by contradiction that in some NE profile p the machines are not balanced,
that is, there are two machines having loads [ and I’ such that [ + 2 < I’. It must be that the
machine having load [ is low while the machine having load [’ is high, as otherwise, if both are
low then a migration to the higher one is beneficial, and if both are high, then a migration to
the lower one is beneficial, contradicting the stability of p. Moreover, since p is a NE, we have
c(l'y <e(l+1) and ¢(I) < ¢(l"+1). Since the cost function increases on high machines, we have
c(l') <c(l!' +1), that is, I' + § <I'+ 1+ 25, implying that B <I'(I' +1).

By the definition of the cost function, ¢(I’) = c(l@). Recall that the cost function is decreasing
for x <14 1 and note that % <[+ 1. Since C(%) =c(l') < e(l +1), we conclude | +1 < %.
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Similarly, the cost function is increasing for 2 > I and ;Z; > I'. Since ¢(I') < ¢(I41) = c(l%) we

+1
conclude I’ < l%' Combining both inequalities we get % — léi > 1, which implies B > I'(I'+1).
A contradiction. m

The following results characterize BR sequences and NE profiles.

Claim 3.4 In an instance of scheduling games with conflicting congestion effects, an optimal
NE is one in which the number of active machines is maximal.

Proof: Let B be the activation cost. We first note that no profile with two low machines
is stable - since, by Observation jobs from a low machine would benefit from migrating to

a more (or equally) loaded low machine. By Claim the loads in a NE are either [%—‘ or

L%J Therefore, increasing m(p) lowers the loads and, by Observation also the costs for

% > [*. If there exist p € NE such that [* —1 < % < I* then some machines will have load
I* — 1 and the others will have loads [*. Since p is stable ¢(I* — 1) < ¢(I* + 1) and therefore any
NE with less machines will have some machines with load at least [* + 1 and therefore higher
social cost. If % < I* — 1 then it must be that n < [* and the only NE is on a single machine.
If there is more than a single active machine then there are two low machines, and, as we already
pointed out, p cannot be stable. |

In the following analysis we assume that the ordering of machines by load relations is fixed,
that is, if Lj, (p°) < Lj,(p°) then throughout dynamics the same order remains. This assumption
is w.l.o.g., since we can always relabel the machines. To avoid this relabelling we assume that
whenever a job migrates to a machine having load x it joins the machine having highest index
among the machines having load x. We begin with a simple observation.

Observation 3.5 If a machine M; is high in the initial profile, then for every p € NE(p°),
M; € M(p). Also, if a job migrates to a machine M; during a BR sequence, then M; will be
active in the final profile.

Proof: An active machine is not in M (p) if it is emptied out. However, the load of a high
machine will never decrease below [* since this load incurs the minimum possible cost, and none
of the jobs assigned to M; when its load is [* is suboptimal. For the second part, let M; be a
BR machine. If Mj is high, then it will not be emptied out as we just showed. If M; is low, then
since the cost function is decreasing for load at most [*, then M; will remain the best response
until it becomes high, and will not be emptied out once it reaches load [*. |

The next lemma states a sufficient and necessary condition for a low machine to remain
active in the NE profile. We assume by relabelling that L1 (p?) < La(p") < ... < Ly (p°). Denote

li = Li(po).

Claim 3.6 For every initial profile p°, and every M; € M(p®), there exists p € NE(p°) in
which My € M(p) iff j = m or -t > (B

m—

Proof:  Note that M,, is the most loaded machine in p®. If it is high in p° then by Observation
it will remain active. If it is low, then p° consists only of low machines, and by our relabeling
assumption, at least M., will remain active.

We turn to analyze a machine M; for j < m. We first show that if M; fulfills the condition,

then there exists a BR sequence in which it is not emptied out. Let [ = n__l; > lj%' If Mj is

m
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high then the claim follows from Observation Assume that M; is low in p°. Note that all
the machines Mjoyer = {Mi, ..., M;j_1} are suboptimal because they are low and also lower than
M;, thus, their jobs can benefit from migrating to M;. Consider a BR sequence that starts by
migrations out of Mj,yer. If a job chooses to migrate to M;, then, by Observation we are
done. Otherwise, after the machines in M., are empty, the BR sequence proceeds by selecting
higher machines. Note that along this sequence, there is always some higher machine M} for
k > j with load at least [. Since c(l; + 1) = C(z Jrl) < ¢(1), a migration from M}, to M; or to a
more attractive machine is beneficial for M. Thus by choosing the highest suboptimal machine
to perform BR, the machines higher than M; will become balanced, causing M; to become the
highest low machine and a best-response. By Observation once this happens, M; remains
active in the resulting NE.

- ={Mji1,... Mp}.
The average load on machines in Mp;gpe, is lower than %. While there are machines lower
J

than M; (Miower # 0 ), since the average of loads of Mpigher is lower than lj%, there must

be at least one machine in Mp;gpe, with load U st l; < I < l]_% — 1 (the subtraction of 1
is because of the smallest machine). That machine will be a better response than M; since
c(lj +1) = c(lj%) > c(l'+ 1) or, if I; = I, since it has a higher index. Afterwards, when M;
is the lowest machine, if there is a higher low machine, it is more attractive than M;, and if

there are only high machines, then even if they are balanced, some high machine will have load

less than % and therefore M; is not a best-response, since c(l;) = C( ) > C(l +1) After the
J .7
machines in Mp;gher are balanced, the jobs on M; will leave it and it will be ernptled |

We use the above characterization to devise an optimal local deviator rule.
An Optimal Deviator Rule: We present an optimal local deviator rule. A BR sequence
applied with this rule will converge to a NE profile with a maximal possible number of active
machines, and will therefore have the optimal social cost.

Algorithm 1 S,,; - an optimal local deviator rule

1: Given a profile p, let [; <l <--- <1, be its vector profile.

2: If M,,(,) is a high machine (that is, [,,,,) > I*) and it is suboptimal then return M,, .
3: Else if M; is suboptimal return M;

4 Else p is a NE.

Theorem 3.7 Algorithm Sy is optimal for every activation cost B and every initial profile p°
of a job scheduling game with conflicting congestion effects.

Proof: We prove that a machine that stays active in an optimal BR sequence will remain
active by Sepe. Let M; be such a machine. If Ly;, > I* then by Observation it will remain
active. Otherwise, when M; is considered to be chosen by S,, all the machines with lower loads

have been emptied since the rule considers only the lowest machine. Since M; remains active
ZJMZ

in an optimal sequence by Claim |3 and therefore there is a high machine with

+1
load at least ; +1 + 1 that will be preferred by Sopt |

One_may wonder whether deviator rules with poor inefficiency exist in this game. In Ap-
pendix E we show an instance for which a natural deviator rule has inefficiency Q(B3) and
therefore a constant inefficiency is not trivial to ensure.
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4 Conclusions and Open Problems

A desired property of congestion games is that best-response dynamics always converges to a
pure Nash equilibrium. However, the order in which players are chosen to perform their best-
response moves is crucial to the quality of the equilibrium reached. Unlike previous work, our
focus is not on the dynamic’s termination or its convergence time, but on the quality of the
achieved Nash equilibrium. Starting from a given profile, two different deviation orders can
possibly lead to two different equilibria that differ a lot in their quality. We introduce a new
(worst-case) measure for quantifying the inefficiency of a deviator rule — a rule that selects a
suboptimal player to perform BR move, and thus, induces the way BRD advance and converge.
In other words, we analyze the ability of a centralized authority that can control the order
according to which players perform their best-responses, to lead the players to a good stable
profile.

We define the inefficiency of a deviator rule S as the largest ratio, among all initial profiles
p" of a game, between the social cost of the worst NE reachable by S and the social cost of the
best NE reachable from p°. We study deviator rules in network formation and job scheduling
games. Our main interest is in deviator rules that are easy to implement and are local in a sense
that the information they use about the current profile is limited and based on a restricted set
of parameters (referred to as ”state vectors”), but we study general deviator rules as well.

We present both positive and negative results for local and global deviator rules in these
games. Our positive results show that in some games, even if players act strategically, controlling
the order in which they play can have a significant effect on the quality of the outcome. We
show that Min-Path is optimal for symmetric network formation games and present a deviator
rule that is optimal for job scheduling game with conflicting congestion effects. Furthermore, we
show a dynamic programming based global (non-local) deviator rule that is optimal for network
formation games with an underlying SPP network. Our analysis suggest some negative results
as well.

Our negative results imply that it would be hard for a central authority to lead the game
to a good outcome. We show that in network formation games played on EP networks no local
deviator rule can ensure outcome that is better than the PoA, as well as in job scheduling games
with identical machines and only negative congestion effect. We also show that it is NP-hard
to find optimal outcome in weighted symmetric network formation games, even in the simplest
possible network topology (consisting of parallel edges between the source and target nodes).

Additional results shows tight bounds that lie strictly between 1 and the PoA. In network
formation games Min-Path ensures O(m) inefficiency in single-source instances for SPP networks
and O(2™) inefficiency for SPP networks with players corresponding to a proper intervals graph.

Our research can be naturally extended to consider additional state vectors in the games we
consider. Furthermore, our measure can be studied in additional games of interest.

We suggest a few directions for future research:

First, our results show that taking worst case approach over all initial strategy profiles can
lead to negative results that do not distinguish properly between different deviator rules. One
way to address this is restricting the initial strategy profile or analysing the inefficiency for
different subsets of initial strategy profiles. Such an analysis may suggest a range of deviator
rules, each performing well on different initial profiles, and selected to be used based on some of
the initial profile’s properties. Another way to address the problem is to consider the average
case performance of a deviator rule over initial strategy profiles. In addition to having better
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results, it may distinguish better between different deviator rules.

Second, we examined only deterministic deviator rules. A mized deviator rule returns a
distribution over the players rather than choosing one deterministically. The definition of the
inefficiency can be naturally extended to inefficiency of a mixed deviator rule using the expected
value of the social cost. A mized local deviator rule computes that distribution as a function of
local information and satisfies an adjusted IIP condition. One possible definition is the following;:

e Players with the same state vectors must have the same probability to be chosen.

e Let p(v) denote the accumulated probability of a state vector v, i.e., let I be the set of
players having state vector v, then p(v) = Zje ;Pj- A mixed local rule satisfies IIP if
in all profile vectors containing state vectors vy, v it holds that either p(vi) > p(v2) or
p(v1) < p(vz). The idea is that a mixed local deviator rule consistently sets a distribution
over state vectors rather than players.

Third, while we studied only best response dynamics, better response dynamics can lead to
a wider outcome space. In better response dynamics the central authority has to choose the
deviating player along with a new strategy, making sure that the new strategy strictly improves
the deviating player’s cost. Best response sequence is a special case of better response sequence
with possibly a much limited search space. For example, in SPP network formation games
presented in subsection better response dynamics give the deviator rule the power to solve
every segment separately as a pure symmetric game because a deviation of a player in one
segment can be done independently and without changing her strategy in all other segments.
In potential games, better response dynamics always converges to a Nash equilibrium, but the
convergence rate can be worse than in best response dynamics. Consider a symmetric network
formation game on a single segment. The Min-Path deviator rule is an optimal local deviator
rule for best response dynamics and it must converge within at most n deviations. However,
the analysis of better response dynamics is more challenging. Let us demonstrate this with
the following simple example. Consider single segment SPP network with three parallel edges
having costs 1, 2 and 3. In the initial profile, these links are used respectively by 0, 2 and 3
players. One can verify that BRD will converge to the middle edge whose cost is 2 - by deviation
of the three players on the expensive edge. On the other hand, a better response dynamics may
lead to convergence to the cheapest path by first migrating one player from the middle to the
expensive edge, and then moving all players (starting from the one on the middle edge) to the
cheapest edge. The social cost is lower but the number of deviations exceeds n. Studying the
power of better response dynamics as well as the tradeoff between the number of deviations and
the quality of the solution is an interesting direction for future work.

Fourth, we presented best response dynamics in which a single player deviates in every itera-
tion. Coordinated deviator rules enable a set of players (coalition) to deviate simultaneously with
the restriction that each of the coalition members strictly improves her cost. A Nash equilibrium
reached with no beneficial coordinated deviation is denoted a strong Nash equilibrium. It is well
known that not every potential game admits a strong PNE. For example, [27] showed that in a
network formation game with single-source and multiple-targets played on a network that is not
an SPP network, there is no strong PNE. [I5] showed that in a game on an SPP network there
always exist a strong PNE. Moreover, [20] showed that in network formation games, even if a
strong PNE exists, not every beneficial coordinated deviations sequence converges to one. They
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introduced a restricted class of deviations, denoted dominance based beneficial coalition devia-

tion

which ensures convergence. There are many open directions in the study of coordinated

deviator rules, referring to their inefficiency, as well as to the wide range of possible deviations
of the chosen coalition.
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Network Topologies

Consider a directed graph G = (V| F) with two designated nodes, a source s € V and a target
t € V. Assume that every edge is on some s — ¢ path in G. The following operations may be
applied on G:

Identification: the identification of two nodes vy, v9 € V yields a new graph G' = (V' E’),
where V' = (V U {v})\{v1,v2} and E’ includes all the edges of F, where each edge that
was connected to v or vy is now connected to v instead. Figuratively, the identification
operation is the collapse of two nodes into one.

Series composition: Given two networks, G1 = (Vi, E1) with s1,t1 € V; and Go = (Va, Es)
with s9,to € Vo, the series composition G = G; — G4 is the network formed by identifying
t1 and s9 in the union network G’ = (V4 U Vo, By U E5). In the composed network G, the
new source is s; and the new sink is to.

Parallel composition: Given two symmetric networks, G1 = (V1, ) with s1,¢; € V4 and
Go = (Vi, Ey) with sg,to € Va, the parallel composition G = G; || Go is the network
formed by identifying the nodes s; and sy (forming a new source s) and the nodes ¢; and
to (forming a new sink ¢) in the union network G’ = (V4 U Vi, Ey U Es).

The following classes of network topologies are of special interest:

A network G = (V, E) is an extension-parallel (EP) network if one of the following applies:

— G consists of a single edge.
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— There are two EP networks G, Go such that G = G; || Gs.
— There is an EP network G; and an edge e such that G = G; - eor G =e — Gj.

e A network G = (V, E) is a series of parallel-paths (SPP) network if it consists of some
edges in parallel composition G = e; || e2 || ... || ek, or if there are two SPP networks
G1,Go such that G = G1 — Go.

We note that the classes of EP and SPP networks are not comparable, that is, an SPP

network is not necessarily an EP one, and vise versa.

B Inefficient deviator rule in a job scheduling game with con-
flicting congestion effects

Theorem B.1 The ineﬁiciengy of a deviator rule in a job scheduling game with conflicting
congestions effects can be Q2(B3).

Proof Let B be an activation cost such that B3 is an mteger The initial profile consists of

B3 + 1 machines, having initial loads Iy = Iy = ... = ZB% = B‘s and ZB%+1 = B. Notice that
the condition specified in Lemma holds for every M;, 1<j<B 5 Specifically,
n—lj_B+B%(B%_1)> B B
m—j By —j+1 Bs+1 L+l

In addition, by Observation[3.5] the loaded machine will clearly remain active in any NE, since it
is high in p°. We conclude that there exists a BR-sequence in which all B 5 + 1 machines remain
active. In particular, a deviator rule that always selects a high machine will lead to a NE in
which the jobs are balanced among all m machines. Another possible BR-sequence lets the jobs
migrate from M to MB% , then from My, etc. Note that after the first migration MB% is the only

best response for all of the jobs. One can verify that when MB ) is emptied the jobs on MB 1
B

1
3 —
can still benefit from migration to M 1 since c(B%) = c(—) = C(Bd) > c(B%(B% —-1)+1).
B3
Therefore, the only active machines in the NE reached are M 1 , M B L1 i.e., only two active
machines. The inefficiency of this sequence is:

c.o\»-‘
uh—t

b5} 2 g B3 Bt 2 8 1
o) _eBmlrhy pimlm) BIEEAPT  pizla g
n - i 1 2 - 2 1 = 1 1 -
5.3 z 2. B} 3(B3 2
C(B%H) C(B+BB%3—HBS) ¢(B3) B3 + B3 B3(B3 +1)
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