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Abstract—Today’s multiagent systems have grown too
complex to rely on centralized controllers, prompting in-
creasing interest in the design of distributed algorithms.
In this respect, game theory has emerged as a valuable
tool to complement more traditional techniques. The fun-
damental idea behind this approach is the assignment of
agents’ local cost functions, such that their selfish min-
imization attains, or is provably close to, the global objec-
tive. Any algorithm capable of computing an equilibrium of
the corresponding game will inherit an approximation ratio
that is, in the worst case, equal to the price-of-anarchy of the
considered class of equilibria. Therefore, a successful applica-
tion of the game design approach hinges on the possibility to
quantify and optimize the equilibrium performance.

Toward this end, we introduce the notion of generalized
smoothness, and show that the resulting efficiency bounds
are significantly tighter compared to those obtained using
the traditional smoothness approach. Leveraging this newly-
introduced notion, we quantify the equilibrium performance
for the class of local resource allocation games. Finally, we
show how the agents’ local decision rules can be designed in
order to optimize the efficiency of the corresponding equilibria,
by means of a tractable linear program.

I. INTRODUCTION

Interest in the field of multiagent systems’ control has
experienced rapid growth in recent years, as a variety of
application domains have emerged [1], [2]. The impact of
recent advancements in multiagent control has been far-
reaching, revolutionizing traditional industries such as trans-
portation and power networks [3], [4], [5], while also driving
the development of novel technologies including robotic
swarms and self-driving cars [6], [7].

Modern multiagent systems must adhere to imposing
constraints with regards to their spatial distribution, overall
scale, privacy requirements and communication bandwidth.
As a consequence, the coordination of such systems does
not allow for centralized decision making, but instead re-
quires the use of distributed protocols. Ideally, a distributed
algorithm will meet the system’s requirements for scalability,
communication bandwidth, and security, while achieving the
desired global objective.

A well-established and fruitful approach to tackle this class
of problems consists in the design of a centralized max-
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imization algorithm, that is later distributed by leveraging
the structure of the problem considered, e.g., [8], [9]. An
alternative approach, termed game design, has emerged in
parallel as a valuable tool to complement the aforementioned
design philosophy [10]. Instead of directly specifying the
decision-making process, local cost functions are assigned
to the system’s agents such that their selfish minimization
results in the achievement of the system-level objective.

The advantages of using this approach are two-fold: i) we
inherit a pool of algorithms that are distributed by nature,
asynchronous, and resilient to external disturbances [11];
and, ii) we obtain access to readily-available performance
certificates in the form of efficiency bounds. In fact, any
(distributed) algorithm capable of driving the system to an
equilibrium configuration (e.g. pure Nash equilibrium, mixed
Nash equilibrium, correlated equilibrium, etc.) will inherit an
approximation ratio matching the corresponding worst-case
equilibrium efficiency, called the price-of-anarchy. Motivated
by the game-theoretic approach, we aim to develop novel
techniques to quantify and minimize the price-of-anarchy in
distributed systems.

A. Related Works

This work is inspired by [12] and [13] where, the authors
quantify the price of anarchy of covering problems using an
approach reminiscent of - but different from - that used in
the smoothness framework.

While smoothness arguments [14], [15] have proven useful
when characterizing the performance of broad classes of
equilibria [16], they have also been applied to a variety
of problems, including learning [17], and mechanism de-
sign [18]. Unfortunately, as observed in [19] and proven
later in this manuscript, traditional smoothness arguments
find limited applicability in connection to design problems.
Generalized smoothness is tailored to resolve this weakness,
while retaining all the strengths of the traditional smoothness
approach. Leveraging this novel notion, we extend the linear
programming approach of [19], [20] and show how to com-
pute and optimize the price-of-anarchy of coarse-correlated
equilibria, relative to any local resource allocation game.

B. Our Contributions

In this work, we introduce a broader notion of smoothness,
referred to as generalized smoothness, allowing us to provide
tighter bounds on the performance of coarse-correlated equi-
libria. To demonstrate the strength of this novel approach, we
apply our result to a general design problem, and show that
the bounds are tight. Our main contributions are listed below.
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1) We demonstrate that price-of-anarchy bounds obtained
via smoothness arguments are not tight if the sum of
players’ local cost functions is not equal to the system
cost (Theorem [T)).

2) We introduce the notion of generalized smoothness,
and show that, in general, it provides tighter bounds on
the price-of-anarchy compared to current smoothness
approaches (Theorems [2] and [3).

3) For the class of local resource allocation problems,
we show that generalized smoothness provides tight
bounds on the price-of-anarchy (Theorem [). As a
consequence, we show how the price-of-anarchy can be
characterized (Theorem [3)) and optimized (Theorem [6)
using tractable linear programs.

Although we consider only cost-minimization games, the
results can be applied to welfare-maximization games with
minor modification of the generalized smoothness criterion.

II. PROBLEM STATEMENT

Consider a class of resource allocation problems where
N ={1,...,n} denotes the set of agents, and each agent ¢
must select an action a; from its action set A;. The system
cost induced by allocation a = (aq,...,a,) € A = A; X

- x A, is C(a), where C : A — R. Our objective is to
find an optimal allocation, i.e.,

a® € argmin C(a). (1)
acA

Motivated by the discussion of Section [, we turn our
attention to deriving a distributed solution to (I). Unfor-
tunately, this class of combinatorial problems is inherently
intractable (more precisely, NP-hard). Thus, in the remainder
of the paper, we aim to obtain an approximate solution to
(1) through a distributed and tractable algorithm, ideally
with the best possible approximation rati(ﬂ We tackle the
problem using the game-theoric approach discussed in the
introduction, and hence present the following game. Consider
the game where the agent set is IV, each agent’s action set is
A;, and in which each agent ¢ evaluates its actions using a
local cost function J; : A — R. In the forthcoming analysis,
we will focus on the solution concept of Nash equilibrium,
defined as any allocation a™ € A such that,

Ji(a™) < J;(ai,a",) Va; € A;,Vi € N, )

—1

where a_; = (a1,...,a;-1,a;+1,-..,0y,). We represent the
game as defined above with the tuple G = (N, A,{J;},C),
where {J;} = {J1,...,Jn}. We measure the performance
of a given algorithm using the notion of price-of-anarchy,

mMaXqeNE(G) C(a)

PoA(G) = inues Cla)

, 3)

where NE(G) is the set of all pure Nash equilibria of
the game G. Informally, the price-of-anarchy describes the

'For ease of presentation, most of our analysis will focus on Nash
equilibria, which are intractable to find in general. Nevertheless, we will
show in Lemma [1] that our results generalize to the much broader set of
coarse-correlated equilibria, which can be found in polynomial time [21].

ratio between the worst performing equilibrium and the
optimal allocation. A lower price-of-anarchy is indicative
of higher overall equilibrium performance. As such, the
price-of-anarchy is an upper-bound on the efficiency of any
equilibrium in the game. In cases where we have a family
of games G, the price-of-anarchy is further defined as,

PoA(G) := Z}é}; PoA(G). “)

Our work centers around the following two questions:

1) Given a class of cost-minimization games, how do we
quantify the price-of-anarchy?

2) How can agents’ local cost functions be designed in
order to minimize the price-of-anarchy?

III. THE SMOOTHNESS FRAMEWORK

The smoothness framework developed in [14] has proven
to be versatile, bringing a number of different price-of-
anarchy results under a common analytical language, and
producing tight bounds on the price-of-anarchy for different
classes of problems [22], [23]. In this section, we revisit
the notion of smooth games, and recall how smoothness
arguments can be employed to bound the corresponding
price-of-anarchy. The following proposition, adapted from
[14], makes this statement precise.

Proposition 1 (Smoothness [14]). Let G denote a class
of cost-minimization games where Y. | Ji(a) > C(a).
Further, suppose there exist A > 0 and p < 1 such that for
every game G € G, and any two action profiles a,a* € A,
it holds,

n

> Jilay,a—;) < AC(a™) + pCla). (5)

i=1
Then the price-of-anarchy satisfies,

A

L—p

The above proposition demonstrates that an upper-bound
on the price-of-anarchy can be computed by determining
parameters A > 0, u < 1 that satisfy (5). Accordingly, the
best price-of-anarchy bound that can be derived using the
smoothness framework, termed the robust price-of-anarchy
[14], is given by,

PoA(G) <

RPoA(G) := inf {

t. hold .
o s.t. (3) ho SVGGQ}

(6)
Note that, in general, PoA(G) < RPoA(G). Fortunately,
PoA(G) = RPoA(G) for the well-studied class of congestion
games, in which > | J;(a) = C(a) for all a € A, see [14].
However, smoothness arguments are not applicable to
games where Y . | Ji(a) < C(a) for at least one a € A.
Additionally, the robust price-of-anarchy does not provide a
tight upper-bound when >, J;(a) > C(a) for all a € A,
as we demonstrate in the following theorem.

I—p



Theorem 1. For the given game G, assume Y ., _,
C(a) holds for all a € A. Then,

RPoA(G) > PoA(G). @)

Ji(a) >

Proof. By assumption, there must exist v > 1 such that
S, Ji(a) > ~vC(a) for all a € A. Observe that, for A > 0
and 1 < 1 as in (),

Ca™) < 3 Ji(@™) < 37 i@, a™;)
=1 =1
< AC(a™) + pC(a™),

where the above inequalities hold by assumption, by (2)), and
by (), respectively. As the equilibrium conditions in (2) are
scale-invariant, it must be that

A* A*
* < *
Y I—p
where \* > 0, u* < 1 optimize (6). O

PoA(G) <

= RPoA(G),

IV. GENERALIZED SMOOTHNESS
In the previous section, we showed that traditional smooth-
ness arguments are unsuitable for bounding equilibrium
performance when the sum of agents’ local costs is not equal
to the system cost. In the following, we introduce a new
notion of smoothness that provides tight bounds for a broader
class of games.

Theorem 2 (Generalized Smoothness). Suppose there exist
A >0 and p < 1 such that for every game G € G, and any
two action profiles a,a* € A,

iiﬁmt }:J
1=1

Then, the price-of-anarchy satisfies,
A
L—p
Proof. For all G € G, for all a™ ¢ NE(G) and a®* € A,

< J Opt ne ne C

SAC(”3+qu“%

where the first inequality holds by (2), and the second, by
(8). Rearranging (9)), one gets the desired result. O

) < AC(a*)+uCla). (8)

PoA(G) <

We use the name generalized smoothness as this novel
notion of smoothness reduces to traditional smoothness when
Yo, Ji(a) = C(a). Observe that generalized smoothness
does not even require » ., J;(a) > C(a), and thus applies
to a much broader class of games. In parallel to the previous
section, we define the generalized price-of-anarchy as the
best price-of-anarchy bound that can be derived using the
generalized smoothness framework,

, A
GPoA(G) = inf {1 =, st @ holds VG € g} .

(10)

In the following theorem, we demonstrate that the pro-
posed generalized smoothness framework provides upper
bounds on the price-of-anarchy that are at least as tight as
those provided by traditional smoothness.

Theorem 3. For all games G € G s.t. y -,

Jl(a) 2 C(a),
PoA(G) < GPoA(G) < RPoA(G).

Additionally, if for all a € A, Y| Ji(a) > C(a). Then,

GPoA(G) < RPoA(G).
Proof. The proof can be found in the Appendix. O

Since the result in Theorem [3] holds for every game in the
class G, the inequalities hold with G in the place of G, i.e.
for the whole class.

V. LOCAL RESOURCE ALLOCATION GAMES

In this section, we show how generalized smoothness can
be used in order to provide concrete and tight bounds on the
price-of-anarchy for the class of local resource allocation
games. This analysis will extend the applicability of the
linear programming approach presented in [20] to all coarse-
correlated equilibria and to multiple resource types.

Consider a finite set of resources R = {ry,...,r,} and
let each agent’s action set A; C 2®. Every resource r € R
is associated with a pair of functions (¢, f,), where ¢, and
fr are mappings from N = {1,...,n} — R. We define the
system cost and local cost functions as,

Cla) =Y er(laly),
reR

azy z Z Ir |a|

rea;

where |al, is the number of agents covering resource r in
allocation a. We identify the aforementioned game with the
tuple G = (n, R, A, {(cr, fr)}), and, for ease of notation,
we remove the subscripts of the above sets, e.g. we write
{(¢cr, fr)} in place of {(cr, fr)}rer- Given a set of resource
types T = {(c', f1),..., (T fIT1)}, we induce the class
of games G7. in which, for every resource r € R, there exists
v > 0 such that,

cr(r) =vp Ct(')
fr() =, ft()

for some (¢!, f*) € T. Informally, G# contains all possible
games G where the number of agents is fixed to n, and each
pair (ct, f?) is selected from 7' and premultiplied by v,.. A
possible interpretation of v,. > 0 is that it represents the value
of the resource r. We will refer to the functions { f, },cr as
distribution rules, since each f, describes how the value of
covered resources v, is split among the agents. We observe
that many classes of problems studied in the literature can
be analyzed using this model. Important examples include
set covering problems, vehicle-target assignment problems,
and congestion games [13], [24], [11]. In Section we



exemplify one of many problems that can be represented in
this form.

With slight abuse of notation, in the following, we redefine
the price-of-anarchy for the class G as,

PoA(GT) := sup PoA(G), (11)
Gegh
Before presenting our results, we demonstrate the gener-
ality of the local resource allocation problem formulation,
using the example of atomic congestion games.

A. An Illustrative Example: Atomic Congestion Games

To demonstrate the generality of the local resource alloca-
tion problem presented above, we analyze congestion games,
a classical cost-minimization problem [25]. A congestion
game can be reformulated as a local resource allocation game
in which the system cost and local costs depend on the edges’
occupancy-dependent latency functions /. such that

Cla) = ) cellale) = D Le(lale) |ale,

eER e€ER
Jilaia—i) =Y le(lale).
eca;

Observe that, in this context, the edges of the congestion
game correspond to resources in a local resource allocation
game. The latency functions [, play the role of distribution
rules f,, and ¢, is substituted with I.(|al.)|ale-

Congestion games with affine costs [26]. As a particular
example, the class of congestion games with affine cost func-
tions can be represented as a class of local resource allocation
problems with two resource types; 7' = { (22, x), (, 1)}As
an elementary example, consider the game GG with resources
R = {e;}?_,, each of which has nonnegative value v, > 0.
The resource e; and es are associated with type (z2,x),
whereas e; and ey have type (z,1)}. If we define all n
agents’ action sets as {(e1,e2), (es,e4)}, the game can be
represented by a two link network as shown in Fig. [I] where
Ji(a) = vi|al; + ve for an agent ¢ that selects (e, ez), and
Ji(a) = vs|a|s + vy for agents selecting (e3, e4).

li(lale) = vilale la(lale) = v2

I3(|ale) = valale la(|ale) = v4

Fig. 1: A simple congestion game with affine cost functions that
can be represented as a local resource allocation problem with two
types. The system’s n agents must select either the top or bottom
edge, and experience the corresponding cost.

While we consider the simplistic example of a two-link
network here, we note that, in general, any congestion game

2Informally, this means that there are two edge types in the congestion
game, those that impose a latency proportional to the number of agents
selecting them, and those that have constant latency.

with affine costs can be represented as a local resource
allocation game with T as above. Additionally, given a basis
set of all possible edge costs, any atomic congestion game
can be formulated using our model.

B. Computing the price-of-anarchy

The next theorem shows how the price-of-anarchy in
can be recovered by means of the notion of generalized
smoothness previously introduced in (8). Before proceeding,
we state a few assumptions and some notation.

Standing Assumption. We assume, with slight abuse of
notation and without loss of generality, that ¢t(0) = f4(0) =
0, and ft(n+ 1) = ft(n), for all (¢, f*) € T.

Although ¢, f* were previously defined as mappings from
N — R, we extend their definition to ease the notation. Let

I:={(z,y,2)eN’[1 <24y —z<n},
Ir={(z,y,2)€L|x+y—z=nor (x —2)(y — 2)z=0}.

Theorem 4. For every class of local resource allocation
games G, it holds

PoA(G2) = GPoA(Gh). (12)

Proof. The proof can be found in the Appendix. O

The above theorem shows that generalized smoothness ar-
guments provide tight upper-bounds on the price-of-anarchy
in local resource allocation games, and proposes a method-
ology for constructing worst-case instances. We now exploit
this result to obtain easily computable and concrete bounds
on the price-of-anarchy.

Theorem 5. For the class G}, PoA(GY) = GPoA(GY})=
1/C*, where C* is the value of the following linear program,

C*= max p
vER>(,pER
s.t. c'(y) — pct(x) (13)
+vf@—2)f(@) - -2 (z+1)] >0
V(ct, Y eT, V(x,y,2) € Ig,
Proof. The proof can be found in the Appendix. O

The above linear program extends [20, Thm. 2] to any
class of games G7.

C. Optimizing the price-of-anarchy

Whereas the previous subsection was devoted to calcu-
lating the price-of-anarchy for given pairs {(cf, f?) El, we
now shift our focus to designing the distribution rules such
that the price-of-anarchy is minimized.

Theorem 6. Consider the cost functions {c', ..., c"1}, and
positive integer n. Define f&pr as the solution to,

foer € argmax p
fER™ peR

st 1> et (y) — plgs1yc (@) + (2 — 2) f(2) (14)

- (y—2)f(x+1)>0,¥(z,y,2) € Ig,



forallt € {1,...,|T|}. The set of distribution rules fopt =

T )
{fprs-es f(‘)P‘T} satisfies,
fopr € argmin PoA(G7). (15)
ferZy!7!
Proof. The proof can be found in the Appendix. O

Theorem [6] shows that a set of optimal distribution rules
can be calculated using the linear program in [20, Thm. 3].
It is worth noting that for a given class of games G7 with an
arbitrary basis set 7, it is not possible, in general, to compute
the price-of-anarchy as the worst price-of-anarchy over each
individual pair (cf, f*), i.e. the expression PoA(G}) =
maxger {PoA (Gf)} does not hold, as further elaborated in
Lemma [5] Nevertheless, this property is recovered for the
specific choice of f* = f& o, see Lemmal6] This constitutes
the key observation towards proving Theorem [6]

D. Returning to Atomic Congestion Games

Here we apply the results presented in this section to the
class of congestion games, as presented in Section [V-A]

Congestion games with affine costs. Using a particular
analytical structure, and by exploiting a known polynomial
inequality, the authors of [24] prove that the price-of-anarchy
for the class of congestion games with affine costs is 5/2.
A direct application of the linear program in Theorem [3]
recovers the same result for any number of agents greater
than 3. Additionally, we determine a worst-case instance
construction with only n =3 agentsE]

Impossibility results in tolling. The idea of improving the
price-of-anarchy in congestion games using a local edge toll
as a control mechanism originates from [27]. In order to
influence agents’ decisions, a toll 7. is added to the agents’
local edge costs such that,

Ji(ai,a_;) = Z le(lalr) + Te(lalr).

eca;

The system cost remains unchanged. In this context, the
strength of Theorem [6] stems from the simple recipe it
provides for constructing a set of optimal tolls. Indeed,
solving for the optimal tolls is equivalent to finding the
optimal set of distribution rules in the corresponding class
of local resource allocation games, where c'(z) = xl.(x)
for all edges e of type t, for all ¢t € {1,...,|T|}. Thus, for
a given class of congestion games, the result in Theorem [6]
provides tight lower-bounds on the best achievable price-
of-anarchy using local tolling mechanisms. In Table [T} we
compile these bounds for three classes of congestion games

considered in [28].

3Consider the game G with six edges {Ei}?:l with identical value
(i.e. ve = v) and latency function l.(x) = x. We endow the n =
3 agents with the action sets, A1 = {(e4,e5,€e6),(e1,e2)}, A2 =
{(61, e2,e5), (e3, 84)}, and A3z = {(61, e3,eq), (es, 66)}. The Nash
equilibrium a™® corresponds to each agent selecting its three-tuple action,
and the optimal actions in a®P' are the two-tuple actions. It can easily
be verified that @) is met. PoA(G) = 5/2, since the system costs are
C(a™®) = 45v and C(a°P?) = 18v. Note that, in general, drawing a worst-
case instance as a graph requires additional edges e with value ve = 0.

TABLE 1: Prices-of-anarchy of the original and optimally tolled
congestion games, when the number of agents is n = 10.

Edge Costs | PoA without tolling | PoA with optimal tolls
Affine 2.50 2.01
Quadratic 9.58 5.10
Cubic 41.5 15.53

VI. EXTENSIONS

In this section, we demonstrate that the above results
extend to i) coarse-correlated equilibria; and, ii) welfare-
maximization problems.

A. Coarse-Correlated Equilibria

A significant advantage of using a smoothness argument
is that it provides performance bounds for the class of
coarse-correlated equilibria, a far broader class of equilibria
compared to the class of pure Nash equilibria [22], [29]. A
coarse-correlated equilibrium is a probability distribution o
over all allocations a € A such that for all ¢ € [n], and
a' € A, it holds that,

EGNU[Ji(a)] < Egno [JZ (a;, a‘*i)]’

where E, . [J;(a)] is the expected utility for the agent 7. In
the next lemma, we show that the price-of-anarchy bounds
stemming from generalized smoothness arguments extend to
all coarse-correlated equilibria.

Lemma 1. For every game G in the class of games G,

MaXseCCE(G) Eano [C(a‘)]
min,e 4 C(a)

GPoA(G) > ,
where CCE(QG) is the set of all coarse-correlated equilibria
of the game G.

Proof. The proof follows the same reasoning as [14, Thm.
3.2], and is omitted due to space constraints. O

Since the sets of pure and mixed Nash equilibria of a game
are subsets of its coarse-correlated equilibria, the GPoA is
an upper-bound on the efficiency of all equilibria within
these classes. This result is particularly important toward the
tractability of the final algorithm. Indeed, although finding a
pure Nash equilibrium can be intractable, coarse-correlated
equilibria can often be computed in polynomial time [21].

B. Welfare-Maximization Problems

In welfare-maximization problems, we consider games for
which the agent set is N, each agent’s action set is .4;, and
each agent 7 evaluates its actions using some local utility
function U; : A — R. The system-level welfare induced
by a given allocation a € A is measured by the function
W : A — R. A Nash equilibrium is defined as any allocation
a" € A such that U;(a") > U;(a;, a™;) for all a; € A; and
all i € N, and our objective is to find an allocation a®®* € A
that solves the system-level optimization problem,

a®® € argmax W (a). (16)

acA



The results obtained for cost-minimization problems in this
work may be derived analogously for welfare-maximization,
although the various linear program formulations may differ.
Toward this goal, we propose the following modified notion
of generalized smoothness:

Consider a class of welfare-maximization games G, and
suppose there exist A > 0, 4 > —1 such that, for all
allocations a,a* € A, it holds that,

" Uiat,as) = Y Uile) 2 AW (@) = (1+ ) W(a).
]

i€[n] i€[n

The corresponding lower-bound on equilibrium efficiency for
all games G € G is A\/(1 + p).

VII. CONCLUSIONS

In this manuscript, we aimed at providing a novel method-
ology for characterizing and optimizing the price of anarchy
in connection to a broad class of problems, including con-
gestion games. Toward this goal, we introduced the notion
of generalized smoothness. Compared to traditional smooth-
ness arguments, we showed that generalized smoothness is
more widely applicable, and provides tighter bounds. We
applied generalized smoothness arguments to the class of
local resource allocation problems (which include congestion
games) and observed that it provides tight bounds on the
price-of-anarchy. Relative to this class of problems, we were
able to compute and optimize the price-of-anarchy of coarse-
correlated equilibria, by means of concrete and tractable
linear programs. Along with other possible future research
directions, this work paves the way for the design of optimal
tolling schemes through the linear programming approach
presented in [19], [20].
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APPENDIX
Proof of Theorem [3
Proof. When ), Ji(a) = C(a), (§) is equivalent to (3).

When 3, Ji(a) > C(a), for all A, satisfying (3), the
following must hold for all a,a* € A,

> Jilaf,ai)=)_Ji(a)+C(a) < AC(a®)+pC(a).
i1€[n] i€[n]

Thus, there must exist some € > 0 such that (§) holds for
A=\ —eor i = pu*—e where \*, u* optimize ().
Since A/(1 — p) is increasing in both A and p, GPoA <
A*/(1 — p*) = RPoA. O

Preliminaries to the proof of Theorem [4]

Definition 1. S(G}) is the set of parameters X > 0, u < 1
such that, for all (ct, ft) € T and all (z,y,z) € IR,

(z—a)f" (@) + (y—2)f'(x + 1) + ' (2) < A (y) + pec' ().
a7

Definition 2. (G}) is defined as,
1 3 A n
son =t {2 wes@n)  as)
A |1 — H
Lemma 2. For the given class of games G7,
Y(97) = GPoA(Gr).

Proof. Let |a"| = {x1,...,2m}, and [a®™| = {y1, ..., Ym}-
We define z, as the number of agents that select resource r

in both a"® and a°",

zo=|{ic N:reca®}n{ic N:rca’}

where z, < min{z,,y,.}, and 1 <z, +y, — 2z, < n.
The following simplification, adapted from [30], is instru-
mental in our proof of tightness,

D dia™ a) = > Ji(a™) + C(a™)
i€[n]

1€[n]

19)

= Z[err(-rr) + (yT - ZT)fT(xT + 1)]
reER
S filan) + Y (e
rcR reR

= Z ((zr—2r) fr (@) +(yr—20) fr (1) Fer(20)] -

reR

We have shown that can be represented as a sum over a
subset of the left-hand side expressions in corresponding
to the resources in R weighted by their values. For the proof
that it is sufficient to consider (x,y, z) € I, see the second
part of the proof of [20, Thm. 2], and note that (z, y, z) in this
paper are equivalent to (j,[,z) in their notation. Thus, the
parameters (\, ;1) € S(G}) are sure to satisfy the constraint
in (8). This is because C'(a™) is guaranteed to be less than
or equal to (T9). This implies that v(G%) > GPoA(GY). O

Lemma 3. Consider the class of games G7. Suppose there
exist (A, 1) € S(G}) such that,

. =v(97)-

—
Then, there must be (c',fY), (¢, f%) in T, (x1,y1,21)
(22,Y2,22) in Ir, and n € [0,1] such that,

(2 — @) 7 () + (y5 — 2) [ (w5 + 1) + ¢ (x)

N . (20)
= (yj) + pc(z;)
for 3 =1,2; and,
nlz (@) + (g1 — 21) fH (@1 + 1))
+ (1=n)[z2 f2(w2) + (Y2 — 22) Az +1)] 2D

=nzy f1(z1) + (1 —n) 23 [ (22).

Proof. We define He s . as the set of (A, 1) € Ry xR
that satisfy, for given ¢, f, =, y and z,

(z=2)f(2)+(y—2)f(z+1)+c(z) < Ae(y)+pc(z).

We denote by 0H. f .y, . the boundary of the set, i.e. the
points (A, u) that satisfy the above inequality with equality.
Some simplifications can be made for the cases when either
r=0o0ory =0 Whenx =0and y > 0, then z = 0 =
min{z,y}, and the set H, ¢ 0,0 contains all x < 1, and
all A > f(1)y/c(y). When = > 0 and y = 0, z = 0 once
again, the set H. f 0,0 contains all A > 0, and all p >
1 —zf(x)/c(x). For the halfplanes with x > 0 and y > 0,
the boundary is,

c(y)

c(z)

el (RN

(y—2)f(x+1) + c(z)).

Note that finding v(G7}) is equivalent to finding the point
along the boundary that intersects the line with p-intercept
equal to 1 with the most negative slope. Thus, we can
find the optimal (A, u) by starting on the boundary at
A = max, f(1)y/c(y), then following the boundary until
we reach a line with p-intercept less than 1. There are three
possibilities for the optimal A, uu: at A = max, f(1)y/c(y), at
the intersection of two halfplanes with x1, 22 > 0, y1,y2 >
0, 21,20 > 0, 0r at g =1 —min, zf(z)/c(x).

If the optimal A, ;1 occurs at A = max, f(1)y/c(y), then
1 = 0, y1 > 0 and 23 = 0, and the other halfplane has
p-intercept less than one, and x2 > 0, yo > 0 and 25 > 0.
Note that it is also possible for the optimal A, i1 to occur at
A =maxyso f(1)y/c(y) and p =1 —ming>ozf(z)/C().

For all these cases, there exists n € [0, 1] such that,

nlz fH () + (g — 21) [z + 1)
+ (1 =) [z2 f2(x2) + (y2 — 22) f* (w2 + 1)]
= na1 fH(w1) + (1= n)zaf?(x2)
If the optimal (), 1) occur on a halfplane H. f ., . With
u-intercept equal to 1, we select ¢c; = co =¢, f! = f2 = f,

T1 = X2 =2, Y1 = Y2 = y and z; = 29 = 2z, where any
n € [0,1] will satisfy the equality. O



Lemma 4. For the class of games G}, suppose no point
(A, 1) € S(G}) satisfies ﬁ = v(G%). Then, there exists
(f,c) €T and (x,y,z) € Ir such that

2y = 42

) (22
(- 2)f@+ 1)+ 2f(z) > of () 23)

Proof. Borrowing the notation and reasoning of the proof
for Lemma [3] we know that the strictest constraint must
come from a line corresponding to some (f,c) € T that
for some values of z, y and z has pu-intercept greater than
1, and the least negative slope among all constraints. Since
the p-intercept is greater than 1, (z —z) f(z) + (y —2) f(z +
1) > 0, which implies that (y — 2)f(z + 1) + 2f(z) >
af(x). The least negative slope results from selecting y =
argminc y ¢(j) and x = argmax;cy c(j). Much like in
[14, Lem. 5.5], we construct a sequence { (\g, %)} in S(GF)
such that 5 f;‘% L ~v(GP). Since ﬁ is increasing in both A
and p, it can be assumed that every point (Mg, ux) lies on
the boundary of S(G}). The values ) are bounded from
below by the constraints where x = z = 0, and for finite

Y(G), i < b < 1. Since 2 is continuous, 25— | v(G}")

and v(G7') is not attained, the sequence {\g, ug)} has no
limit point. Thus, after some rearranging of (17),

v(G7) = lim

k—oo 1 — g
i @) o) @)+ (- 2)f(z+ 1) c(z)
= lim =+ = s
k=00 c(y) c(y)(1 = pr) c(y)
since i, — —oo, which completes the proof. O

Proof of Theorem 4]

Proof. We first consider the case where the value (G7) is
not attained for any point (A, u) € S(G}) as in Lemma
We recover the pair (f,c) € T that result in the strictest
constraint at A — oo, 4 — —oo, as well as the values
z, y and z that give the least negative slope. We setup a
game with [ = min{x +y, n} resources organized in a cycle
and [ agents, i.e. R = {ry,...,r} and N = [l], where
every resource has type corresponding to the pair (f, ¢). Each
agent ¢ € [I] is endowed with two actions, the first is to
select z consecutive resources starting with r; and ending
with 7421 mod 1> While the second is to select ¥ consecutive
resources ending with 71,1 mod ;- Condition (23) implies
that the former strategy is a Nash equilibrium, and by 22),
the price-of-anarchy is at least igg = v(G%), as required.
We retrieve (ct, f1), (c2, f2), (x1,91,21), (T2, Y2, 22) and
7; the optimality parameters as in Lemma [3| where v(G7)
is an upper-bound on GPoA(G}) and is guaranteed to be
attained, by Lemma and Deﬁnition The worst-case game
G is constructed in the following way, define two disjoint
cycles Ey and Ey each with [ = min{max{z; + y1, 22 +
Y2}, n} resources enumerated from 1 to . The resources in
FE are assigned cost function ¢y, distribution rule f1 and
value 7, whereas the resources in E5 are assigned co, f2 and
(1—n). There are also [ < n players, enumerated 1 through [

and we restrict the action set A to two strategies, a" and .
In the first strategy, each player ¢ € [I] selects 21 consecutive
resources in Fy, [i,i+1,...,i+ 21 — 1] modl, and
consecutive resources in E starting with resource <. In the
second strategy, player ¢ selects y; consecutive resources in
E; ending with resource 7 — 1, and yy consecutive resources
in Es ending with resource 7 — 1.

We continue by demonstrating that the first strategy satis-
fies the conditions for a Nash equilibrium,

Ji(a™) =nay fH (@) + (1 —n) 2z f(22)
=nlz fHz1) + (1 — 21) fH (21 + 1))
+ (1 =n) [z2 f2(22) + (y2 — 22) f*(z2 + 1))

= Ji(a?plvalfi)7

(24)

where (24) holds due to Lemma [3] Now we show that the
price-of-anarchy of the game is lower-bounded by ~v(G%),
thus implying equality.

k k
Cla™) =Y Ji(a™) + Y Ji(a™,a™;)

i=1 i=1
=k [Aern) + frea ()|

+ k(1=n) [Aealye) + frea(ea)]
= A C(a®) + 1.C(a™)

In the above, v(G}.) = PoA(G) < PoA(GY}). Since v(G}) >
GPoA(G7}) > PoA(G}) by Lemma [2 GPoA(G7:) must be
tight. O

Proof of Theorem

Cla™) =

Proof. We begin by noting that, by Definition [I] we need
only consider (z,y,z) € Zgr when calculating the price-
of-anarchy in local resource allocation games. Observe that
the constraints in the linear program are equivalent to the
simplified conditions for (A, u)-generalized smoothness in
(T7). The linear program constraints read as,

c(y)—pe(z)+v(z—2) f(2) - (y—2) f(z+1)] = 0,

for all (z,y,2) € Zgr, where p = 1;“, and v = 5.
Substituting the expressions for v and p into the above, and

rearranging, we are left with,
(z—z) f(z) + (y —2) f(z +1) + c(x)
< Ae(y) + pe(z),

for all (x,y, z) € Ir, which is identical to (T7) when there is
a single type. Next, observe that maximizing p is equivalent
to minimizing A/(1 — p), which concludes the proof.  [J

1

Lemma 5. For a given class of local resource allocation
games G7., it holds that,

PoA(GT) > max {PoA (G¢")}. (25)

Proof. We begin by proving that it is impossible to have
PoA(G}) < maxger{PoA(Gy)}. Simply note that the worst-
case game in Gy for each t € T is a member of the class of
games G7.



Next, consider the class of games with n = 3, and
T = {T1, Tz} = {(z% 2),(x,7)}. By [20, Thm. 2], the
prices-of-anarchy for the games with the individual types are
PoA(G3,) = 1.857 and PoA(G3, ) = 2.0. But, PoA(Gh) =
2.6 by (13). O

Lemma 6. For a given class of local resource allocation
games GY., there exist scaling parameters a; € R>q, t € |T|
such that,

PoA(G7,n) = max{PoA(G;)},

where T = {(ct, a f*)}E1

Proof. We denote by (v}, p;) the solution to [20, Thm. 2]
for the class of games with one type, (c!, ft) € T. First,
note that uniform scaling of the distribution rules does not
affect the equilibrium conditions, so PoA({(c?, ay f)},n) =
PoA({(c!, f)},n) for all oy > 0 and all t € T. Thus,
recalling Lemma [3

PoA(G7) > max{PoA(G)},

where 7 = {(ct, a1 f1)}Z . Select oy = v} for all ¢ € [|T]],
such that 7 := {(c!, z/fft)}gl. We define p := min, (7)) pf-
By construction, (p, 1) satisfies all the constraints in (I3)) for
types in 7. Thus, PoA(G?) < 1/p = maxter{PoA(G]")}

O

Proof of Theorem

Proof. By Lemma [5] the lowest achievable price-of-anarchy
is maxeer- {PoA(GP)} where T := {(c!, fipr) 1. Ad-
ditionally, each of the f&p; minimizes its corresponding
PoA(G{') by [20, Thm. 3]. Finally, we have that the following

statement,
PoA(G}.) = ItnEaTx{PoA(g{?)}7

holds by the construction of fopr ¢+ in [20, Thm. 3]; the linear
program already multiplies the distribution rule and A}, and
it was shown in the proof of Lemma [6] that oy = A} for all
t € T is an optimal set of scaling parameters. O
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