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Abstract—1It has been shown that in the case of finite games,
games with a small Maximum Pairwise Difference (MPD) to a
potential game share some of their favorable static and dynamic
characteristics. In this paper, we extend these results to games
in which strategy sets can be either finite, or closed intervals
of the real line; and utility functions are polynomials in the
players’ actions. We define a notion of distance in the space
of polynomial games in terms of the Maximum Differential
Difference (MDD) between two games, and relate this concept
to their MPD. We also show that a nearby polynomial potential
game can be obtained from the solution of a semidefinite
program.

We then use polynomial potential games to study the static
and dynamic properties of nearby polynomial games. In par-
ticular, we relate the approximate equilibria and approximate
better response dynamics of a polynomial game to those of a
nearby polynomial potential game in terms of their MDD.

I. INTRODUCTION AND MOTIVATION

Potential games are a well studied and useful class of
games, as they have very appealing static and dynamic
properties. Specifically, such games always possess pure-
strategy Nash equilibria, and many simple user dynamics
(e.g. best response) converge to a Nash equilibrium [2],
[10]. As further motivation, potential games (and relaxations
thereof) have been used successfully in modeling systems un-
der cooperative control, allowing for the application of well
established game theoretic methods to difficult distributed
control problems [3], [4], [S].

Presumably, games that are “close” to potential games
should share some of these appealing static and dynamic
characteristics. Previous work [1], [6], [7] has formalized this
idea, and shown that indeed in the case of games with finite
strategy and player sets, a near-potential game’s properties
can be inferred from a nearby potential game approximation.

Although the finite player condition is not a restrictive
one in a control setting, that of finite action sets can be —
most systems of interest are governed by continuous (analog)
dynamics, and therefore have continuous action sets. By
restricting continuous systems to finite action sets, there
is a tradeoff between the level of discretization, system
performance, and problem complexity resulting from the
potentially large cardinality of the discretized strategy set.

Although infinite games avoid these issues, they are inher-
ently less tractable to study, as their analysis often requires
solving infinite dimensional optimization problems — for
example, only recently have useful results on the value and
optimal strategies for certain classes of infinite games [8],
[9] been developed.
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In this work, our goal is to extend the ideas introduced in
[1], [6], [7] to a particular class of infinite games: namely
strategic (noncooperative) games with (i) both finite actions
sets, and continuous action sets that are closed intervals of
the real line; and (ii) polynomial cost functions. We begin
by studying continuous games, that is those in which all
actions sets are closed intervals of the real line. We combine
results from game theory, algebraic geometry, and convex op-
timization, to develop a computationally tractable projection
framework for finding a nearby polynomial potential game
approximation of an arbitrary polynomial game. Specifically,
we introduce the Maximum Differential Difference (MDD)
as a useful measure of “distance” between two continuous
games, and show that the problem of projecting onto the
space of continuous polynomial potential games with respect
to the MDD can be cast as an optimization problem that is
amenable to a sum of squares (SOS) relaxation.

We then extend this framework to games in which some
or all of the action sets are finite by defining the contin-
uous relaxation of such a game. We show how to use the
MDD between a nearby polynomial potential game and the
continuous relaxation of a game to bound the Maximum
Pairwise Distance (MPD) (an analogous concept to the
MDD, introduced in [6] for studying finite games) between
the original game and the nearby polynomial potential game.

Next, we relate the static and dynamic properties of our
initial game to the nearby polynomial game found by our
projection framework. We show that the approximate equi-
libria, as well as the approximate better response dynamics in
arbitrary polynomial strategic-form games can be analyzed
using a nearby polynomial potential game. Not surprisingly,
the closer a game is to being a continuous potential game,
the tighter our characterization becomes.

This paper is organized as follows: in Section II we
present the necessary game-theoretic and algebraic geometry
background. Section III formally defines the MDD, MPD
and continuous relaxation of a game, and introduces the
projection framework for finding nearby polynomial potential
games. In Section IV, we establish connections between an
arbitrary polynomial game’s static and dynamic properties
and those of a nearby polynomial potential game. Section
V presents an example demonstrating our results. Finally,
Section VI provides conclusions and directions for future
work.

II. PRELIMINARIES

A. Game Theory and Potential Games

A (noncooperative) polynomial game in strategic form
consists of:



« A finite set of players, denoted N' = {1,..., N}

o Strategy spaces: each player n € A has strategy set
E™ C R. We denote the space of strategy profiles as
E = [, en E™. Let 2 € E™ denote the strategy of
player n.

« Utility functions: u™ : E — R, u™ € R[z|, where R[z]

denotes polynomials in !, ..., "V with real coefficients.

A polynomial game is said to be

i) continuous if for each n € N/, E™ is a closed interval
of the real line. In this case we say that the strategy set
E™ is continuous.
ii) finite if for each n € N, |E™| < oo. In this case we say
that the strategy set E™ is finite.
iii) mixed if there exist ¢, f € N, such that E° is
continuous and E/ is finite.

Throughout this paper, we assume without loss of generality
that continuous action sets are given by [—1,1], and that
finite actions sets lie within [—1,1].

Following the notation in [1], a game instance can then be
defined by the tuple (N, {u"},cnr, E). For a strategy profile
x € E, we will often write = (2,2~ "), where ™" is a
vector containing the strategies of all players except for the
n'™ one.

We now introduce a standard extension to the basic notion
of a Nash Equlibrium (NE) - that of an (additive) e-
equilibrium.

Definition 1: A strategy profile x € E is an e-equilibrium
ifYneN

u (™ 2T > u (Y aT") —€e Yy € BN (1)

Note that this definition corresponds to a pure NE for ¢ = 0.
We next define polynomial potential games (definitions
modified from [2])
Definition 2: Consider a polynomial game G =
(N, {u"}nen, E). If there exists a potential function
P:E — R, P € R[z] such that for every n € N, z € E,

P({En, x—n) _ P(yn7x—n) —_ un(xn7x—n) _ un(yn7x—n)
2
then G is a(n) (exact) polynomial potential game.

A useful characterization of continuous polynomial poten-
tial games in terms of algebraic constraints is given by the
following (modified from [2])

Theorem 1: Let G be a continuous polynomial game as
defined above. Then G is a potential game with potential
function P if and only if P is continuously differentiable,

and ou™ 0P
dxn  Ozn

VneN 3)

Clearly if we restrict P to be in R[z| the above smoothness
conditions are satisfied, and Theorem 1 provides a full
characterization of continuous polynomial potential games.
We conclude with a well known convergence result which
will be fundamental in our analysis of dynamic properties of

polynomial games [10]:

Theorem 2: (Zangwill’s Convergence Theorem) Let f :
X =2 X define an algorithm that, given zo € X, generates
a sequence {xj} via zx41 € f(xy). Let a compact solution
set Y* € X be given. Let

1) {z} be a compact subset of X

2) 1 a continuous function « : X — R such that

a) if x ¢ Y™ then a(a’) > a(x) for all 2’ € f(x)
b) if z € Y* then a(z’) > a(z) for all 2’ € f(x)

3) fisclosed at z if 2’ ¢ Y* for all 2’ € f(x)

Then either {x}} arrives at a solution in Y* or every limit
point of {z} is in Y*.

This theorem can be used to show, for example, conver-
gence of potential games under best response dynamics to
NE, by setting « to the potential function of the game, f to
the best response dynamics and Y* to the set of NE [10].

B. Sum of Squares and Non-Negativity of Polynomials

This subsection, adapted from [11], provides a brief sum-
mary of two key results from algebraic geometry that are
necessary for our development.

Definition 3: A polynomial p € R[z] admits a sum of
squares (SOS) decomposition if there exists a set of polyno-
mials f, £k =1,..., K such that

K
p(x) =Y fi(x) €
k=1

Let Py, denote the set of nonzero forms (i.e. polyno-
mials of homogeneous degree) in N variables of degree
m, with coefficients in R that are non-negative on RN,
and let X ,, denote the set of SOS polynomials in N
variables of degree m (note that m is necessarily even in both
cases). Clearly, Xn ,, C Pn,m, with the containment being
strict in general, although exceptions do exists (c.f. Chapter
4.2, [11]). However, in contrast with the A/P-hardness of
determining the non-negativity of a general polynomial, SOS
polynomials can be characterized through a semidefinite
program (SDP).

Finally, the following lemma provides algebraic con-
straints that are sufficient (and in certain cases, necessary)
conditions for a polynomial to be non-negative over the
hybercube [—1, 1]V,

Lemma 1: Let p € R[z]. If there exist {\g, A1, ..., AN} €
U Y N,m such that

m>0
pla) =Xo+ Y Nl —z7) S

then p(z) > 0 on [—1,1]V.
Proof: Invoke the Positivstellensatz as in [11], [12] m

III. PROJECTION FRAMEWORK

A. The Maximum Differential Difference

We begin by defining the Maximum Differential Difference
between two continuous games:



Definition 4: Let G and Q be two continuous polynomial
games with set of players N and collections of utility
functions {u"},en and {G"},cnr, respectively. The Max-
imum Differential Difference (MDD) between these games
is defined as
ou™ ou"

(@)~ 5@ ©

MDD(G,G) := su
( ) neN, EEE 833”

The MDD captures how different two games are in terms
of the utility improvements due to infinitesimal unilateral
deviations.

The MDD can be seen as an extension to continuous
games of the MPD [6] between two games, defined as

MPD(G,G) :=

sup |(u
neN,y"eE" zcE

(an(yn, CL‘_n)
Although originally used to study the properties of finite
games, the MPD is equally applicable to continuous games,
although in general, computing the MPD of two continuous
games is intractable as it results in an infinite dimensional
optimization problem. We can however bound the MPD of
two continuous games in terms of their MDD.
Lemma 2: Let G and G be two continuous polynomial
games satisfying MDD(G, G) < ~. Then MPD(G, G) < 27.

"yt aTt) =@t aT) = ()

_ ,&n(wn7 x—n))'

Proof: Letn € N,y™ € E", x € E be arbitrary. Then

|(u™(y™ x™") —u™(z" 27"))—
@ (y",2™") = (17 z="))|

=" gy ou"
= — (", xT") — T oxT™)dr"

- 87”( ) 87"( ) (8)

L our onn
< n —n _ n —n n
_/_1 3T”<T ,xT™) 87_”(7,:5 )| dr

<qfldrm =2y

As n € N,y € E™,x € E were arbitrary, the claim
follows. ]

B. Projection Framework for Continuous Polynomial Games

The problem to be addressed in this section can be
formally defined as

Problem 1: Given a continuous polynomial game G, find
the continuous polynomial potential game G which mini-
mizes MDD(G, G) This can be formulated as the following
optimization problem:

ou™ ou™
inf z) — — ()| s.t.
P {am}nen€R[Z] nE/\/EeE Oz ”( ) (933"( )
P(a™,xz7™) — P(y™, ™) = a™(z", 2™ ") — a"(y™, 2™ ")

YneN, zeE, y" € E"
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We now present the main result of this section, which
provides a tractable semidefinite relaxation of (9).

Theorem 3: Let G = (N, {u"}nen, E = [-1,1]V) be a

continuous polynomial game, and let (y, P, {4"},cnr) be

solutions to the following SOS program

inf 7 st
P{am}nen€Rla] N, 1 il N

g%:(x)—an()VnEN r€FE

Mo+ Sty M1 = 2f) =7 £ (5 () — G (@)
VneN, zreFE

(10)

) is a

Then MDD(G,G) < v, where G = (N, {@" }nen, E
polynomial potential game with potential function P.
Proof: We begin with (9) and apply Theorem 1 to
rewrite it as
ou™ ou"
P (iR nenwer | Oa" R r
0i (2)= gL (z) VneN, 2 € E

The two problems are equivalent, in that both constraints
guarantee that P is a potential function for the game gener-
ated by {@™}. We now introduce a slack variable + to rewrite
(11) as

(1)

inf s.t.
P{an}nen€R[z],7ER

222(96)28 (m)VnEN,xEE
Applying Lemma 1 to the last two constraints of (12), with

pi(x) =7+ (am" (x) — g; (x)) yields the desired result.
[

(12)

This SOS program can be solved efficiently using SOSTools
[13].

We note that (10) has 3N constraints, and thus this aspect
of the problem scales well with V. The issue arises in the
number of optimization variables required to represent the
various polynomials: a form of degree m in NN variables
is expressed as a sum of (N +;:_1) monomials. The number
of optimization variables required grows super-exponentially
in N, limiting the size of player sets that this procedure
can handle in general games — however often times there
will be additional structure that can be exploited (such as
symmetry in the utility functions, see Section V) to alleviate
this problem.

We conclude this section with an illustrative example
Example 1: We consider the two player polynomial game
¢ = ({1, 2}, {u' (@', 2?),w?(a",2%)}, [-1,1]?) with
ul(zl,2?) = dzb(2® + (@) )+ (2! — .5)2
201 .2 21, @D
u?(zt, x?) dx? (2t + 5)
We solved the SOS program (10) to obtain a polynomial po-
tential game G = ({1,2}, {a' («!, 2?), 4% (", %)}, [-1,1]?)
satisfying MDD(G, G) < .025, with

13)

Pzl 2?) = (1) + .1111’2 — 975z +.02522
al(zt,2?) = (z1)? + latz? — 9752!
a?(xt,2%) = dazla? +.02522

(14)
It is easily verified that P, @' and @2 satisfy Theorem 1.
Furthermore, just to make explicit that in this case, indeed



MDD(g, @) = .025, observe that

a(UQ_{LQ) 1,2y (931)

which attains its maximum value of .025 at z! = +1.

—.025

15)

C. Extensions to Finite and Mixed Polynomial Games

We begin by arguing that naive extensions of the previous
framework to mixed polynomial games are intractable. In
particular, since the strategy sets are not all closed intervals
of the real line, Theorem 1 is no longer applicable; further-
more, the constraints imposed on P and {4"} by Definition
2 are intractable, as although they are linear, they are infinite
dimensional.

Motivated by this issue, we introduce the notion of a
continuous relaxation of a mixed or discrete game.

Definition 5: Let G = (N, {u"},en, F) be a mixed or
discrete game. We say that G = (N, {u" }nenr, [1,1]V) is
the continuous relaxation of G.

We can now extend the previous framework to mixed (and
discrete) games.

Corollary 1: Let G = (N, {u" }nen, E) be a mixed (or
discrete) polynomial game, § its continuous relaxation, and
G the solution to (10) satisfying MDD(Q g) < +. Then
MPD(Q,Q) < 27.

Proof: As E C [-1,1]N, MPD(G,G) < MPD(G,G).
Given is 1\/[DD(Q~7 C;) < ~, and so by Lemma 2,
MPD(G,G) < 27. ]

Remark 1: Corollary 1 is equally applicable to finite poly-
nomial games, and is especially useful for those in which
|[E™| >> 1. In particular, if we assume that for all n,
|E"| = C >> 1, then Definition 2 imposes O(C") equality
constraints on any optimization problem aimed at finding
a nearby potential game, a number that quickly becomes
intractable for even small player sets. Corollary 1 provides
an attractive alternative to this.

Example 2: We consider the same game G as in Example
1, except now restrict the action set of player 22 to be

= {-1,-.99,-.98,...,.98,.99, 1}. Invoking Corollary
1, we know that the polynomial potential game G obtained
in Example 1 satisfies MPD(G,G) < .05. Furthermore, we
note that in this case MPD(G, C;) = .05, as
(ut(zt, 2?) — ul(z, 2?)) — (@t (zt, 2?)

— (2(062)2;(1))(90172)

—i'(z,2%))

(16)
which achieves its maximum at the allowable strategy
(x',2%,2) = (1,1,—1). This also demonstrates that the
bound in Lemma 2 is indeed tight.

IV. STATIC AND DYNAMIC PROPERTIES OF
NEAR-POTENTIAL POLYNOMIAL GAMES

A. Static Properties

We begin with a lemma relating the e-equilibria of a game
to those of its continuous relaxation.

Lemma 3: Let G = (N, {u"},en, E) be a polynomial
game, G its continuous relaxation and y be an €;-equilibrium

of G. Then z(y) is an e-equilibrium of G with ¢ < ¢ +
2D||z — yl|1, where

a n
D = sup Y
nmeN ze|-1,1]8 0™ (17)
2(y) = argmin|lz —ylh

Proof: Let s1 : [0,1] — E be defined by s1(t) =
y+t(z —y), and similarly let so(t) = & + t(x — Z). Notice

then that for any z = (z",27 "), & = (2™, y™ ")
u™(z) — u"(x)

< e +2D[z—ylh
(18)
where the last inequality follows from the definitions of D,
z and Z, and the fact that y is an e;-equilibrium of G As
any increase due to a unilateral deviation from z is bounded
above by €, + 2D||z — yl|1, the result is proved. |

Remark 2: Although in general computing D is in-
tractable, an upper bound can be obtained using Lemma 1
and SOS methods [12].

The 2D||z — y||1 term can thus be interpreted as the
“quantization penalty” incurred by using the continuous
relaxation of the original game in our analysis.

We now relate the e-equilibria of two nearby games.

Proposition 1: Let G = (N, {u"}nen, E) be a poly-
nomial game, é its continuous relaxation and Q =
(N, {@"}nens [=1,1]%) a continuous potential polynomial
game such that MDD(Q g) < ~. Then for every e;-
equilibrium y of G, z(y) as defined in (17) is an e-equilibrium
of G with € < 2y + & + 2D||z — /1.

Proof: Let y be an ¢;-equilibrium of G, and let x =
(z",2z=™) for some player n € N and some umlateral
deviation " € E™. Then by Lemma 3

(@"(2) —@"(x)) < e +2D||z = ylhh

We now write
u(z) —u(z) = (u"(z) —a"(2)) — (u"(z) — 4" (2))
H(i(2) — ()
< MPD(G, Q) +e1+2D||z — vyl
< 2MDD(G, G) + €1 + 2D||z — y|1
<2y+e +2D|)z -yl

19)

(20)
As the improvement due to a unilateral deviation from z by
an arbitrary player is bounded above by 2v+€;+2D||z—y/|1,
z is indeed an e-equilibrium of G with € < 2y+4¢;4+2D||z—
yll1- (]

In the case where the original game G is continuous, one
can always pick z = y, and Proposition 1 reduces to

Corollary 2: Let G be a continuous game, Q be as in
Proposition 1, and y be an e;-equilibrium of Q Then y is
an e-equilibrium of G with € < 2v + ¢;.



Using Theorem 3, given an arbitrary polynomial game
G, we can generate a nearby potential game G satisfying
MDD(Q,Q) < « for some finite v > 0. For continuous
games, the local maxima of P correspond to NE of Q, which
by Corollary 2 are then 2+v-equilibria of G.

B. Dynamic Properties

We next show that dynamics in an arbitrary polynomial
game can be characterized using a nearby polynomial po-
tential game. We first define e-better response dynamics [1]:

Definition 6: In e-better response dynamics, updates take

place in a round robin manner, and at any update only a
single user can modify its strategy. If there exist strategies
which improve the updating player’s utility by at least € > 0,
then said player updates to one such strategy — otherwise it
does not modify its strategy.
In the following proposition (analogous to Prop. 7 in [1]),
we show that for an arbitrary polynomial game, e-better
response dynamics converge to an e-equilibrium, where €
is determined by the game’s MDD to a polynomial potential
game.

Proposition 2: Let G be an arbitrary polynomial game, G
its continuous relaxation, and let G be a nearby polynomial
potential game satisfying MDD(G,G) < ~. Then after a
finite number of round-robin iterations, the e-better response
dynamics will be confined to the e-equilibrium set of G, with
€ = 2y + 9, for arbitrary § > 0.

Proof: If the e-equilibrium set is reached, by the
definition of the dynamics, no player modifies its strategy
— thus it is sufficient to show that the dynamics reach this
set starting from an arbitrary strategy profile.

Let {u"} and {0} be the utility functions of G and G
respectively. Let player n be the updating player, which only
modifies its strategy profile from z" to y™ if

u(y" ) —u (@™ T) > e > 2y (21)

Then using similar reasoning as in the proof of Proposition
1, it follows that
,&ln(yn7 LL‘in) _ ,&n(l.n, Zin)
> u(y", 2~ ") —u" (2", 27") — 2MDD(G, §)
>e—2y>0

(22)

Every time that an update occurs, the potential function P
of G increases — thus, no strategy profile can be visited twice
by this update process. If the 2+-equilibrium set has not been
reached, then at each round robin a player that can improve
its payoff is found. Applying Theorem 2 with f defined
as the strategy updates of players under 2vy-better response
dynamics, X = FE, Y* the 2vy-equilibrium set (which is
closed and bounded and hence compact), and o = P, we see
that the dynamics will either converge to the 2v-equilibrium
set, or every limit point of these dynamics is in the 2+-
equilibrium set. In the latter case, due to the smoothness
of polynomials, after finitely many iterations, the dynamics
will be confined to the (27 + §)-equilibrium set, for arbitrary
0 > 0, proving the result. m

V. EXAMPLE: DISTRIBUTED POWER MINIMIZATION

Consider the N player mixed polynomial game Gy de-
fined by

. N: {1,2,,N}

o E" C[-1,1]

N u"(x) — _1170(1"71 _ xS)Q _ %(x’n _ l.n,+1)2
where the index set is understood to be cyclical (i.e. zV 1 =
2t 7! = V), and zy € E™ are randomly assigned
nominal positions. This game can be interpreted as agents
or sensors attempting to minimize the power needed to
communicate (via a weighted directed cyclical graph, see
Figure 1) with (i) each other, and (ii) with their respective
“base stations” located at x{j, by optimizing their positions
within E™ C [-1,1].

Noting that there is a high degree of symmetry in the
utility functions of Gy, we solve (10) with C; n for N = 3,
and once again exploit the symmetry present in the approx-
imating potential game Gs, to obtain a polynomial game
approximation G, satisfying MDD(QN,QN) < .1, and by
Lemma 2, MPD(Gy, G ~) < .2, with potential function Py

and utility functions 4™ given by
N

o Pn(z) = Z —% (3(30")2 — gt — 430"1‘6”)

n=1

N ﬁ"(l‘) — _% (3(1‘")2 _ .13"1‘"—"_1 _ xnxn—l _ 4.’13‘”1‘67’)

Given this polynomial potential game, we can solve for the
unique maximizer x, of Py(z) (V2Py < 0) to identify a
.2-equilibria of G . Alternatively, we can invoke Proposition
2, and run .2-better response dynamics — shown in Figure 1
are the final positions zp, computed by these dynamics for
N=100.

We can also compare the performance of (i) .2-better
response dynamics, a completely decentralized update rule
requiring no a priori knowledge of x(, with (ii) a centralized
optimization with respect to a nominal vector xy. Specifi-
cally, we consider the cost function

J(x) = — Z u" ()
neN

and compute z, as the solution to the convex program

(23)

(24)

minimize, 1,1~ J ()

For this particular choice of xy, we have J(zp,.) = 5.8884
and J(z,) = 4.8701 — although the centralized optimization
performs approximately 20% better than the better response
dynamics, we note that this method requires exact knowledge
of x( a priori, and is limited in the number of agents it can
handle. The better response dynamics, on the other hand,
require no a priori or centralized knowledge of x(, and are
completely distributed, making them scalable to arbitrarily
large player sets.

VI. CONCLUSIONS AND FUTURE WORK

We introduced a framework for the analysis of arbitrary
polynomial games in terms of “nearby” continuous potential
polynomial games. We defined the Maximum Differential
Difference of two continuous game and showed that the



Fig. 1. Communication graph for distributed power minimization example
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Fig. 2. Plot of base station positions xg, and positions xp,, computed using
.2-better response dynamics.

problem of finding a nearby continuous potential game with
respect to this pseudo-metric can be formulated as an SOS
program, which can be solved in polynomial time. We then
introduced the concept of a continuous relaxation of a mixed
(or discrete) game, allowing us to extend this projection
framework to mixed (and discrete) games, and used the MDD
to bound the Maximum Pairwise Difference of two arbitrary
games.

We then showed that the static and dynamic properties
of an arbitrary polynomial game can be analyzed in terms
of a nearby continuous polynomial potential game — not
surprisingly, the closer the original game is to its continuous
potential approximation, the tighter the characterization.

There are many interesting avenues for future work. It
was shown in [1] that projecting onto the set of weighted
potential games results in a tighter characterization of the
original game’s static and dynamic properties — extending
our projection framework to weighted potential polynomial
games would be a logical next step. Since the space of
weighted potential games is inherently non-convex (product
terms between the weights and the partial derivatives of the
potential function appear in the constraints), the challenge
will be in finding a good convex relaxation. There are
also additional static properties, such as mixed-equilibria,

efficiency notions (price of anarchy, price of stability, etc.),
and other update rules, that we can attempt to analyze under
this framework.

Finally, we would like to point out that although we have
restricted our attention to games where continuous strategy
sets are closed intervals, and cost/potential functions are
polynomials, several fairly straightforward extensions based
on standard SOS/algebraic results are possible. For example,
we can directly extend the results presented to continuous
strategy sets that are finite unions of intervals.

REFERENCES

[1] O. Candogan, A. Ozdaglar, and P. Parrilo, “A projection framework
for near-potential games,” in Decision and Control (CDC), 2010 49th
IEEE Conference on, dec. 2010, pp. 244 —249.

[2] D. Monderer and L. S. Shapley, “Potential
games,”’ Games and Economic Behavior, vol. 14,
no. 1, pp. 124 — 143, 1996. [Online]. Available:

http://www.sciencedirect.com/science/article/pii/S0899825696900445

[3] J. Marden, G. Arslan, and J. Shamma, “Cooperative control and
potential games,” Systems, Man, and Cybernetics, Part B: Cybernetics,
IEEE Transactions on, vol. 39, no. 6, pp. 1393 —1407, dec. 2009.

[4] U. Candogan, I. Menache, A. Ozdaglar, and P. Parrilo, “Near-optimal
power control in wireless networks: A potential game approach,” in
INFOCOM, 2010 Proceedings IEEE, march 2010, pp. 1 -9.

[5] N. Li and J. R. Marden, “Designing games for distributed optimiza-
tion,” in Proceedings of 50th IEEE Conference on Decision and
Control, 2011.

[6] O. Candogan, I. Menache, A. Ozdaglar, and P. Parrilo, “Dynamics
in near-potential games,” in Communication, Control, and Computing
(Allerton), 2010 48th Annual Allerton Conference on, 29 2010-oct. 1
2010, p. 1173.

[7] O. Candogan, A. Ozdaglar, and P. Parrilo, “Near-potential games: Ge-
ometry and dynamics,” in LIDS report 2873, submitted for publication,
2011.

[8] P. Parrilo, “Polynomial games and sum of squares optimization,” in
Decision and Control, 2006 45th IEEE Conference on, dec. 2006, pp.
2855 —-2860.

[91 N. Stein, A. Ozdaglar, and P. Parrilo, “Separable and low-rank con-
tinuous games,” in Decision and Control, 2006 45th IEEE Conference
on, dec. 2006, pp. 2849 —2854.

[10] A. B. MacKenzie and L. A. DaSilva, Game Theory for Wireless
Engineers (Synthesis Lectures on Communications), 1st ed. Morgan
& Claypool Publishers, May 2006.

[11] P. A. Parrilo, “Structured semidefinite programs and semialgebraic
geometry methods in robustness and optimization,” Ph.D. dissertation,
California Institute of Technology, 2000.

[12] ——, “Semidefinite programming relaxations for semial-
gebraic  problems,”  Mathematical ~ Programming, vol. 96,
no. 2, pp- 293-320, 2003. [Online]. Available:

http://www.springerlink.com/Index/10.1007/s10107-003-0387-5

[13] S. Prajna, A. Papachristodoulou, P. Seiler, and P. A. Parrilo, SOS-
TOOLS: Sum of squares optimization toolbox for MATLAB, Avail-
able from http://www.cds.caltech.edu/sostools and
http://www.mit.edu/ parrilo/sostools, 2004.



