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Abstract

In various online/offline multi-agent networked environments, it is very popu-
lar that the system can benefit from coordinating actions of two interacting agents
at some cost of coordination. In this paper, we first formulate an optimization
problem that captures the amount of coordination gain at the cost of node activa-
tion over networks. This problem is challenging to solve in a distributed manner,
since the target gain is a function of the long-term time portion of the inter-coupled
activations of two adjacent nodes, and thus a standard Lagrange duality theory is
hard to apply to obtain a distributed decomposition as in the standard Network
Utility Maximization. In this paper, we propose three simulation-based distributed
algorithms, each having different update rules, all of which require only one-hop
message passing and locally-observed information. The key idea for being dis-
tributedness is due to a stochastic approximation method that runs a Markov chain
simulation incompletely over time, but provably guarantees its convergence to the
optimal solution. Next, we provide a game-theoretic framework to interpret our
proposed algorithms from a different perspective. We artificially select the pay-
off function, where the game’s Nash equilibrium is asymptotically equal to the
socially optimal point, i.e., no Price-of-Anarchy. We show that two stochastically-
approximated variants of standard game-learning dynamics overlap with two al-
gorithms developed from the optimization perspective. Finally, we demonstrate
our theoretical findings on convergence, optimality, and further features such as a
trade-off between efficiency and convergence speed through extensive simulations.

1 Introduction

In many online/offline networking environments, a variety of gains among nodes (or
agents) are generated when they make efforts to adjust their states (or actions) with
those of others. Two examples include the ones in wireless and social networks. First,
in wireless sensor networks with duty cycled node activations for energy saving, each
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sensor node decides to be awake or not over time, which further depends on its neigh-
bors’ wake-up state and distance to the node. When two nearby nodes communicate,
they are equipped with a robust wireless channel for mutual communication, and thus
their coordination (e.g., message exchange) can become more powerful at the cost of
energy consumption while they are awake [2[3]]. Thus, to achieve the desired coordina-
tion gain while turning off redundant sensors, each sensor node should smartly decide
to wake up or not, which should often be done in a distributed manner. Second, in on-
line/offline social networks, social relationships and interactions are of critical interest,
since the strength of such interactions often determines how the network evolves, e.g.,
adoption of a new technology or spread of information. For example, when a new tech-
nology becomes available, using the social relationships, more coordination gain due
to the compatibility of the technology between two individuals is generated, whereas a
certain cost due to the adoption of the new technology is incurred, e.g., buying a new
software [4-6]].

In this paper, we formulate an optimization problem, called Coordination Gain
Maximization that suitably captures the gain due to peer-to-peer coordinations of con-
nected node pairs and the cost due to individual node activations, as in the following
form:

pax Z o Uij(Nij) — Z Ci(N), ey

connected node pair (z,7) node ¢

where U;;(-) and C;(-) are the coordination utility and the node activation cost func-
tions, respectively. Intuitively, A;; is the long-term time portion when both nodes 7 and
J are simultaneously activated and thus coordinated, and ); is the long-term time por-
tion when node ¢ is activated. This optimization seems a simple variant of a standard
NUM (Network Utility Maximization) [7-9]], where it is allowed to easily develop
a node-wise distributed algorithm converging to the optimal solution. However, the
problem in (T) significantly differs from a standard NUM problem, thus developing
a distributed algorithm is far from being trivial. The main challenge of solving this
optimization problem lies in the fact that the standard Lagrange duality theory for a
distributed decomposition is not possible since the objective function includes the term
which is a function of the long-term inter-coupling of the states of a pair of connected
nodes, and thus, a separability is not permitted.

In many engineering systems, we often observe the trade-off between efficiency
and complexity, where optimal algorithms require extensive message passing or heavy
computations, but light-weight approximate algorithms incur suboptimality. Stochastic
simulation-based algorithms [[10L|11] have been investigated in various areas to handle
expensive computations in efficient way by using random experimental simulations, in
spite of some challenges such as slow convergence time and/or suboptimality of the
resulting solution. Our primary goal is to develop a simulation-based distributed co-
ordination decision algorithm that is “efficient”, i.e., hopefully achieving the optimal
solution of (I)) using random samples of configurations produced by locally-limited
message passing. In this work, we formulate an optimization problem of coordina-
tion gain maximization over networks by taking a framework of the binary pairwise
undirected graphical model, i.e., Ising model [12,|13]], to capture pairwise coordina-
tions and nodewise activations of the network, and then propose distributed dynamic



mechanisms which produce the optimal solution of (T). Our main contributions are
summarized in what follows:

C1. We first introduce a distributed mechanism, called CDM(8) (Configuration Deci-
sion Mechanism), where, by each node’s local state changes based on one-hop message
passing, a node activation state of the network is randomly determined in a decentral-
ized manner. This mechanism is governed by a given parameter vector 6 that represents
the strength of inter-node coordinations and the preference for activation of each node.
We illustrate how CDM aids in the design of distributed, efficient coordination decision
algorithm.

C2. We then propose three simulation-based algorithms, called Coord-dual, Coord-
steep, and Coord-ind that provide how to update the parameter vector 8 of CDM
in a distributed manner. We prove that all of three algorithms provably converge to
the optimal solution of (I), yet the rationale behind each scheme contains different
perspectives of approximation and optimization mechanisms. The key technique to-
wards a distributed operation is to run CDM(0) incompletely over time and exploit
locally-observed information from random samples to update the parameter 8, which
can guarantee the convergence to the optimal solution of (TJ) on the strength of stochas-
tic approximation theory.

C3. Finally, we take a different angle to understand two algorithms Coord-steep and
Coord-ind using game theory. A game-theoretic framework is one of the powerful
tools in the design and analyze the behavior of multi-agent systems, providing valuable
insights into various local control rules for agents’ behaviors [[14]]. In this paper, we
design a non-cooperative game with artificially-selected payoffs, and show that it has
a unique Nash equilibrium which is (asymptotically) equivalent to the socially optimal
point, i.e., the optimal solution of (I). We consider popular game dynamics, which
we modify with the stochastic approximation technique, and find that those two game
dynamics exactly correspond to Coord-steep and Coord-ind, respectively. We conduct
extensive simulations to verify our theoretical findings.

Organization. The rest of the paper is organized as follows. In Section [2} we present
a large array of related works. In Section [3] we formulate the coordination gain max-
imization problem, followed by the analysis of distributed coordination algorithms in
Sectiond] In Section[5] we provide interpretations from a game-theoretic framework,
demonstrate the performance of our algorithms through numerical results in Section [6]
and finally conclude in Section /] All the mathematical proofs are presented in Ap-
pendix.

2 Related Work

A variety of benefits from coordinating actions of wireless terminals or users have been
widely studied in wireless networks. In the area of wireless sensor networks, various
distributed, energy-efficient coordination schemes have been proposed recently, where
sensors adaptively select to be coordinators or not, i.e., stay awake and forward sensing
data or not, while turning off redundant sensors for energy efficiency. The main interest
of this area is scalable, localized, and robust coordination in large-scale environments,



and thus most works have been studied to (i) preserve capacity and connectivity [3]], (ii)
improve the lifetime of the system and communication latency by using a geo-location
information of sensors [[15]], or (iii) build a self-configuring localization system [2].

In online/offline social networks, coordinating actions, e.g., diffusion /adoption of
information, of two (socially) interacting individuals is of importance, since the power
of interactions often determines how the network evolves. An importance of a coor-
dination mechanism, e.g., a social structure, for efficient knowledge sharing has been
stressed in [|16]]. There has been a surge of studies about the dynamics of diffusion (i.e.,
a status of agents) by adopting Ising model in statistical physics [5], epidemic-based
models [17], or game-theoretic models [4]]. Recently, researchers have studied how
coordinated behavior might spread in a network, i.e., game-theoretic diffusion models,
and the impact of network structure and/or seeding set on convergence speed [[18H21].
Especially, the authors in [[18]] studied that the noisy best response dynamics converges
to the equilibrium, which maximizes the spreading efficiency by choosing an appropri-
ate seed set as in [21]].

A large array of work about network utility maximization (NUM) problem have
been studied, see [[7H9] for surveys. The objective of NUM problem is to maximize a
sum of all nodes’ utilities, while not considering any pairwise status, thus separability
in the problem often provides a useful dual-based decomposition for an easy develop-
ment of distributed algorithms. In recent years, the researches on achieving optimality
in both throughput and utility in wireless scheduling (in a decentralized manner) have
been studied from an optimization perspective [22]23]] as well as from game-theoretic
perspective [24426] for various base-line medium access control protocols. The intu-
itive idea of these works is that wireless links adaptively adjust access intensities by
using local information, e.g., queue-length or empirical service rate, so as to achieve
the desired performance.

Our work is based on the importance of the pairwise coordination impacts among
individuals, where our main interest is how to find a sequence of node activations
(and thus coordinations) in a decentralized manner whose long-term status leads to the
solution of the problem in (1) that maximizes the network-wide coordination gain at the
cost of node activation. Moreover, our work provides new interpretations behind the
results obtained from a game-theoretic perspective in the sense that (i) we start from a
non-cooperative (ordinal potential) game, followed by the resulting Nash equilibriums’
efficiency (i.e., no Price-of-Anarchy), and (ii) we provide how game-inspired learning
dynamics of the game can be connected to the results from an optimization approach.

3 Model and Objective
3.1 System Model

Network model. In this paper, we consider a network G = (V, E) consisting of a set
V of nodes and aset & C V' x V of edges. With this graphical representation, each
node corresponds to an agent in social networks or a sensor node in wireless sensor
networks, and each edge corresponds to a physical connectivity or a social relationship
between nodes, i.e., (i, j) € FE means that node ¢ and node j are connected and have an



interaction. Note that we study undirected networks where interaction requires mutual
consent, i.e., (4, 7) is equivalent to (j,4). Let N'(¢) = {j € V : (i,j) € E} denote the
neighbors of node 7.

Configuration and coordination scheduling. We consider a continuous time frame-
work. Let o;(7) € {0,1} indicate whether node 7 is active at time 7 or not, i.e.,
0;(7) = 1 means that node ¢ is active at time 7, and 0 otherwise. We say that nodes
i and j are (or edge (4, j) is) coordinated when o;(7)o;(7) = 1. We also denote by
o (1) = [0:(7)]icv a node configuration at time 7, and it is clear that a set of possible
configurations of the graph G is defined as Z(G) := {0,1}/VI. To formally discuss a
coordination gain, which we will introduce later, we define a coordination configura-
tion as follows:

(o) = ([oiliev, [0i0j]ij)er), 2

which is an augmented configuration vector capturing both the activation status of
nodes and the coordination status of edges. Then, every coordination configuration
belongs to ®(G) := {0, 1}VI+IEI Now, a coordination scheduling (or simply schedul-
ing) algorithm is a mechanism that selects o (7) € Z(G) (thus a coordination configu-
ration ¢(o (7)) € ®(G) is also determined) over time 7 € R..

Coordination region. We now define the maximum achievable coordination region
(also called coordination capacity region) A C [0, 1]IVI+IZl of the network, which is
the convex hull of the feasible coordination configuration set ®(G), i.e.,

A=AG) = { Z Uo®(o) : Z Po =1,y = O}.

o€Z(G) o€I(G)

The intuition of the notion of coordination capacity region comes from the fact that any
coordination scheduling algorithm has to choose a node configuration from Z(G) over
time (thus a coordination ¢(o) is determined), and w, denotes the fraction of time
selecting a node configuration o (and thus a coordination ¢(o)). Hence, the long-
term (average) time portion of node activation and edge coordination induced by any
scheduling algorithm must belong to A.

3.2 Problem Description: Coordination Gain Maximization

Objective. We require nodes and edges to control the long-term time portion (or fre-
quency) of activation and coordination close to some boundary of A. Specifically, we
aim at designing a coordination scheduling algorithm that decides o (7) € Z(G) over
time 7 so that the long-term time portion of node activation and edge coordination
converges to a solution of the following optimization problem:

(CG-OPT)  max > U i) = D Cilh). 3)

(i,j)€EE eV
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Figure 1: An example line network with 3 nodes and 2 edges, where there are 8 feasible
node configurations o € {0, 1}3.

This problem, which we call coordination gain maximization problem, captures
inter-dependencies among nodes and a trade-off between (edge) coordination utility
and (node) activation cost, where U;; : [0,1] — R is a strictly concave and con-
tinuously twice-differentiable coordination utility function of edge (i,5) € E, and
C; : [0,1] — R is a strictly convex, continuously twice-differentiable activation cost
function of node ¢+ € V. Then, it is obvious that CG-OPT has the unique solution
X = ([Afliev, [\l (i,j)er). The network coordination gain is defined as a total
coordination utility subtracted by a total incurring cost. More coordination utility is
generated as nodes 7 and j are coordinated more often, but it also incurs more cost of
nodes ¢ and j to be activated.

Example. To illustrate, we provide an example of CG-OPT and its solution structure,
where we use a line topology with 3 nodes and 2 edges, as depicted in Fig. [[] Now,
CG-OPT in this example is expressed by:

m}a\xx Ulg()\lg) + U23()\23) — (Cl()q) + CQ(/\Q) + Cg()\g))‘| .

Let the long-term time portion of activation and coordination be characterized by the
distribution {75 } ¢ {0,1}3, €.,

A1 = m,0,00 T T(1,0,1) T (11,00 T T(1,1,1)
A2 = m0,1,0) T T(0,1,1) T T(1,1,0) T T(1,1,1)5
A3 = T(0,0,1) T T0,1,1) T T(1,0,1) + T(1,1,1)5
A2 = Ta,0) +T(A1,1), A28 = T(0,1,1) + T(1,1,1)- €]

Note that the total coordination gain is generated according to the long-term coor-
dination time portion of two edges, i.e., A12, A\23, and the total incurring cost is due to
the long-time activation of three nodes, i.e., A1, A2, As.

A smart scheduling is required since each node’s activation should be coordinated
with its neighboring nodes in order to produce enough gain at the cost of activation.
For expositional convenience, let us choose the following utility and cost functions:
Upz(z) = Usz(x) = log(x), C1(z) = Ca(z) = 22, and C3(x) = 322, i.e., more cost
is incurred for node 3. Now a simple algebra gives the following distributions and the
resulting optimal solution:

Tio0.0) = 0.5, T 1.0) = 0.0015, 77, 1 1) = 0.4085,
(A, A3, A%, Alg, ASs) = (0.5,0.5,0.4085, 0.5, 0.4085),

where the optimal solution is attained by assigning some probability to the configura-
tion (1, 1,0) rather than giving a high priority only to (1,1, 1), with some cost balanc-
ing by avoiding the activation of any node, i.e., scheduling (0, 0, 0).



In this work, our goal is to design a distributed coordination scheduling algorithm
{o(7)}22, which relies only on local information with one-hop message passing, but
converges to the optimal solution of CG-OPT, i.e., lim7_o 7 fOT ¢(o(1))dr = A~
A lot of challenges may arise, because the developed algorithm should work in an
independent manner of the underlying topology and the shape of utility/cost functions,
and more importantly the solution should be found in a distributed way, which may
entail heavy computations to characterize the long-term time portion of activation and
coordination. To overcome these challenges in efficient way, we propose distributed
simulation-based algorithms in next section.

4 Distributed Coordination: Algorithm and Analysis

4.1 Configuration Decision Mechanism

We first introduce a parameter 8 € RIVIHEl a5:

0 = ([tsliev, [0ij] ¢, j)er)- 6]

Intuitively, 0;; and ; can be interpreted as the strength of coordination interaction of
edge (i,7) € FE and the preference for activation of node i € V, respectively. To
capture pairwise interaction of the system, the parameter includes singleton as well as
pairwise element, and this parameter will be used as a parameter of algorithms we will
design in Section[4.2]

Note that a coordination gain and activation cost of the system would be a function
of the long-term time portion of edge coordinations and node activations (i.e., a sta-
tionary distribution, say , of configurations, see the example in (@), as hinted in CG-
OPT. This means that it is necessary to develop a time-by-time dynamic mechanism,
which, if run for a sufficient amount of time, leads to a certain stationary distribution
of configurations for a given 6. In this section, we illustrate how a simple Monte Carlo
Markov Chain method may be used as such a time-by-time dynamic mechanism, called
CDM (Configuration Decision Mechanism). We then identify the optimal distribution
over the feasible configurations that maximizes the network-wide coordination gain by
producing random samples of configurations via CDM. Each algorithm we propose in
Sectionproduces a sequence of configurations {o (7)}22, by updating a parameter
0 over time so that the resulting long-term activation/coordination rate converges to the
optimal solution of CG-OPT.

We now describe CDM(8) for a given parameter 8, where every node has a Poisson
clock with unit rate and nodes decide a new configuration o’ from a current configu-
ration o by the procedures as in two steps S1 and S2. Note that Poisson clock of each
node leads to the uniform node selection, and for a given graph G, CDM decides a
configuration over time in a distributed manner with only one-hop message passing. In
particular, when node ¢’s clock ticks, it requires to know (i) configuration status of its
neighboring nodes, i.e., {0} enr(i), and (ii) parameter of its neighboring edges, i.e.,
{01-]- } JEN(9)> 1O decide its new configuration O’; in S1. Then, in S2, node ¢ broadcasts
its updated configuration o to all of its neighboring nodes j € N (i) for further config-



Configuration Decision Mechanism: CDM(8)

Input: Parameter 8, current configuration o = [o;].

Output: New configuration o’ = [07}].

Each node, say ¢, when its Poisson clock ticks, performs the following:

S1. Node i changes its configuration from o; to o}

. . exp(0i+3 e nriy o3043)
o 1, with probability 1+CXP(6i+XJ:jEN(i) 9,507 ©)
[ . oy 1
0, with probability [ERT(E S )

S2. Node : broadcasts its updated o/ to all of neighbors in N (z).

uration decision process. Simply, CDM(0) decides a new configuration mainly based
on the status of neighbors with large interaction strength.

One important feature is that CDM for a given parameter 6 leads to a continuous-
time Markov chain {o(7)}22, achieving the following stationary distribution pg =

[Po.0]ocz(c):
Po,oc X eXp(<05 ¢(U)>)7 foro € I(G)v (7)

where (a, b) is the inner product of two vectors @ and b, i.e., pg,o o< exp( _;y, 0i0 +
> (i.jer ijoi0;). Moreover, {o(7)}72, is an irreducible, aperiodic, and reversible
Markov process [27]. Given the parameter 6, the ergodicity and reversibility of the
Markov process imply that the marginal probability of nodes and edges under the sta-
tionary distribution pg, denoted by s(8) = ([si(0)]icv, [5:;(0)](i,j)c k). becomes the
long-term time portion of node activation and edge coordination, simply called activa-
tion/coordination rate, characterized asﬂ: fori € Vand (i,j) € E,

5i(0) = Epo[o4] = Z Do,5Ti;
ocZ(G)

513(0) = Epe [UiO'j} = Z p070-0'i0'j. (8)
ocZ(G)

We remark that a graphical model representing the distribution in corresponds to
Ising model in statistic physics, with Ising parameter 0 [|12]], and CDM(8) is a Glauber
dynamics over an Ising model under continuous-time setting.

'We interchangeably use a notation of Ep, [-] and Eg -] for the expectation over the distribution pg.



4.2 Simulation-based Parameter Update Algorithms

In CG-OPT, our goal is to find a distribution g over configurations such that the re-
sulting rate E,[¢p(o)] becomes the optimal solution of CG-OPT. To that end, using
CDM(0), we develop three distributed simulation-based algorithms that adaptively up-
date the parameter 8 over time, which we call Coord-algorithms, whose empirical acti-
vation/coordination rates from samples generated by CDM(0) asymptotically converge
to the optimal solution of CG-OPT.

Coord-algorithms: At the start of each frame ¢ € Z>

Input: Efficiency parameter 5 > 0, smoothing parameter & € (0, 1], boundary
values g™min, gmax

Output: 0]t + 1].

Initialize: Set 0[0] arbitrarily, and a[0] = 0.

S1. Each node i sends 6;;[t] to its neighbor j for all j € N (4).

S2. CDM(6][t]) is run by each node in a distributed manner, and each node 4 records
the number of its activations 3;[t] and its coordinations {3;;[t]} e ar(;y over frame ¢,
and compute the cumulative rate 3;[t], {5:;[t]}jen(s)» as in (12).

83. Each node i updates 6;[t + 1] and {0;;[t + 1]} jenri) as:

(w) Coord-dual:
Oilt + 1] = [Hi[t] +al] (021(_95[t]> il : ’
ot 11 = ot + ot (7 (49 - 0 : ©
(b) Coord-steep:
Ot + 1) = [ei[t] + a( - BOl(il) - W)] : ’
0t +1) = [% ] +a (BUéj (s:5101) = 03 [t]) ] : (10)
(c) Coord-ind:
i1 [0+ 32400 scs(eir) i)
bt 1) = ot + 525070 (03 (sut) — : -4




We now describe Coord-algorithms, where 8 > 0, o € (0,1], 6™ ™ are the
given constants; []¥ := max(y, min(z,-)); and ¢ : Z>9 — Ry is a positive step-
size function. In Coord-algorithms, time is divided into frames ¢t = 0,1, - - - of fixed
durations T, and each node i updates the parameter 6; and {6;;};c N(i)EI following
one of three schemes: (a) Coord-dual, (b) Coord-steep and (c) Coord-ind. In S1, at
the beginning of each frame ¢, node i sends each of {f;;[t]};car(;) to each j of its
neighborg’| Then in S2, CDM(O|t]) runs in a distributed manner, leading to the local
computation of instant and cumulative activation/coordination rates at and until the
frame ¢, denoted by §[¢] and §[t], respectively, i.e.,

t+1)T t
st =7 [ ele(nar sl =1 3 alm) (12

T

where both empirical rates are locally-computed. In S3, each scheme utilizes either of
the computed empirical rates: §[t] for Coord-dual and 3[t] for Coord-steep, Coord-
ind. Note that Vs(0]t]) is also locally obtained (see Appendix for a detailed form of
Vs(+)), thus all of Coord-algorithms are run in a distributed manner.

4.3 Rationale behind Coord-algorithms

We now explain the rationale behind each scheme of Coord-algorithms that contains
different perspectives of approximation and optimization mechanisms.

(a) Coord-dual: Note that CG-OPT in (3) can be written as:

max F(p) = Y Uy(Buloio;]) =Y CilBulo4), (13)

em
H (4,§)EE eV

where M is a set of all probability measures over the feasible configurations Z(G).
From this, we consider the following variant A-CG-OPT (parameterized by 5 > 0) of
CG-OPT:

(A-CG-OPT)
max 30 Uyh) = 3 G + 5 H )
(i,j)EE eV
over peM,xeo,1]VIHIE
subject to Xi =Euloi], VieV,
Nij = Euloio;], V(i,j) € E, (14)

where H(p) = — ZUGI(G) Lo 10g o i the entropy of p.

%In practice, each node i may have additional independent controllers for its neighboring edges (4, §) of
j € N (). Either node ¢ or j may have the control authority of edge (z, 7) following some arbitrary rule.

3We implicitly assume that information exchange in S1 of Coord-algorithms and S2 in CDM () can be
done by out-of-band signaling, i.e., a separate control channel.
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Note that, compared to CG-OPT, A-CG-OPT has additional term %H (p) in its
objective function. Since the entropy is bounded, i.e., |H(p)| < log|Z(G)|, a solu-
tion of A-CG-OPT, say (u°, A°), becomes arbitrarily closer to that of CG-OPT for
large 3, which we call an efficiency parameter. Moreover, the entropy term leads to a
distributed algorithm achieving the solution of A-CG-OPT in following way.

Regarding the parameter 8 as a dual variable of the Lagrangian of A-CG-OPT, its
dual problem is simply represented as ming D(0) (see for a detailed form of D(-)).
Then, the steepest descent method to solve this dual problem with the direction d[t] =
—VD(0]t]) and step-size a[t] is given by O[t + 1] = O[t] + a[t] - d[t], i.e.,

=2l) — siom).
) —s0m). (s

We highlight that Coord-dual in (9) is a distributed implementation of (T3), where
the key idea is to use (i) the instant rate 3, [t], §,;[t] from the current samples with (ii)
diminishing step-size alt] (i.e., satisfying (24)), instead of computing the exact rate
5;(0[t]), s:;(0[t]). Recall that computing the service rate directly requires information
of all other nodes and edges, and measuring the service rate (i.e., the marginal proba-
bility in the Markov chain induced by CDM(@|t])) requires a mixing time to reach the
stationary distribution from a large number of samples. The proof of convergence and
optimality of Coord-dual using 3[t] with a[t] is due to the stochastic approximation
technique [28H30], as presented in Section§.4]

(b) Coord-steep: Taking the different perspective of CG-OPT, at any time, we sample
the configuration via CDM, offering the steepest ascent direction for F () in (13).
Among feasible coordinates (i.e., elements) of p = [ts]recz() the steepest coordi-
nat:{:ﬂ ascent method to solve deduces to select a configuration o, according to the
rul

0:[t + 1] = 0;[t] + alt] (Cz{_l(

b5t + 1] = 0,1t) + alel (U5

o, =arg max V,F(u),

o€Z(G)
where from (13)),
oF
au(“) - Z 00U (Eploios]) — Zgicf(Eu[Ui])' (16)
o (B i€V

Then, sampling configurations from the distribution that concentrates on o, e.g., a
distribution (parameterized by ), say f, such that ji,  exp(8 - Vo F(it)), approxi-
mates what the perfect steepest ascent method would do. Therefore, from and @])
the steepest ascent method solving (T3) is approximated via CDM(0) by setting 6 as
follows:

(91' = —ﬁ . C;(Ee[o’l]), (91']' = ﬁ . Ul{j(Eg[O'iO'j]). (17)

4A partial derivative of a function f at the point = with respect to the i-th variable z; is denoted by
% or simply V; f(x).

—
Ty
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Note that the target parameter 0 is a fixed point of (I7), and its distribution pg
depends on the marginal probability Eg[¢(o )], which may evolve over time. Now, a
fixed point iteration method of is given by

0t + 1] = —BC(Eopy[0i]), 0i5[t + 1] = BUL; (Eepy[0i0;]).

To smooth out the effect of random movements of the marginal probability in (17 and
take a fixed point in a limit, we consider an exponential moving average (EMA) with a
constant smoothing parameter « € (0, 1] as follows:

it +1] = a( — BCI(Boglou]) ) + (1 = a)0ilt],
0t +1] = Oé(ﬂU{j (Eopy [Uﬂj])) + (1 — a)B;[t]. (18)

The key rationale of Coord-steep in towards a distributed operation of is
to use the cumulative rate 5[t] instead of Eg(y[¢(or)], which can guarantee the con-
vergence to the optimal point (for large [3), again, due to the stochastic approximation
technique. In particular, from (I2), we have

sft] = st —1] - %(E[t 1= 4]), te€Zso, (19)

thus the use of cumulative rate s[t] has a similar effect of exploiting instant rate §t]
with % step-size (i.e., satisfying (24))), as in Coord-dual.

(¢) Coord-ind: A simple, myopic approach for a distributed operation to solve CG-
OPT would be to decompose its objective into node/edge-wise local optimization prob-
lems, i.e., node ¢ minimizes its cost and edge (i, 7) maximizes its utility. Considering
long-term activation/coordination rates under the stationary distribution pg, we asso-
ciate each component of the parameter € with each local problem, i.e., ming, C;(s;(0))
and maxy,; Us;(s;;(6)). However, such a myopic approach does not guarantee to
achieve the optimal solution of CG-OPT due to the inter-coupling from 6 in the ob-
jective functions. To reflect this inter-coupling among nodes and edges, we design the
following problem A-IND-OP’IE] with new objective function, denoted by ¥, (6;) for
node ¢ and ¥;;(0;;) for edge (¢,7), where the key part lies in including artificially-
designed penalty terms in W, (6;) and ¥;;(6;;).

(A-IND-OPT) max U;(0;), i€V,

6;€R
jnax Vii(0i5), (i,j) € E,
1%
where W, (0;) = — Ci(s;(0)) — 3 s} (x,0_;)dz,
1 Y .
Wi (635) = Ui (s5(60)) = 5 [ sl (0. 0-37)de 20)

SWe denote the parameter vector for all other components except node i by 6_;, i.e., 8 = (6;,0_;),
and similarly 6_;; for edge (i, 7).
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The basic rationale of A-IND-OPT is that each node and edge chooses its own
parameter by considering only its own cost or utility, yet it might lead to the network-
wide optimal status when imposing an appropriate amount of penalty, i.e., the second
term of (20). The form of penalty (parameterized by ) is of critical importance to
achieve the global optimal solution. This individually strategic form is well understood
by a game-theoretic perspective, as presented in Section[5.1]

Now, the steepest ascent method to solve A-IND-OPT with the direction d;[t] =

VU, (0;[t]), dij[t] = VV;;(6;;[t]) (see Appendix for the full derivation) and the step-
size a[t] is given by 0[t + 1] = 0[t] + alt] - d[t], i.e.,

oie+ 1 = 0,0+ “U 0D (o on)) - oia),

bt 1) = o+ 1 2P (g0 s,000) - 0510). e

Similarly to two earlier schemes, the key technique of Coord-ind is a stochastic ap-
proximation, i.e., exploiting the cumulative rate §[t] from samples, instead of comput-
ing the exact s(0[t]), Vs(0]t]). The role of adopting the cumulative rate 5[t] towards
convergence to optimality can be clearly seen by introducing the following alternative
sequence, say {n[t]}iez.,, which will be shown to track the sequence {0[t]}cz., of
1) using 5[t] with a constant step-size a[t] = a € (0, 1] (see Appendix for details),
defined as:

milt + 1 = =BCi(Slt]), it + 1] = BU;(535[]).- 22)

From (T9), the iterative update rule of the alternative sequence is represented as fol-
lows: for large ¢,

wlt+ 1] = mle] + ol (07 (72

T]ij[t—l- 1] = 77”[ 1+ 913(771][ ])(U/ 1(

where

aile) =50} (€7 (7)) 9ute) = =8U5 (U5 (5))- @3)

Note that the alternative process ([22) has an effect of exploiting §[t] with diminishing
step- s1ze +, as in Coord-dual.

4.4 Convergence and Optimality Analysis

For provable convergence analysis, we first make the following assumption, implying
that we choose 6™ and 6™ such that the interval [Hmi“, 6™#] is large enough to
include the optimal solution of A-CG-OPTf]

The explicit values of ™™ and §™2X can be also computable as in [31].
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(AD If 8° € RIVIHIE] solves for all i € V and (i, j) € F,
00 = ~BC|(Egolor]), 69 = AU}, (Ego[oio] ).

then 9™t < 09 < gmax and Hmin < 9% < ™. Note that, for example, if U};(0) < oo,
then (A1) for 67 is satisfied when 6™" < U/ (1) and 6™ > U/, (0).
Now, the next theorem is our main result, which states the convergence of Coord-

algorithms to a point arbitrarily close to the optimal solution of CG-OPT, under some
mild conditions.

Theorem 1 (Convergence/Optimality of Coord-algorithms).

(i) Convergence. Under (A1), for strictly concave/convex, continuously twice-differentiable
utility/cost functions, choose a step-size function a[-] in Coord-dual satisfying

Za[t] = 00, Za[tF < 0. (24)

t

Then, for any initial condition 0(0], under all Coord-algorithms, 0[t] and corre-
sponding 8[t] (from (12))) converges to (0°,X°), i.e.,

lim O[t] = 6° and lim 3[t] = X°, almost surely,

t—o0 t—o0

where (0°,X°) is such that (pgo, X°) attains the (unique) solution of A-CG-OPT
in (T4) (over p and \).

(ii) Optimality. Furthermore, Coord-algorithms approximately solve CG-OPT in the
following sense:

DU =D i) >

(i,))eE eV
N N log |Z(G
> vt - X i - <22 es)
(i,j)EE =%

where A* is the optimal solution of CG-OPT in (3).

The proof of Theorem|T]is presented in Appendix, but we briefly provide the proof
sketch for readers’ convenience. Each scheme of Coord-algorithms is interpreted as a
stochastic approximation procedure with controlled Markov noise, and a main tech-
nical challenge lies in handling a non-trivial coupling between Markov process of
CDM(0) and parameter 8 updates. Simply, a provable convergence is guaranteed
on the strength of stochastic approximation theory, in that we intuitively expect that
by exploiting (i) instant rate §[-] with diminishing step-size in (24) or (ii) cumulative
rate 5[-] which has an effect of } step-size (i.e., satisfying (24)), the speed of variations
of the parameter @ tends to zero after sufficiently long time. Thus, its limiting behav-
ior can be understood by ordinary differential equations (ODE). We highlight that we
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adopt diminishing step-size in (24)), following the standard ODE approaches in stochas-
tic approximation theory as in [28}|32}[33]] and references therein, to provide provable
convergence. The additional challenge dealing with Coord-steep and Coord-ind (not
existing for Coord-dual) is that they have higher-order temporal dependencies in their
updating rules, i.e., use the current parameter @[t] directly when obtaining the next pa-
rameter 6|t + 1]. To handle this issue, we define ‘alternative’ process (see {p[t] }rez-,
and {n[t]}+ez-, in Appendix) and argue its convergence under the relation to that of
the original process {0[t]}icz-,-

S New Interpretations via Game Theory

In Section ] we develop three simulation-based algorithms that adaptively update the
parameter 6 in a distributed manner, but result in the optimal solution of CG-OPT.
The rationale behind each scheme follows the framework of distributed optimization.
In this section, we take a different angle to reverse engineer two algorithms Coord-steep
and Coord-ind in other framework, which is the game-theoretic one. As a background,
game theory has been emerged as a powerful tool not only to analyze the rational
behavior of competitive multi-agent systems (i.e., just optimizing a local objective),
but also to control the local behavior of each agent, see e.g., [14]]. In such a framework,
it is aimed that a game is designed with an artificially-selected payoff function so that
local decisions of agents result in a system-wide desirable solution such as an unique,
fair or socially-optimal point. Moreover, a game-theoretic approach provides valuable
insights into the design of various robust local control rules through (distributed) game
dynamics, whereas the standard centralized optimization framework can not directly
consider the interactions among agents. In this section, inheriting such a philosophy of
the game-theoretic framework for distributed optimization, we establish the desirable
properties of equilibrium from a well-designed non-cooperative game and present that
Coord-steep and Coord-ind correspond to the stochastically-approximated variants of
two popular game-learning dynamics.

5.1 CoordGain(j3) Game

We first design a non-cooperative game, denoted by CoordGain(3) with 5 > 0.

CoordGain(3)

(i) Players. Each node i € V and each edge (i,j) € E acts as a player. Let
N = V U E denote the set of players, and thus n € IV can be either anode : € V'
or an edge (i, ) € Ef}

(ii) Strategy. Each player n has a parameter 6,, € R as its own strategy. We denote
the strategy profile of entire players by 8 = [0, ]nen = ([0ilicv, [0i]¢i,j)er) €
RV,

7We interchangeably use a notation of 45 and (i, j) for an edge player.
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(iii) Payoff. The payoff function of player n € N, denoted by ¥,,(0,,,0_,,) : RIN —
R, is designed to be a net-coordination utility (or net-activation cost) with incur-
ring penalty function V,, (-) resulting from coordination:

1
U;(05,0_;) = —Ci(s:(0)) — BVi(@z,@—i),
1
Wij(0ij,0-i5) = Uij(5i;(0)) — EVU‘(%, 0_i), (26)
0;
where  V;(0;,0_;) = / xs;(x,0_;)dz,
-
Vij(0ij,0—i5) = / sy (x,0_i;)da. 27

Note that a player n’s payoff ¥,, (~)[ﬂis determined by how aggressively other play-
ers are activated/coordinated as well as how itself does. The parameter /3 quantifies
penalty level in the players’ payoffs, and we realize that it balances the trade-off be-
tween the quality of equilibria and the convergence speed to the equilibria under game
dynamics (see Theorem [2)).

To achieve our goal of obtaining good equilibria and a provable transfer to dis-
tributed game dynamics converging to an equilibrium, the choice of penalty function
V.. (+) is of crucial importance. Our choice of penalty function captures following
two features.

First, it appropriately measures each player’s impact of excessive strategy on other
players. One naive choice of penalty to be imposed by a player n may be V,,(0) = 6,, x
$n (0, 0_,,), which is proportional to the current strategy 6,, multiplied by its achieved
long-term gain s,,(0), yet it is unclear that this penalty provides a provable framework
of equilibrium analysis. On the other hand, our design of penalty function considers
the expected strategy value E[©,,] which depends on the relative increasing speed of
one’s rate in the interval (—o0,6,,), by letting ©,, € [—c0, 6,,] denote a continuous
random variable with the density function fg, (z) = Dsn (gf”’) so that the

1
Sn(0n,0_n
penalty function is represented as V;,(0) = E[©,,] x sn((ﬁn, 0_,1).

Second, the penalty function is a function of self-strategy and its marginal
distribution, not the individual strategy values or payoffs of others. From simple al-
gebra of (B), it is shown to be structured in terms of local information: V,,(0) =
0,5,(0) + In(1 — s,(0)). Since s,(-) can be measured in the midst of playing a
player’s own strategy, e.g., $,(-), via CDM with one-hop message passing, best re-
sponse or payoff gradient of our game can be locally estimated. This feature enables us
to develop distributed game dynamics, which indeed corresponds to Coord-steep and
Coord-ind (see Section[5.3).

8We use the notation U;, ¥;; in both (20) and (26) for notational simplicity, since they obviously have
the same detailed form.
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5.2 Equilibrium Analysis

We first present popular notions: Nash equilibrium and Price-of-Anarchy in game the-
ory:
Definition 1. In the CoordGain(3),
(i) a strategy profile OF is a Nash equilibrium (NE) if
U, (ONE ONE) > W,,(0,,0), V6, €R,Vn € N.
(ii) a Price-of-Anarchy (PoA) is

maxe Y ; e Uij(5ij(0)) — Xiev Ci(si(8))
mingve Y- ; e p Uij(5i5(0)) — 2iev Ci(si(0))

Furthermore, we say that a NE ONF (if exists) of the game is non-trivial, if players’
activation/coordination rate at equilibrium s(@NE) is positive, and trivial otherwise.
The PoA indicates the ratio between the social optimum and the worst equilibrium of
the game, and we say no PoA if POA = 1. We now present our main results on the
equilibrium analysis.

PoA =

Theorem 2 (Uniqueness and PoA). In the CoordGain([3),
(i) Uniqueness. for any 3 > 0, there exists a unique non-trivial NE OVE.

(ii) Price-of-Anarchy. (pgve, s(6F)) attains the optimal solution of A-CG-OPT, and
thus limg_, o, PoA = 1.

The proof of Theorem [2]is presented in Appendix. We prove that our game is an
ordinal potential game, where the potential function corresponds to the dual function
of A-CG-OPT. It implies that our game has a unique non-trivial NE "F, in particular,
the solution of A-CG-OPT is attained at (pgne, s(ONE)), i.e., ONE = 0°. Therefore,
there is asymptotically no PoA in our game, i.e., the aggregate coordination gain at
the unique non-trivial NE becomes arbitrarily close to the social optimum by choosing
sufficiently large £.

5.3 Reverse Engineering of Coord-steep and Coord-ind

Best response dynamics. The most popular dynamics is the best response (BR) dynam-
ics that each player chooses its best strategy, given the strategy (at the previous frame)
of all other players, i.e., at frame ¢,

0.t + 1] = BR,(0_,[t]) := arg max U, (6,,, 0_,[t]),

0, €R

which leads to a fixed point of the following function in CoordGain(f): Vi € V,V(i,5) €
Es

oilt+1] = —BCI(si(0ilt +1,0-4(1])),
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Ot +1] = BUL (s545(6ilt + 11,0-5511)). 28)

Jacobi dynamics. The second dynamics is Jacobi dynamics, whose idea is to adjust
each player’s strategy gradually towards its best response strategy, i.e., at frame ¢,

Onlt +1] = Ont] + - (BRH(Q—n[t]) - an[t])v

where o € (0, 1] is a smoothing parameterﬂ The smoothing parameter captures how
accurately the dynamics follows the BR dynamics, where a« = 1 corresponds to the
BR dynamics. From and (28), we can verify that a variant of Jacobi dynamics
of our game (BR dynamics as a special case) which exploits cumulative rate S[t] in-
stead of s(0[t]) at every frame is indeed equivalent to Coord-steep, i.e., approximated
(parameterized by /) steepest ascent method of CG-OPT.

Gradient dynamics. Finally, we investigate the gradient dynamics |34 that each player
n first determines the gradient of its payoff (26), V¥,,(8), then updates its strategy in
that direction with a constant step-size « € (0, 1], i.e., at frame ¢,

Oult+1] = 0,[t] +a- VE,(0,[t]).

The interpretation of the gradient dynamics from an economic perspective is that if
the marginal coordination utility of an edge (i, j) exceeds the marginal penalty, i.e.,
V¥;;(8) > 0, its strategy is increased to achieve more coordination gain, and if
VV;;(0) < 0, its strategy is decreased to reduce the penalty. From the objective
function (20) and our payoff function (26)), we can verify that Coord-ind is equivalent
to a variant of gradient dynamics of our game, which exploits 5[t] from samples instead
of computing the exact s(0[t]), Vs(0[t]).

To summarize, Coord-steep, Coord-ind are stochastically-approximated variants
of Jacobi dynamics and gradient dynamics of CoordGain(3), respectively. Theorem
states that those dynamics converge to the unique non-trivial NE. Note that this is a new
feature in our work, not prevalent in general game-theoretic approaches for distributed
optimization, i.e., there exists no generalized distributed dynamics converging to a NE
(even it exists) due to a lack of information, in a broad class of games [|35].

6 Numerical Results

In this section, we carry out numerical experiments to assess our analytical findings of
Coord-algorithms by considering networks with various topologies and cost functions.

Setup. In this paper, we consider “basic” topologies to show that our Coord-algorithms
converge to the accurate solution, and a random topology that is regarded as a collection
of such basic topologies for more general results. The network topologies under which
our results are presented here are star, complete, and random graphs. For numerical
results, we consider proportional fairness across edges for coordination utility, i.e.,

9Jacobi dynamics generally makes a smoother move than the BR dynamics, where a small smoothing
parameter plays the role of compensating for the instability of the BR dynamics, see [24].
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Figure 2: Network topologies
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Figure 3: Convergence of parameter, coordination gain, and long-term rate to optimal-
ity on STAR-C1 and COMP-C1.

Uij(xz) = log(z) for all edges (i,j) € E, and consider two cost functions for nodes:
(C1) Cy(w) = 22% and (C2) Cy(z) = 71— for all nodes i € V, as classified into the
following 4 topologies.

STAR-C1: Star graph of 5 nodes with (C1)

COMP-C1: Complete graph of 4 nodes with (C1)

RAND-C1: Random graph of 15 nodes, 21 edges with (C1)

RAND-C2: Random graph of 15 nodes, 21 edges with (C2)

The above topologies are depicted in Fig. [2} Fig. 2(a)] for STAR-C1, Fig.

O O O O
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Figure 4: Convergence of coordination gain, long-term rate, and trade-off on RAND—-C1
and RAND-C2.

for COMP-C1, and Fig. for RAND-C1, RAND-C2. Moreover, for a fixed frame
duration T' = 10, we choose a step-size function a[t] = 3/t for Coord-dual, o = 0.5
for Coord-steep, Coord-ind, which satisfy the condition (24), and take various values
of efficiency parameter 3 from 0.5 to 5.0.

(i) Convergence to the optimal solution: To demonstrate our analytical findings of
convergence to optimality, we first consider simple cases which support that Coord-
algorithms find the “accurate” solution (i.e., the unique NE of the game), where the
exact solution can be numerically solved. Then, we show the performance of Coord-
algorithms with two cost functions, under more general topology.

Simple cases: Let A* and C* denote the optimal solution of CG-OPT and the maxi-
mum coordination gain of the network, respectively. We first solve the exact optimal
solution at STAR-C1: A\ = 0.447, C* = —5.218. Parameter updates of node 1 and
the total coordination gain of Coord-algorithms with 3 = 5.0 are shown in Fig. [3(a)]
and 3(b)] respectively. We see that all three algorithms converge to the accurate solu-
tion after long iterations within a range of O(1/03) gap, yet the convergence speeds of
them do not show much difference in simple cases. Under COMP-C1, the exact opti-
mal solution is attained at A} = 0.6125, C* = —5.942, whose convergence results of
node 1’s activation rate and the total coordination gain are illustrated in Fig. and
B(d)} Note that the algorithms take shorter time for convergence to the optimal solution
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in star than in comp because each node has only one edge except the hub node, i.e.,
node 1, thus pairwise interactions are less complex in star.

Degree of coordination at optimal solution: We provide numerical results of two types
of cost functions, under a random topology. For both cases RAND-C1 and RAND-C2,
Fig. show that Coord-ind with o = 0.5, 3 = 4.0 converges. Note that at
the convergent status, the long-term activation rate of a node depends on the degree
of coordination, i.e., particularly in terms of (i) how many neighbors it has, and (ii)
how powerful its neighbor is. As we see in Fig. [4(b)|and[A(c)l node 6 in Fig. ie.,
who has very little contribution to the coordination gain since it has only one neighbor,
achieves the lowest long-term activation rate, while node 13 has relatively high long-
term rate. Comparing nodes 9 and 15, even though both have two neighbors, node
9 achieves a higher long-term rate since one of its neighbors (node 13) is a hub so
that node 9 may implicitly contribute to coordination gain of the network via node
13. Moreover, we see that the network becomes less aggressive to be coordinated and
activated if nodes have cost functions C;(x) = ﬁ (i.e., under RAND—C?2), since it
prevents exclusive node activations.

(ii) Comparison among Coord-algorithms: Second, we compare the convergence of
Coord-algorithms under RAND—-C1. In Fig. we observe that regarding the coordi-
nation gain, Coord-steep, Coord-ind converge within 107 iterations, while Coord-dual
still moves towards the optimal point even after 3 x 107 iterations. Note that Coord-
dual, Coord-ind are not designed to follow the steepest ascent direction of CG-OPT,
thus Coord-steep exhibits the faster convergence. Between Coord-dual and Coord-
ind, we expect that the rational and individual behavior when considering appropriate
penalty functions in brings significant improvements in the convergence rate.

(iii) Trade-off between efficiency and convergence speed: Finally, we present the nu-
merical results that show the convergence speed and efficiency (i.e., Price-of-Anarchy)
of the Coord-algorithms for various values of 3. To support that the incurring coordina-
tion gain gap due to efficiency parameter is 1/ as stated in Theoremand Theorem
we vary § from 0.5 to 5.0 and plot the coordination gain at the converged point, and
measure the convergence speed. Fig. shows that, as 8 grows, Coord-algorithms
require exponentially long time to converge, but the corresponding convergent point
becomes closer to the optimal solution. From the numerical results under RAND-C1,
coordination gain with 3 = 4.0 is —21.405 and converges after 2.4 x 107 iterations,
while that with 8 = 0.5 is —22.11 and converges after 1.7 x 10° iterations.

7 Conclusion and Discussion

7.1 Summary

In many multi-agent networked environments, a variety of gains from coordinating
actions of interacting agents are generated. In this paper, we first formulate an op-
timization problem that captures the amount of peer-to-peer coordination gain at the
cost of node activation over a given network structure, and develop three distributed
simulation-based algorithms relying only on one-hop message passing and local ob-
servations, which we call Coord-algorithms. It is inspired by a control of Ising model
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in statistical physics, and theoretical findings of convergence to optimality of Coord-
algorithms take a stochastic approximation method that runs a Markov chain incom-
pletely over time with a smartly designed step-size function. We also provide new
interpretations of Coord-steep and Coord-ind from a game-theoretic perspective.

7.2 Limitation and Future Work

In spite of theoretical findings of convergence to optimality, our Coord-algorithms may
suffer from slow convergence for some dense graphs. Even this slow convergence is-
sue has been observed in many prior work that use stochastic approximation theoretic
update algorithms [32}33]], there also have been several efforts to expedite the conver-
gence time [28]|36]], which we believe, ensure practical values of our theoretical results.
Future work includes the precise analysis of the convergence rate of Coord-algorithms
via applying theoretical techniques, e.g., with the notion of mixing time or via weak
convergence theory [37,38].

A Proof of Theorem [1]

A.1 Preliminary

The convergence analysis of our Coord-algorithms is on the strength of stochastic ap-
proximation theory. As we will verify later, each of Coord-algorithms is interpreted as
a stochastic approximation procedure with controlled continuous-time Markov process,
where the stationary distribution of the underlying Markov process from CDM indeed
corresponds to an Ising model. Here, we first provide preliminary results about the
convergence analysis of a general stochastic approximation procedure with a controlled
Markov process, where an ordinary differential equation (ODE) is usefully utilized to
study the limiting behavior of the system states [28-H30].
Consider a general discrete-time process {z[t]}iez., of the following form:

zt + 1] = z[t] + a[t] - v(z[t], YE]), V€ Z>o, (29)

where z[t] € RE is L-dimensional vector representing the system state at the itera-
tion ¢; a[t] corresponds to the step-size of the process; and Y'[¢] is a random variable
representing the random observation (from a Markov process) during the iteration ¢
used to update the system state. This process is often called a stochastic approximation
with controlled continuous-time Markov process, in [28,29]]. Here, (i) {#(s)}s>0 is a
stochastic process taking values in a finite set Z, (i) for s € [t,t + 1), z(s) evolves
as a continuous-time Markov process with a control process z[t], i.e., with a con-
trolled transition kernel G®!*}, (iii) the observation Y'[t] is a function of {2(s) };<s<tt1,

e, Y[t] = ;H f(z(s))ds, where f(-) is a bounded function, and (iv) v(z,Y) is a
bounded, continuous, Lipschitz in x and uniformly over Y. We shall assume that if
x[t] = x,Vt for a fixed x € R”, the controlled Markov kernel G is irreducible and
ergodic with unique stationary distribution 7%, and furthermore, the mapping  — G*
is continuous and z — 7* is Lipschitz continuous. In the following, {*(dy) denotes

the stationary distribution of one unit iteration, i.e., j;)l f(z%(s))ds, where 2%(-) is a
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Markov process with G*, and we also assume that z[t] remains bounded, which can be

easily imposed by projecting the process to a bounded subset of R”. Finally, we use

a positive monotonically decreasing step-size function a[t] satisfying (24), where the
1

example choices of such step-size function include aft] = 7, THilogt:
t—1

Now, define a virtual time-scale x(t) = >, " a[m]. We take a continuous-time
piecewise linear interpolation of the system state for the time-scale « in the following
way: define {x,(7)}rer, as: Vt € Z>o, V7 € [K(t), K(t + 1)),

T — k(1)

we(r) = alt] + (alt + 1) o) x pmy

(30)
Intuitively, for a decreasing step-size a[t], the interpolated continuous trajectory (1)
is an accelerated version of the original trajectory z[t]. Now, the following lemma
provides the convergence guarantee of the iterative procedure (29).

Lemma A.1 (Theorem 1 of [[30]], Corollary 8 of [28||(pp.74)). LetT' > 0, and denote
by 2°(+) the solution on [s, s + T of the following ODE:

i(r) = / v(z(7),y) - €T (dy), with ©°(s) = x.(s). (31)

Then, we have almost surely,

lim sup |zx(r)—2°(7)|| =0.
§—00 Te[s,s-‘rT]

Note that since the Markov process is irreducible and ergodic, and f is continuous
and bounded, we have,

/v(:c,y)gx(dy) = Zv(x,f(z))ﬂ””(z), a.s..

ZEZ

Therefore, the ODE (31)) becomes the following simpler form, which will be used later
in the proof of Theorem [T}

B(r) =Y v(x(r), f(2))7"7(2). (32)

zEZ

Lemma [A.T] states that as time evolves, the dynamics of the underlying Markov
process is averaged due to the decreasing step-size, e.g., a[t] = % thus “almost reach-
ing the stationary status.” Intuitively, we expect that due to the decreasing step-size, the
speed of variations of x[t] decreases and tends to 0 when time sufficiently grows. As
consequence, the dynamic of is close to that of an irreducible and ergodic Markov
process with a fixed generator (as if the system state was frozen), and has time to con-
verge to its ergodic behavior. Thus, it suffices to see how the ODE (3I)) (equivalently
@) behaves. Moreover, when the ODE @ has a unique fixed stable equilibrium z*,
we have almost surely, lim;_, o z[t] = z*.
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A.2  Proof of Theorem [I](i): Convergence

We now show the convergence of Coord-algorithms in Theorem [I} In particular, we
prove that Coord-algorithms converge to the optimal solution of the approximated
problem A-CG-OPT in (T4). Our main proof strategy follows the stochastic approxi-
mation procedure whose limiting behavior is understood by an ODE as in Section[A.T]
For each scheme of Coord-algorithms, the proof contains following common two steps:
first in Step 1, we show that the dynamics asymptotically approach some deterministic
trajectory which is described as a solution trajectory of an ODE system, where each
scheme tracks a slightly different deterministic trajectory. In Step 2, we then prove that
the resulting deterministic trajectory converges to the solution of A-CG-OPT. To do
this, we take the afore-mentioned results of Lemma[A.T]into each scheme.

i) Step 1. In this step, we apply preliminary results in Section to each scheme
of Coord-algorithms by showing that the original discrete sequence matches with the
setup defined as (29) in Section[A.T|for Coord-dual or an alternatively derived discrete
sequence does for Coord-steep and Coord-ind. We first verify that each scheme is
a stochastic approximation procedure with controlled Markov noise in (29), and then
provide a lemma as a direct consequence of applying Lemmal[A.T|to our framework.

(a) Coord-dual. To follow the analysis in Section we first define a virtual time-
scale ((-) from the step-size a[-] of Coord-dual as: ((t) = an_:lo a[m]. We now con-
struct {0(7)}rcr + which interpolates the discrete sequence of (9) similarly to (30).
We also define 8(7) := 8[t] - 1¢(+)<r<c(t41)> Where 14 is the indicator function for the
event A. It then should be clear that this setup matches with (29) in Section[A.T] The
equivalence is obtained by: z[t] = O[t]; Y[t] = 8[t]; {2(s) hi<s<i41 = {0(8) br<s<t41
is the process recording the configurations from CDM(0[t]) during frame ¢; f(z(s)) =
¢(o(s)) is a coordination configuration; ¥ = py is the stationary distribution (7) of
the CDM(0); and finally

vi(z,y) = O (—;) —y, vi(w,y) =US! (Z) —y.

Note that under our setup of utility and cost function: strictly concave, continuously
twice-differentiable utility function U;; : [0,1] — R for edge (¢,j) € E and strictly
convex, continuously twice-differentiable cost function C; : [0,1] — R for node 4, we
have followings. First, v;;(z,y) : [0™", §™*]x [0, 1] — R is Lipschitz continuous in z,
since U is strictly convex, continuously twice-differentiable on compact set, it follows
that U n ! is Lipschitz continuous by the Mean Value Theorem. Second, vij(z,y) is a
linear function with respect to y, thus it is obvious that it is uniformly continuous in
y. Similar arguments hold for v;(x, y). Third, Markov process generated by CDM(8)
is a continuous function of 8, and moreover @ — pyg is Lipschitz continuous for the
bounded 8 € [™", §™3], Therefore, one can verify that the assumptions in Section
are satisfied.

(b) Coord-steep. Before to analyze the convergence of Coord-steep, we provide a
detail of the derivation of the rule (T6)). Recall that 4 = [1io]cz () is the probability

10We omit ¢ and use O(7) instead of 8, (7) for notational simplicity.
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distribution over the feasible configurations Z(G), and thus the definition of F () in
(13) can be represented in following detailed form:

Z Uij( chr] ZC

(i,/)€E i€V
= Z Ui; ( Z lto * 005) _Zci( Z Lo ;). (33)
(i,7)€EE ocZ(G) icV ocI(G)

Now, using the chain rule, a partial derivative of F () with respect to the variable i,
is derived as follows:

- ¥ Uy (Bl - o2 - 5 e, T2

8'%' (i,j)€E 8;1,, ieV Ot
Z U{j (Eu [O’iO'J - 0,05 — Z C’ . (34)
(i,5)eE i€V

Now, the first step is to approximate Coord-steep for large ¢t by the dynamic of
a continuous-time ODE system, by taking a continuous-time interpolation. While a
stochastic approximation idea in Coord-dual comes from the diminishing step-size
al-], adopting the cumulative rate 3[t] in Coord-steep plays the similar role (see the
relation (T9)). To understand the role of 3[t], we introduce an alternative discrete-time
sequence {p[t|}tcz., derived from {O[t]}icz., of Coord-steep in (10) defined as:

1 1
plt| = =00+ (1-=) 6l —1],
and thus we have the following property by applying recursion:
0t] = a-plt]+(1—a) -0t —1]
el + (1) (aplt 1)+ (1 - a6l ~2])

— _Z (1—a)™p[t —m). (35)

m=0

Then, from and (35), Coord-steep can be understood as the update rule { p[t]} ez,
of following form:

pilt + 1] = =BCI(S[t]),  pilt + 1] = BU;(545[t]) (36)

and thus we have

slt—1=0" (pﬂl[t]) 5[t — 1] =U/! (p”ﬁ[t]>

Now, when ¢ grows large, the update rule (36) becomes approximately as follows under
the assumption (A1),

pilt +1] = —BCi(54[t])
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@ —p(Cutsile — 1) + Gl - st~ D Gl — 1)
= —BCIsit— 1)+ T lpld)ilt — 1) = 5l
(b) 1 —1 pz[t] R
pilil + poilold) (€7 () — i), &)

and similarly,

pult+ 11 = il + s o) (U (22) = 5,00,

where ¢;(-), g;;(-) are defined in (23), and both are positive for convex, increasing
function C;(-) and concave, increasing function U;;(-). The equality (a) holds from a
first-order Taylor’s expansion, (b) comes from the Coord-steep rule.

To take afore-mentioned results in Section @:ﬂ into this framework, we define
another virtual time-scale (t) as x(t) := .0 " L with x(0) = 0, since the dis-

crete sequence of Coord-steep is interpreted t(r)n h;vg a step-size 7 at iteration ¢, see
(7). We construct an interpolated trajectory {p(7)}-cr, from the discrete sequence
{p[t]}tez~, in (B6) with time-scale . Then, it should be clear that the alternative pro-
cess matches with the setup 9) in Section The equivalence is obtained by z[t] =
Pltl: YT = 81t alt] = 5 {2(5)hicucrsr = {o() hisscrins F(2(5)) = dlo(s));
7 = pg in (7); and finally

vi(z,y) = gi(x )(C’ 1(%) *y), eV,
vslwy) =05 @) (U5 (5) ~v), @) € B

(¢) Coord-ind. Here, we also introduce an alternative discrete-time sequence {n[t]}+cz.,
derived from {6[t]};cz., of Coord-ind in (T1) as follows:

1 1
nt] = =] -0t + (1 - m) -6t — 1],
where ~y[t] is given by
1= S0 g 2 0sul0ld)
Then, we have the following property by applying recursion:
Oft] = ~y[t = 1] -nlt] + (1 —~[t = 1]) - 0]t — 1]
= [t = 1nlt]
t—1 m
+ H( t—z) [t —m — 1nft — m]. 39)
m=11=1
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Now, from (1) and (39), Coord-ind can be understood as the update rule {n[t]}scz.,

of representation in (22). Then, two sequences {pl[t|}scz., in and {n[t]}tez., in
(22) are evolved in the same way. Therefore, an interpolated trajectory {n(7)}-cr,
from {n[t]}+cz., with time-scale & is equivalent to {p(7)}r¢r, -

From the equivalence above, following is a direct consequence from Lemmal[A.T|in
Section[A.T] which states that the interpolated trajectory of each scheme asymptotically
tracks the solution trajectory of the corresponding ODE system.

Lemma A.2. Let T > 0, and fix w > 0. (i) Coord-dual. Denote by 8" (-) the solution
on [w,w + T of the following ODE: Vi € V and ¥(i,j) € E,

b;(r) =CI~* (_9’5(7)> — Eo(r)lo],

055(7)
B

with 0¥ (w) = O(w). Then, we have almost surely,

lim sup  ||0(1) — 6“(7)|| = 0.
w—00 T€[w,w+T)

05(7) = Ui/j1< ) — Eg(r[oi0j], (40)

(ii) Coord-steep and Coord-ind. Denote by p™(-) the solution on [w,w + T] of the
following ODE: Vi € V andV(i, j) € E,

putr) = a0 e (F57) = Bl

pisr) = 35 (00) |05 (57 = Baco ol @

with p* (w) = p(w) = n(w). Then, we have almost surely,

lim sup |p(r) —p“(7)|| =0,

W= 7w, w+T)

and equivalently,

lim — sup |n(r) — p"“(7)[| = 0.
W= 7w, w+T)

ii) Step 2. Now, we prove that each ODE system in Lemma has a unique fixed
point, and thus the resulting deterministic solution trajectory converges to the point.
We then show that the point attains at the optimal solution of A-CG-OPT, i.e., Coord-
algorithms converge to 6°.

(a) Coord-dual. We show that the ODE system (@0) has the solution of A-CG-OPT,
denoted by 6°, as a unique fixed point. In particular, (40) may be interpreted as a sub-
gradient dynamics solving the dual of the convex problem A-CG-OPT. To that end, we
first consider the Lagrangian £ of A-CG-OPT with dual variables k = ([k]icv, [kij] (i) er):

Ll Xk) = Y Uy(Ag) =Y Calh) + %H(M)

(i.4)EE iev
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+) kiBuloil = X) + > ki(Buloio] — Aij). (42)

eV (i,j)€E

The primal solution of A-CG-OPT is the minimum point of the dual function, which
is given by D(k) = sup,, x L(, A; k). Finally, the dual problem is formulated as:

min  D(k). (43)
kCRIVI+IE|
Note that the primal problem in is a concave maximization and the dual problem
in (@3) is a convex minimization from the concavity of entropy and Uj;(-), convexity
of C;(+) under our setup. Therefore, following the results in standard primal-dual op-
timization theory, there is no duality gap and both have the same, unique solution, and
moreover its sub-gradient algorithm will converge to the solution.

Given a feasible dual variable k, let (u'(k), AT(k)) be the corresponding feasible
primal solution that maximizes the Lagrangian £. Given the structure of £ in @2)), from
Karush-Kuhn-Tucker (KKT) conditions of A-CG-OPT, it follows that uf(k), AT(k)
should be such that:

wh (k) o exp (Zﬁkim + Z ﬂkijal-crj), Vo € Z(G),

eV (i,5)eE
(k) = —Ci(y) — kyy|, VieV,
i (k) = arg nax, [ Ci(y) y] VieV,
t . ..
Nj(k) = arg max [Uyy(y) ~ kigy|,  ¥0.5) € B. (44)

Now, we can conclude that puf(8) = pg with 8 = Bk, from (7) and (@4). Then, the
dual function is represented with respect to @ as D(8) = L(uf(6), AT(0);6), and the
slack in each constraint is given by:

E.iglo] —A[(0), and  E,ig)loio;] — AL (0). (45)

Accounting for (@4)) and {@3), the sub-gradient algorithm solving the dual problem &3]
with parameter 6, i.e., using VD(0), is given by following ODEs: Vi € V, V(i,j) € E,

97; = C£_1< ;l) - ]Eg[d,j], 97] = Uz/_]_l (%) - Eg[oiaﬂ. (46)
which is obviously equivalent to (#0), provided that 8(7) remains between [f™", §™2x]
component-wisely. Note that the dual solution, denoted by 8°, actually belongs to the
interval [f™" ™3] component-wisely, as a fixed point of (@6), under (A1). There-
fore, the sub-gradient converges to the dual solution 8°, where the corresponding pri-
mal solution is (u°, )\O)B and hence the solution trajectory of the ODE system (0]
also does. Finally, we can conclude that under Coord-dual, we have almost surely,
lim;_,, O[t] = 6°.

(b) Coord-steep. In case of Coord-steep, we need an additional step that proves the
equivalence of the convergence of alternative process { p[t]}icz. , and that of {0[t]},ez- -

1t is obvious that we mean ° = pt(6°) = pgo and A° = AT(6°).
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Since parameter lies in compact region, from (33), there exist constants L and M such
that Vt € Zzo,

el < 2 Jasntt) (07 (F2) = )| < o @)

B

Fore > 0, let T'(¢) := %. Then, for all t > T(e), |p;[t] — 0;[t]| < 2eM,
becausd”]

(@)
|pilt] — 0ilt] szt* ol —a)™
m=0
t—1
< D lpilt] = pilt = mila(l — &)™ + |ps[t]] (1 — )"
m=0
© et/4
M +2L (1- L(1 — )/
S i aja + Z a)™ + L(1 - «)
m=et/4
(e) (d) 5
<€M+2M )+ L1 - )t < ZeM,
where (a) comes from (33), (b) and (c¢) come from the following using triangle in-
equality and (37), @7):
et/4—1
Z pilt] = pilt —m][ (1 — )™
et/A—1 m
ST S Ipilt— k1] = pift — #] a1 — @)
m=1 k=1
et/4—1
-M t/4
< Z m a(l—a)™ < <t/
t—m t—et/4

m=1

and finally (d) holds for ¢t > T'(e) and € < 2. Therefore, we have the following relation
between p[t] and O[t]:

lim p[t] — O[t] = 0. (48)

t—o0

Now, we observe that the ODE system @) is equivalent to @) because we have
positive g;(-), gi;(-). Therefore, the ODE system (1)) converges to a unique fixed point,
say p°, such that 8° = p°. Finally, from 8], we can conclude that under Coord-steep,
we have almost surely, lim;_, - 0[t] = 6°.

(¢) Coord-ind. In case of Coord-ind, similarly to the earlier scheme Coord-steep, we
prove the equivalence of the convergence of {n[t] };cz. , and that of {0[t]},cz. ,. From
the simple algebra of (8)), we have component-wisely: -

vqmzswm1—qm) (49)

12Here, we use just et/4 instead of [et/4] for notionally simplicity.
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We first denote by 4™ and v™* the minimum and maximum value of the sequence
{~[t]}tez-, in (B8), respectively. Note that for sufficiently large 3, y™", 4™ is less
than 1, since Vs(8) € (0,1/4) from (@9). Now, since parameter € lies in compact
region, from @]), there also exist constants L and M such that Vt € Z>o,

|ni[t]] < L, and gi(m[t])<0f1(lm) - sl[t]>‘ < M.

B

M ;eM min max

4log(min($¢ ar \ar —,Ymdx) (’Ymm) )

For ¢ > 0, let S(e) := Tog (=™ al . Then, for all ¢ > S(e) and
€ < 2, similar argument in Coord-steep can be done to show |n;[t] — 0;[t]| < § ,y::: eM.
Now, we have the following relation between 7[t] and 0]t] that:

lim n[t] — 6[t] = 0. (50)

t—o0

From the equivalence of {p[t]}icz., and {n[t]};cz. ,, combined with Lemmaand
the argument of the ODE system (@I)) in Coord-steep, we can conclude that under
Coord-ind, we have almost surely, lim;_, -, 0[t] = 6°.

Consequently, from Step 1 and Step 2, we complete the proof that under all Coord-

algorithms, 6[t] converges to 8°, where the optimal solution of A-CG-OPT is attained.
O

A.3 Proof of Theorem [I] (ii): Optimality

We now show the asymptotic optimality of Coord-algorithms by verifying the relation
between the solution of A-CG-OPT and that of CG-OPT. In Section [A.2] we have
shown that the result of Coord-algorithms converges to 8° such that the corresponding
(pe-, 8(0°)) is the solution of A-CG-OPT in (I4). To establish a goodness of the result
of Coord-algorithms, note that the optimal solution of CG-OPT in (3), denoted by A*,
along with an appropriate distribution p* € M, is one feasible solution of the problem
A-CG-OPT. Therefore, it follows that

S U =i

(i,4)eE eV

(a) * 1 *

< Z Uij (A —Zci()\i)‘i‘BH(H)
(i,j)€EE 2%

(b) o

< D Ui =D Giy) +BH()
(i,j)eEE i€V

log |Z

< Z ZC (A9) og\ (G )|_

(i,5)EE i€V ﬂ

In the above, the first inequality (a) comes from the fact that the entropy is non-
negative, (b) holds since (u°, A°) is the optimal solution of A-CG-OPT, and finally
we have used the fact that the maximum value of a discrete-valued random variable’s
entropy is at most the logarithm of the cardinality of the support set |Z(G)|, for the last
inequality (¢). O
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B Proof of Theorem 2

Proof. (i) Uniqueness. We prove the existence and the uniqueness of non-trivial NE
in our game CoordGain() using a potential game approach. Consider the following
function P(0) on the space Ct = {6 : s(0) > 0}, i.e., the set of strategies producing
“non-trivial” rates, defined by:

0
P0) :=— sup L, A=), (51)
HEMAE[0,1]IVI+IE] Ié]

where £(-) is defined in (@2)) to describe a dual function of A-CG-OPT. It is easy to
check that P(0) is strictly concave in 0 since P(-) is the supremum of £(-), which is a
family of affine functions in 8. We now show that CoordGain(/3) for any constant 3 >
0 is an ordinal potential game [39] with the potential function P(0), i.e., sgn%ie) =

sgn 650(3) , for all players n € V. To verify this, we first have derivative of each player’s

payoff function: for each node playeri € V,

R G / w00

- _a‘;éf) (C’ 5:(0 )

_ 751(0)(&51( ))( 1(si(0)) + )

where the last equality comes from (@9). Similarly, we also have for each edge player
(i,§) € E,

Second, we have derivative of a potential function as:

orO) 1/ —b; OP(O) _ 1
69i = C’i ( B ) - 81(0), and 89” = UU (F) — Sij (0)
Therefore, on the space CT, sgn\pi(m = sgna ) for each player n € N. From

the standard results in potential game theory and strlct concavity of P(-), the solution
that maximizes P(-) is a NE ONE, where each player’s strategy is a best response to
the others’ strategies, i.e., V¥,,(0) = 0,Vn € N, and moreover it is unique and non-
trivial.

(ii) Price-of-Anarchy. The proof of Price-of-Anarchy follows the same argument in

Section since we observe that the unique non-trivial NE in our game ONE coin-
cides with the optimal solution of A-CG-OPT, i.e., ONE = @°. From the analysis in
Section[A.3] we can easily verify that

iien Uij(5i(0%) = X icv Ci(si(67))
> i jyer Uig (s (ONF)) = 37,cy Ci(si(ONF))

PoA =
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and thus we have limg_,, PoA = 1. O
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