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Abstract—In this paper, the parameter estimation problem
based on diffusion least mean squares strategies is analyzed
from a coalitional game theoretical perspective. Specifically, while
selfishly minimizing only their own mean-square costs, the nodes
in a network form coalitions that benefit them. Due to its nature,
the problem is modeled as a non-transferable game and two
scenarios are studied, one where each node’s payoff includes only
a suitable estimation accuracy criterion and another one in which
a graph-based communication cost is also considered. In the
former scenario, we first analyze the non-emptiness of the core of
the games corresponding to traditional diffusion strategies, and
then, the analysis is extended to a recently proposed node-specific
parameter estimation setting where the nodes have overlapped
but different estimation interests. In the latter scenario, after
formulating a coalitional graph game and providing sufficient
conditions for its core non-emptiness, we propose a distributed
graph formation algorithm, based on merge-and-split approach,
which converges to a stable coalition structure.

Index Terms—Adaptive distributed networks, diffusion, LMS,
cooperation, node-specific parameter estimation, coalitional game
theory, NTU game, core, graph game.

I. INTRODUCTION

Several distributed least mean squares (LMS) algorithms for
adaptive parameter estimation over networks were developed
in the literature, namely, the consensus, the incremental and
the diffusion strategy (see [2]-[7] and references therein).
Until recently, the mainstream of existing research in adaptive
networks focused on considering that the nodes’ interests
are absolutely identical, which we refer to as the traditional
setting. Presently, research efforts have focused on removing
this restriction. For instance, the Node-Specific Parameter Esti-
mation (NSPE) formulation has been introduced and analyzed
in [8]-[11], where the nodes are considered to have overlapped
but generally different estimation interests. Another useful
approach was provided in [12], in which the proposed algo-
rithm deals with the scenario where nodes have numerically
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similar estimation interests. Also, for the same scenario as
in [12], the performance of the diffusion strategy, designed
for the traditional setting, has been analyzed in [13]. The
main advantage of these approaches with respect to the non-
cooperative ones is in an improved estimation accuracy due to
a proper cooperation mechanism among nodes. However, the
cooperation benefits are usually analyzed from a network-wide
perspective. In other words, cooperation is shown to improve
the estimation performance metrics averaged over the whole
network. Therefore, it remains unclear whether each node in
the network benefits from cooperation, or whether the nodes
could be organized in certain groups/subnetworks so as to
benefit more. In this work, we aim to answer these questions
for the NSPE scenario by allowing nodes or groups of nodes
to be selfish using concepts from coalitional game theory.

A. Game Theory in brief

In general, game theory can be defined as the study of
mathematical models related to rational decision-makers in
situations involving conflicts of interest and cooperation. Over
the last decades, there has been a dramatic growth in both the
number of theoretical results and the variety of applications in
disciplines such as economics, political sciences, philosophy
and more recently, engineering [14],[15]. In contrast to non-
cooperative game theory, where the modeling unit is a single
player, coalitional game theory, being the focus of this paper,
seeks for an optimal coalition structure of players so as
to maximize the worth of each coalition. In other words,
a coalitional game is differentiated from a non-cooperative
game primarily by its focus on what groups of players can
achieve together rather than on what individual players can
do alone [16]. In accordance with [17], coalitional games can
be classified into the following three categories, i.e., canonical
coalitional games, coalition formation games and coalitional
graph games. The main task in a canonical game is to study
stability of the coalition of all players in the game, while in a
coalition formation game, one usually analyzes the formation
of a stable coalitional structure by also taking cooperation
cost into account. In a coalitional graph game, the value of
a coalition depends both on the members of the coalition
and on the interconnections between them. Also, coalitional
games are divided into Transferable Utility (TU) games and
Non-Transferable Utility (NTU) games. In the former ones,
each group of players is associated with a single number,
interpreted as the payoff that is given to the group and that
may be distributed in any way among the group members. The



latter represent a more general concept, and NTU games are
sometimes referred to as games without side payments [18].
In these games, each coalition cannot necessarily achieve all
distributions of some fixed payoff, so that the value of a
coalition is a set of payoff vectors used to assign each member
of the coalition its own utility [19].

B. Game Theory for adaptive networks

First of all, we should highlight that all game theoretical ref-
erences addressing the problem of adaptive networks consider
the traditional setting only, in which all nodes aim to estimate
a set of parameters that are identical to all nodes. Also, most
of these references focus on non-cooperative games, where
the main solution concept is the celebrated Nash equilibrium
(NE). Due to the lack of coordination among the players, the
NE can be rather inefficient, so the main question is how to
improve the players’ payoffs. A way to accomplish this can
be through a reputation design strategy, which was employed
in [20] to enforce cooperation between rationally selfish nodes
in a pairwise one-shot successive game scenario. For the
same scenario, an approximative cluster formation protocol
was provided in [21], in which the nodes pairwisely choose
whether to merge based on the estimation accuracy gain and
the inherent communication cost. Another approach to im-
prove the players’ payoffs with respect to the ones guaranteed
by the Nash equilibrium is correlating the players’ choices
through some signaling mechanism. This approach has been
considered in [22] to tackle the problem of node activation
control. Next, in [23], the distributed adaptive filtering problem
was addressed using a game-theoretical model inspired by
evolutionary biology, i.e., a graphical evolutionary game. More
precisely, it was proved that the strategy of using information
from nodes with good signal is always an evolutionarily stable
strategy.

C. Paper contributions and organization

In this paper, we analyze the distributed adaptive parameter
estimation problem using the tools from coalitional game
theory. The problem is modeled as a coalitional game with
non-transferable utility for which the choice of coalitional
actions defines the payoff attainable to each player. The main
contributions of this article are listed in the following: 1) the
traditional diffusion setting has been analyzed from a coalition
game-theoretic perspective, 2) the analysis has been extended
to the NSPE setting game, and 3) the NSPE setting has been
analyzed as a coalitional graph game.

The structure of the paper is as follows. Section II starts with
a brief presentation of the NSPE formulation and the diffusion
strategies for both settings, the traditional one and the more
general, NSPE setting; then, the distributed adaptive parameter
estimation problem with self-interested agents, being in the
focus of this paper, is motivated. In Section III, we analyze
the aforementioned problem for a scenario where the nodes’
payoffs are modeled exclusively using a suitable estimation
accuracy criterion. The stability of the coalition of all nodes is
studied in games modeling both the traditional and the NSPE
setting. Next, Section IV is devoted to the graph games so as

Fig. 1. An illustrative example of an NSPE network with two overlapping
phenomena, denoted by ¢S and gg, and with their influence areas given by
Poa=A{1,...,7} and P, = {5,...,10}.

to model the problem in question. The nodes’ payoffs are now
defined as graph-based functions that also take the cooperation
cost into account. In Section V, the main findings are verified
via computer simulations. Finally, Section VI summarizes the
work.

D. Notation

The following notation is used throughout the paper. We
use boldface letters for random variables and normal fonts
for deterministic quantities. We use the weighted (semi)norm
notation ||z||4 £ 2 Xz with a vector z and a Hermitian pos-
itive (semi-)definite matrix ¥. Furthermore, R, = E{a'a}
for a random vector a. The notation diag{-} denotes a block-
diagonal matrix with arguments on block-diagonal. Addition-
ally, the notation col{-} denotes a column operator stacking
arguments on top of each other. Note that 1; stands for
an L x 1 vector of ones. Also, let R denote the set of all
real numbers. R is the |A/|-dimensional Euclidean space
generated by a finite set of players . An element of R
is denoted by a vector x = (xy)kenr- For a coalition S C A,
let x° = (zp)res denote the restriction of x on S. For
X,y € RV y® > x% denotes 1, > xy, for all k € S with at
least one element satisfying the strict inequality. The symbol
x denotes the Cartesian product.

II. NODE-SPECIFIC PARAMETER ESTIMATION- OVERVIEW

In this section, we initially summarize the NSPE formu-
lation proposed in [8]-[11], and then, the diffusion adaptive
strategy in both the NSPE and the traditional setting is
provided. Finally, the main questions considered in this paper
are posed.

Assume a network of N randomly deployed nodes affected
by some phenomena in a different way. For instance, Figure 1
shows two such phenomena, being modeled with unknown
deterministic vectors ¢; and ¢g. Nodes that are influenced
by each phenomenon are assumed inter-connected via some
topology. The neighborhood of any particular node k, together
with node k, is denoted as Nj.

Each node k, at discrete time 4, has access to data
{dk (i), ur,; } which are time realizations of zero-mean random
processes dj,(i) € C and uy,; € C1*Mr | which are related via
the linear model

di (i) = upwp + vi(4). (D



where

- wy, is the deterministic vector of size M, that models all
phenomena node k is influenced by, and

- the term v (i) € C denotes a zero-mean white noise, of
variance 037 %> that is independent of all other variables.

In [8]-[11], nodes willingly cooperate to estimate in a dis-
tributed manner the parameter vectors {wg}1_, that minimize
the network-wide mean-square error cost, namely,

minimize
{wk } 2’:1

N N
Z Jk(wk) £ ZE {|dk(2) - ukale} . (2)
k=1 k=1

Note that vectors {w{}I_, , i.., the minimizers of individual
costs {J(wy) Y ,, are different in general, yet overlapping.
As an example, consider a simple, NSPE setting where there
are only two, partially overlapping events (s, and ¢7) in the
network, as illustrated in Fig. 1. In this setting, there are some
nodes influenced by one of the two events as well as other
nodes affected by both events, i.e., by their superposition. The
subset of nodes affected by ¢2 is denoted by P, while P,
stands for the subset of nodes interested in estimating ;.

For a more general NSPE setting, where there are J
phenomena ¢7 ... <5 , the observation model from (1), at each
node k, can be rewritten as

N (4) o
(i) = D W) + Vi 3)
JELk
where
- ugj 2 is a row vector, of size 1 x M, ;, corresponding to
gj‘?, and
- I € {1,...,J} represents a finite set of indices j related
to the vectors qj‘? that are affecting node k. For instance,
in Fig. 1, the set of indices related to the phenomena node
6 is influenced by is Zg = {a, b}.

Now, let qbg;l) represent the estimate of cf at node k£ and
time instant ¢ — 1, and let us also define the quantity that
. . (i-1) (i—1)
stacks the estimates with ¢k,g = col{{gbk)gj }jeIk } For a
suitably chosen step size pi, a distributed strategy based on
diffusion adaptation for the considered NSPE scenario involves

two steps [11], i.e., adapting the estimate (b,(fgl) based on new
data

o) = op ) ety [di@) = Y wllel VL @
J€Tk

followed by the combination step, for each j € Zj, namely,

iy = D Rests 5)

LEN}, ﬂ'PJ

In relations above, () stands for the estimate of cj‘.’ at

Sk.j
node % and time instant ¢ after the adaptation while g}gz) =
(’L) . . Sj .

col{{g,w.}j eIk}' The non-negative coefficient ¢/, is the
(k,€)-th entry of a |P;| x |P;| row-stochastic combination
matrix C%, satisfying > s, v, € = 1.

To assess the mean-square estimation performance of an
adaptive algorithm, one may use the mean-square deviation

(MSD) criterion evaluated in the steady-state, defined below
MSD} = lim EfJuwf — ¢;)|)* (©)

In a more general case, in addition to the estimation per-
formance criterion, it can be considered that communication
between the nodes has non-negligible cost, so that each node
k aims to minimize

MSD{™) + 1, )

where 7 is some normalized communication cost incurred by
node k. This scenario will be analyzed in Section IV, while in
the following section we will focus on the setting where the
cost is negligible. To that aim, we will first analyze traditional
diffusion [4]-[7]), which can be seen a special of the NSPE
setting. Specifically, in the traditional diffusion setting w;, =
we forall k € {1,2,..., N} in the observation model in (1). In
the context of the scenario depicted in Fig. 1, this could happen
if both events affected all the nodes, i.e., |P,| = |Py| = N and

w® = col{ {gj‘-’}je{a by } Then, relations (4) and (5) reduce to
the traditional diffusion strategy:

= ol el [ () — waol 0] ®)
g) = Z Ck,e 1/151) )
éENk

where 1\ and ¢\ are the estimates of w®° at node k at time
1 after the adaptation and the combination step, respectively,
while the non-negative coefficient ¢y, ¢ is the (k, £)-th entry of
an N x N row-stochastic combination matrix C'. It should be
highlighted that the combination rule has a strong impact on
the performance of a diffusion algorithm (in both the NSPE
and the traditional setting). Either fixed or adapted over time,
there are several combination rules that can be chosen. For
instance, the Hastings rule is given as

2

Ok le k
Chy = max{ng-02 , ni-o2 } N \ K (10)
1= Y mentry Ghom 1=k

where ny, is the number of neighbors of node % including the
node k itself, i.e., ny = |Ng|. In contrast to (10), there are
rules that satisfy CT 1y = 1 (e.g., Metropolis rule, Laplacian
rule etc.), and they are called doubly-stochastic rules.

Now, once the traditional and the NSPE diffusion settings
have been reviewed, the main contributions of our work are
listed and explained in more detail:

e The traditional diffusion setting is analyzed from a coali-
tion game-theoretic perspective. Although some useful
discussion related to the cooperation benefits in a tra-
ditional diffusion setting appears in the literature [7],
as well as some rather relevant works based on non-
cooperative game theory [20]-[21], this work (together
with its earlier version in [1]) is the first to analyze
the problem using the solution concepts from coalitional
game theory. Note that this stands in sharp contrast to the
aforementioned literature where only single nodes, and
not groups of nodes, are allowed to be rationally selfish.



e The analysis is generalized to the NSPE setting game.
A natural question is whether the coalitional stability of
a single-interest network (traditional diffusion) is related
to the coalitional stability in the NSPE setting. Under
certain conditions, we show that the grand coalition with
respect to the whole NSPE network is coalitionally stable
iff all grand coalitions with respect to each interest <7
considered separately (as in a traditional diffusion setting)
are stable.

o The NSPE setting is analyzed as a coalitional graph
game. In contrast to our preliminary work [1], where
communication topology is a fully connected graph, in
Section IV we allow for more general graph structures
to model communication costs among the nodes in the
network. To that aim, we redefine a solution concept
with respect to the NSPE grand coalition, and based on
it, we provide sufficient conditions satisfying it. Finally,
for a general communication cost setting, we propose a
coalition graph formation game.

III. CANONICAL GAMES FOR PARAMETER ESTIMATION

In this section, the distributed adaptive parameter estimation
problem is analyzed for a scenario where the players’ payoffs
are modeled exclusively using a suitable estimation accuracy
criterion, namely, MSD. The nodes of the network represent
the players in the game and we define several games for both
settings, the traditional one and the NSPE setting. The main
focus is to study whether and under which conditions the
selfish players will form the grand coalition, i.e., the case
where all the nodes of the network cooperate via diffusion
strategy through a connected network topology. In all these
games, we employ the so-called core [18], [19], a classical
solution concept of coalitional game theory. Initially, we argue
under which conditions the grand coalition in the traditional
setting is stable. Finally, we generalize these findings for the
NSPE case by properly decomposing the underlying game.

A. Data assumptions

In order to convey the main ideas of this work, certain as-
sumptions on the data in (1) and (3) are adopted. Specifically,
for the traditional setting, the following, common to relevant
literature [7], assumptions are made,

Al) the regressors uy,; € C*M are temporally white and
spatially independent with the autocovariance R,, =
R,, > 0 being equal for all nodes,

A2) vi(i) € C is temporally and spatially white noise, of
variance agk, which is independent of u, ; for all k, 7, ¢, 7,

A3) the step sizes ur = u, for all nodes, and are sufficiently
small so that the higher-order terms of p can be ignored.

In case of the NSPE scenario, we further assume that

A4) the regressors ul) € C1*Me; and ul) € C*Me.i' are
independent for any j, j' € {1,..., J}yandj £ 7.

B. MSD game definition
Let us define an NTU coalitional game (N, v), where
- N ={1,..., N} is the set of players (nodes) while

- v(8) C R¥ is the set of payoff vectors' of a coalition
S C N, which are related to the estimation accuracy that
the players in a coalition S may achieve.

In particular, if a payoff x(S) denotes the k" element of
payoff vector x € v(S), then a payoff z(S) that represents
the maximum estimation accuracy a certain node k € S can
obtain is given by

21(S) = =MSDk(S) = — lim Elluw — ¢{"(S)I*. (1)

Note that in (11), (;5,(;)(5) denotes an estimate of an M x 1
vector w® that a node k may achieve while cooperating via
diffusion strategy of (8) and (9), directly or indirectly, with the
nodes that also belong to the same network subset S C A In
other words, coalition S can be seen as a connected component
of the network N to which node k belongs. Such a coalition
definition is necessary due to the fact that the estimate of
node k is not only influenced by the estimates of its neighbors
in ) but also by the estimates of other nodes to which its
neighbors are connected. In contrast to MSD definition in (6),
we emphasize now its dependence on .S, while we drop the
time index ¢ for notational simplicity. Naturally, each node is
rationally selfish in the sense that it aims to maximize its own
payoff.

C. MSD game analysis

In the sequel we will give a number of definitions from
the literature, so as to analyze the MSD game defined in the
previous subsection. Firstly, based on [17], we provide the
formal definition of a canonical game.

Definition 1. (/7] An NTU game (N, v) is canonical® if
e it is in characteristic form, i.e., the following standard
conditions should hold:

(i) The value v(S) must be a non-empty closed subset

of RY,

(ii) The value v(S) must be comprehensive, ie., if x €
v(S) and y € RN are such that yx, < xy, Vk € S,
then y € v(S),

The set {x|x € v(S)andzxy > z,,Vk € S} with
zi, = max{yx |y € v({k})} < oo, Vk € N must be
a bounded subset of RV,

o it possesses the superadditivity property, i.e.,
U(Sl) N U(SQ) g U(Sl @] Sg),
VS CN,SQ CN, s.t.51 NSy = 0.

(iii)

12)

For a game in characteristic form, the value of a coalition
S is determined exclusively by the members of that coalition.
Intuitively, the superadditivity property means that if a certain
outcome can be attained by the disjoint coalitions .S; and So
when acting separately, then it can also be attained by them
when acting in concert. Therefore, it is reasonable to study the

INote that, in the literature, a somewhat different definition of the coalition
value can be also found, i.e., v (S) C RISI, where v(S) = v, (S) xRINV/SI,

2In some classical papers, e.g., [18], a game in characteristic function form
is also assumed to be superadditive; however, in this work we rely on the
terminology and classification proposed in [17].



properties of the grand coalition, i.e., the coalition of all nodes.
Toward this goal, we will use a classical solution concept of
coalitional game theory, namely, the core [18]-[19], [24]-[26].

A payoff vector x of a canonical game is said to be in its
”core” if no set S C N, S # 0 of players can improve upon
it. In other words, no coalition S can provide higher payoffs
for all its members than that prescribed by the vector x. Now,
we will turn this intuitive description of the core concept into
a mathematical definition.

Definition 2. The core C(N,v) of an NTU canonical game
(N, v) is the set of payoff vectors defined as

C(N,v) = {x € v(N)|VS C N, By € v(S), s.t.y® >x5}.
(13)

The grand coalition N is said to be stable iff the core of the
corresponding game is not empty, i.e., C(N,v) # 0.

It is of utmost interest in the analysis of any canonical
game to determine whether its core is non-empty, i.e., if
the grand coalition is stable. In general, proving the non-
emptiness of the core is an N P— complete problem since the
number of possible coalition structures grows exponentially
with the number of players [27], [24]. A fundamental result
in proving that the core is non-empty is related to showing
that the analyzed game is balanced. For an NTU game,
the balancedness condition is sufficient yet not necessary, as
proved by Scarf in [25]; therefore, every balanced NTU game
has a non-empty core, but not vice versa. For this reason,
Billera [26] and a few more authors (e.g., see [28]) refined the
notion of a balanced game. However, for our discussion here,
it suffices to consider the balancedness condition from [25].
The formal definition follows.

Definition 3. [25] An NTU game (N ,v) is called balanced,
if the following inclusion statement holds

) v(S) o), VB,

seB

(14)

where B is a balanced subsets’ family, i.e., a family of non-

empty, proper subsets of N where there exist positive weights
dg for S € B such that

Y bs=1, VkeEN.

SeB.keS

5)

The weights dg have the property that if any player is
selected, the sum of the weights corresponding to those
coalitions in B that contain the individual, must be equal
to one. For instance, assume a three person game. Then, an
example of a balanced family is the collection of all two
player coalitions, since d(; 2y = 0{2,33 = 71,33 = 0.5 can
be selected as a system of weights [25]. The balancedness
condition in (14) states that, for each balanced family B, it
should hold that the intersection of the sets of payoff vectors
corresponding to each coalition S in B is contained in v(N).
Note that the condition in (14) is obviously related to the
superadditivity property in (12), but neither condition directly
implies the other [29].

Now, the former definitions enable us to investigate some

properties of the MSD game defined in III-B. Specifically, we
will analyze the MSD game in its two forms, based on the type
of the combination rules previously discussed in Sec. II. Note
that, under the assumptions made in Subsec. III-A, the MSD
achieved at each node k in a connected network of N nodes,
can be well-approximated by the following expressions [7]:

1) in case of combination weights using the Hastings rule

M (& -
MSD) ™85 (\) & “7 (Z 0%2> , (16
k=1

2) in case of a doubly stochastic combination rule

N
M 1 1
MSDEWPY (AN & B2 5762 ) 17
k W) 5 N \N ; ool (I7)
Theorem 1. The MSD game with the Hastings combination
rule, under the assumptions AI1-A3, is a canonical one and its
core, as defined in (13), is a non-empty one.

Proof. Clearly, the game is in characteristic form. Further-
more, it is superadditive due to the payoff vectors defined by
the MSD expression in (16). Apart from having inherently
indivisible payoffs, note also that all nodes in the same
coalition achieve the same maximum estimation accuracy, and
due to this special property, the superadditivity of this game
clearly implies its balancedness. Finally, due to the fact that
it is balanced, the MSD game with the Hastings combination
rule has a non-empty core. O

Theorem 2. Under the assumptions Al-A3, the MSD game
with a doubly stochastic combination rule cannot be guaran-
teed to be canonical and its core, as defined in (13), cannot
be guaranteed to be non-empty.

Proof. Assume the case of arbitrarily different noise variances
{o2 }2, at different nodes. Then, one can easily check that,
in general, two disjoint coalitions S; and Ss could be found
that do not satisfy the superadditivity property in (12). For
instance, this is the case where, for some m € {1, 2}, it holds

that
> oo

uM 1
keS1US2

2 pM 1
- —_— UUN<7.7
2 |sm|2k§mk 2 (IS1] + |Sel)?

In other words, the condition above actually states that
—MSD(S,,) > —MSD(S; U Ss), for some m € {1,2}.
Similarly, one could also find two disjoint coalitions S; and
Sa, where S; U So = N, that do not satisfy superadditivity.
This implies that the core of the game with the setting above,
as defined in (13), is empty since at least one coalition
may deviate from the grand coalition and provide higher
payoffs for all of its members. Thus, in the case of arbitrary
noise variances, the MSD game with a doubly stochastic
combination rule cannot be guaranteed to have a non-empty
core. O

Remark 1: Note that, for sufficiently similar noise variances
at all nodes, it may happen that the superadditivity property
is satisfied even for a doubly stochastic rule, and thus the
corresponding game has a non-empty core. To realize this,



let us assume an extreme case where all nodes have exactly
the same noise variances, i.e., 02, = o5. Then, the grand
coalition would form since the noise variances averaged over
any coalition are exactly the same and due to the fact that
1/N < 1/|S], for any S C N.

Remark 2: Note that the core (and the coalitional stability)
can be defined not only with respect to the grand coalition,
but also with respect to any coalitional structure R (all nodes
partitioned into some disjoint coalitions), as in the seminal
paper by Aumann [30]. This problem can be classified as
a static coalition formation game [17], where an external
factor may impose a certain coalitional structure, and the main
objective is to study this structure’s stability. As mentioned
before, the number of possible coalition structures grows
exponentially with the number of players; thus, it is reasonable
to examine one or very few coalition structures. For instance,
assume that there exists an X = {X3, X5} composed of two
disjoint groups of nodes, X; and X5, where within each group
the variances are the same or sufficiently similar, i.e., 012}7 X,
for m € {1,2}. Now, for a doubly stochastic combination rule,
if the variances of the two groups are different enough, i.e.,

ol x| Xml-0bx, +1Xel-07x,
| X (1 Xm| + [ Xe)?

is satisfied for some m € {1, 2}, then the core can be shown
to be non-empty for this particular &, i.e., C(N,v,X) # 0.3

. (#£m  (18)

D. NSPE setting generalization: NSPE-MSD game

This subsection is concerned with a coalitional game-
theoretical analysis of an NSPE setting. As surveyed in Sec. II,
an NSPE setting assumes that not all nodes have exactly the
same interests; to put it differently, several phenomena may
affect the nodes in a different way (or at different scales).

We leave aside for the moment the formal definition of an
NSPE-MSD game. The focus is put instead on the natural
question whether the coalitional stability of a single-interest
network (traditional diffusion) is related to the coalitional
stability in an NSPE setting. The answer is positive, under
certain assumptions.

To show this, the first step is to check if there is a way to
decouple the estimation processes related to ¢7 and ¢7,. This
could significantly facilitate the analysis of the NSPE-MSD
game.

Note that, even under assumptions A1-A2 and A4, in the
general case there is an inherent coupling between the estima-
tion processes related to <7 and <3, where j, je{1,...,J}
and j # j'. Specifically, this coupling is due to the influence
of higher order data moments that are multiplied by x? in
the expressions for mean-square performance. Furthermore,
this effect occurs regardless of the cooperation strategy. For
instance, for a classical, standalone LMS filter see discussion
in [31]. On the other hand, for cooperative NSPE settings, an
interested reader may consult the papers in [10]-[11]. However,
for sufficiently small step sizes (A3) , this effect can be

3The analysis of a game with an explicit cooperation cost and the problem
of finding a stable coalition structure will be addressed in Sec. IV.

ignored. Based on [11], we will show this for the diffusion
NSPE case that is of interest in this paper.

Theorem 3. Under assumptions Al-A4, for k € P; N Py,
the estimation processes of <j and <j, can be considered
uncoupled, i.e.,

MSDk(J\/) ~ Z MSDk,gj (7)])
JELk

where MSDy, (., (P;) is the MSD at node k related to estima-
tion of 3.

19)

Proof. The proof and an illustrative example are given in
Appendix A. O

Now, let us recast the problem in a game-theoretic form,
ie.,

- the set of players is given as NNSPE = (N (D) N (D]
where NU) =P; and j € {1,...,J},

- the coalition value v(S) € RW™WIH-H+IWl g the
set of payoff vectors v(S) = vy (SNNW) x ... x
vy (SNNW)), where v; (SNNW)) € RV =
{1,...,J}. The maximum payoff 2\, that a node k €
P; may achieve in a coalition S NN @ ), while estimating
parameters ¢, is given by

) (SAND) = —MSD, (SNND). 20)

The definitions above can be seen as a rigorous formal-
ization of the intuition that each player should be defined as
a node per each estimation task that is within its interest. In
other words, a single node may represent more than one player.
Also, an N'NSPE can be seen as the natural generalization of
the notion of grand coalition, for an NSPE setting. Finally,
the foremost results of this subsection are summarized in the
subsequent theorem.

Theorem 4. The NSPE-MSD game with the Hastings combi-
nation rule, under the assumptions Al-A4, is a canonical one
and its core C (N NSPE v) is non-empty. Also, under the same
assumptions, the core C (NMPE v) of a doubly stochastic
combination rule NSPE-MSD game is non-empty iff the core
C (N(j),vj) of the underlying MSD game (N(j),vj) with a
doubly stochastic rule is non-empty for each j € {1,...,J}.

Proof. The proof of the first statement is a generalization of
the proof of Thm 1, based on the decoupling of the estima-
tion processes and the core’s composition property in [18].
Specifically, the core of an NTU game (A, v), which is the
composition of two games (N, vy) and (NV®),v,) that
have no interconnection, is the Cartesian product of the cores
of the two component games, i.e., C (N, v) = C (N, v1) x
C (N®,vy). In the same vein, for J games,C (N,v) =
C (N(l),vl) x...xC (N(J),UJ). Next, it has been shown
that, under the assumptions Al-A4, the estimation processes
in an NSPE setting are decoupled. Thus, the underlying games
with respect to each estimation task will not be interconnected,
and since each one has a non-empty core if the Hastings rule
is used, the first statement of this theorem holds. Finally, the



proof of the second statement follows via similar reasoning
that is used to prove the first statement. O

IV. COALITIONAL GRAPH GAME FOR PARAMETER
ESTIMATION

In the previous section, we have studied the (NSPE-)MSD
games, in which there was no explicit cost for cooperation. In
this section, by assuming non-negligible communication cost,
we formulate a coalitional graph game to model the NSPE
problem in which the nodes’ individual payoffs are related to
the specific graph that interconnects them®. Initially, by relying
on [32], the core of a graph game will be introduced as a
solution concept, and then, sufficient conditions for its non-
emptiness and stability of the grand coalition in our game
will be provided. Finally, for a general case in which the
grand coalition is not formed, a coalitional graph formation
game will be proposed, inspired by a so-called merge-and-
split approach [33].

A. NSPE-MSD-Graph-COMM game definition

Let the graph Gs = (5,&) stand for a graph on coalition
S, where S and £ are sets of vertices and edges, respectively.
Also, let the collection I' denote the set of all graphs on
coalitions S C A that can appear in the game. Then, we
define an NTU coalitional graph game (T",v) where v is now
a graph-based function, assigning to every graph in I" a set
of payoff vectors. Here, we model the maximum payoff x,(j )
achieved by each node k in a coalition S7 connected by some
graph Ggj, per each estimation task j € {1,...,J} where
k € Pj, as:

20(Ggs) = —MSDy, (57) — i (Ggs). D)
In the relation above, the term 77,(3 )(G 57 ) represents the total
communication cost that is incurred by a node k to establish
a coalition S7, and is given by

0 (Gs) = Y k1),
lesy (22)
(k,1)eGg;

where £7(k, 1) is the communication cost required to connect
nodes k£ and [ in a communication graph Gg;.

Note that the players in S C A and the communication
links between them are represented by the vertices and the
edges in some graph Gg € T, respectively. Also, due to the
nature of our game, the graphs are assumed to be undirected,
and the players can only cooperate if they are connected.

B. NSPE-MSD-Graph-COMM game analysis

To study the game defined above, we will first comment on
the objectives and solution concepts developed in the literature
on coalitional graph games. A coalitional graph game model

“In our preliminary work on this topic [1], we have analyzed coalitional
formation game in the NSPE setting where a broadcast communication cost
has been assumed. Here, a more general communication cost, namely, a
graph-based function, is assumed. Therefore, we will detail a stability concept
applicable to such a game.

was first introduced by Myerson in [34]. Ever since, it has been
adopted and adapted in different contexts and applications,
see [17],[32],[35],[36]. In this subsection, we will look for a
sufficient condition for the stability of the grand coalition, that
is, a graph connecting all players in our game.

The core of a graph game can be seen now as the set of all
payoff vectors attainable for some allowed graph connecting
all players that are not dominated by any coalition connected
through a graph in the collection of allowed graphs [32]. In
other words, a payoff vector lies in the core of the graph game
if there is no possible graph on a coalition which can make
all of its members better off. The formal definition follows.

Definition 4. The core C(T',v) of an NTU graph game (T',v)
is the set of payoff vectors x € RY satisfying, for at least one
Gy €T, that x € v(Gyr) and that it does not exist a coalition
S C N, a graph Gs € T and a vector y € v(Gg) such that
Y > T, Vk € S.

Next, based on [32] as well as on particularities of the NSPE
problem, we define sufficient conditions for the non-emptiness
of the core of our graph game.

Definition 5. An NTU graph game (T, v), with power measure
Sunction m, has a non-empty (balanced) core C(T,v) if, Vj €
{1,...,J}, it holds that

(i) Yk € N, the graph Gxy € I and for some 2, € R, the
set v(Gyyy) is given by v(Gyy) = {x € RNV |z <
V87 C N and YGg; € T, the set {(z)resi €
RISl x € v(S)andz, > zp,Vk € S7} must be
bounded,

VS? C N and YGg; € T, the set v(Gg;) is closed
and comprehensive, i.e., if x € v(Gg;) and y € RVYI
are such that y, < xj, Yk € S, then y € v(Gg;),

the game is graph balanced, i.e., if, for at least one
Gy €T, it holds that

Npe1v(F?) Cu(Gue ),  VF, (23)

where F = {F',... F"} is a graph balanced family in
I'0), i.e., a family of r graphs in T'Y) where, for a given
power measure function m, there exist positive numbers
Aps with 3701 Ay = 1, such that

(ii)
(iii)

(iv)

- 1
Py —

;Apm(F )= v (24)

In the definition above, a power measure m on some graph
Gg; is simply a vector m(Gg;) € RV “I with the elements
satisfying Zkest mi(Ggs) = 1 and being zeros elsewhere.
For instance, a power measure may reflect the relative position
of each player within the graph. Also, in the definition above,
') represents all allowed graphs related to an estimation task
7 which can appear in the game.

Let us define now some useful quantities for obtaining
sufficient conditions for the grand coalition stability in our
graph game. Firstly, let the term gainfflzn correspond to the

minimum possible gain that some coalition S; can obtain after



merging with another coalition S;, while estimating <Y, as

@) {gain(j)(Sl,Sg)}

min ~ vmln
S7,55CN
SINSi=0

am
J 25)
where

gain) (81, S2) = MSDy, (S7) — MSDy., (S{ U S3). (26)

Next, consider that the edge with the highest communication
cost among the nodes in P; is given as

eW) = max & (k,l).
(k1)EG 4 (27)
VGSJ' er

Theorem 5. The core C(I',v) of the NSPE-MSD-Graph-
COMM game with Hastings combination rule, under the
assumptions Al-A4, is non-empty if

gain(j) (PJ \ {k}, {k}) > 853{311 ) Vie{l,...,J}.

(28)

where k is the node with the worst variance in a set Pj,
ie., ‘712;,1@ = maxep, {012;,1}- Furthermore, for each estimation
task j, there exists at least one graph in that core with a tree
structure.

Proof. Clearly, MSDy, . (Gg;) = MSDy(, (S7), forall Gg; €
T". Also, observe that the NSPE-MSD-Graph-COMM game is
graph balanced if

gain(j) > g9

min mazx VJ € {177J} (29)

Next, due to following property of the Hastings combination
rule

MSDy ., (P;) < MSDy,(S3), VS3CP;,  (30)
it holds that
gain) = gain® (P, /{k}, {k}), 31)

if U?z,k = maxlepj {0’12)7[}.

Now, assume that a graph G whose payoff vector x €
v(Gar) lies in the core C(T',v) is not a tree. This implies
that at least one communication link, e.g., (I,7), can be
removed while still preserving the same coalition size con-
nected through a graph G'y,. Clearly, z(G'y,) > 21 (Gy), for
k € {l,i}, due to (21), while the best payoffs all other nodes
may achieve remain unchanged. Accordingly, the non-empty
core must contain payoff vectors corresponding to a tree graph.

O

We remark that the sufficiency conditions in (28) are rather
conservative. Observe that obtaining more specific and sharper
sufficient conditions for the core non-emptiness of a graph
game is highly dependent on the set of allowed graphs I,
both on the number of graphs and their allowed structures.
For instance, assume that only a single star topology network
G, and its subgraphs are allowed in a graph game. Also,
assume that & stands now for the central node in both G'p,,
vy € {1,...,J}, while [ denotes a leaf node. Then, sufficient

conditions for its core to be non-empty can be written as

gain? ({k}, P\ {k}) > > & (k1)

lepi

(32)

and
gain® ({1}, P\ {1}) > &/(k,1), VileP;\{k}

For this specific example, the conditions above not only
are sharper than the one in (28) but also necessary. In fact,
one should check the benefits of the grand coalition only with
respect to the fully non-cooperative case.

(33)

C. NSPE-MSD Graph Formation game based on Merge-Split

Due to the fact that the grand coalition will not form in
general, this subsection is devoted to answering the question
of which coalition graphs will form. Note that finding stable
coalition groups involves exponential computational complex-
ity with respect to the number of players [27]. In addition
to this, here we also need to find a proper coalition graph
connecting the nodes in each coalition group, which increases
the complexity even further. Thus, the main challenge here is
to devise an efficient algorithm that allows nodes to make and
break coalitions in a distributed way. Specifically, the focus
will be put on the so-called merge-split strategy, being firstly
presented in [33], and investigated in the context of several
applications [17], [24], [37]-[39]. To that aim, let us make the
following definitions.

Definition 6. A collection of coalitions S is the set of mutually
disjoint coalitions, i.e., S = {Sh,...,S,}, where S,, C N for
n=1,...,q If a collection S comprises all the nodes of N,
then the collection S is a partition of N. Finally, a collection
of graphs on a collection S is the set of specific graphs on
each coalition in S, i.e., Gs = {Gs,,...,Gg,}.

Definition 7. The Pareto order operator > for comparing
two collections of graphs on the same collection § =
{S1,...,54} i.e, Gs and G5, is defined as follows

Gs>Gs «— xix(Gs) > vx(Gs), VkeS

with at least one node satisfying the strict inequality >. Simi-
larly, for two collections of graphs on two different collections
X ={X1,...,.Xn}and S = {S1,...,5,}, where X and S
are partitions of the same subset of nodes A C N, the notation
Gx > Gs means that x,(Gx) > x,(G5), Vk € X, S, with at
least one node satisfying the strict inequality.

(34)

Now, a distributed graph formation algorithm based on the
merge, rearrange and split steps is provided in the table on the
following page. In the algorithm, note that J separate graph
formation games are given, an |N' ( )|7player game for each
estimation task j, where j € {1,...,J}.

Initially, a merge step is perfomed based on the Pareto
order. In other words, a merge of some coalitions is possible
if the payoff of each node involved either increases or remains
the same but it never decreases. Practically, this step can
be implemented as follows. Starting from a collection of
graphs related to a network partition SU )_, for each estimation
task j € {1,...,J}, some coalition S/, connected through



Algorithm 1 Merge-rearrange-split for NSPE diffusion
Initial state: Start with some set of graphs {G EIERRRE G sg}
where SU) = {S{,...,Sg} is a partition of NU), Vj €
{1,...,J}.
Proposed Graph Formation for NSPE Algorithm:
Phase I - Adaptive coalitional graph formation:
repeat
a) Vj € {1,...,J}, merge any set of coalition graphs
{GS,,.. GSJ} 1f it holds GUq 51 P {Ggs}n—y and if
the newly formed graph exists in "the set of allowed graphs,
ie., G .51 € I'. Thus, it is possible to merge only with

those coahtron(s) to which its member nodes have direct
communication link(s).

b) Vj € {1,..
Gl g onany coalrtron Ul_
such “that G’ 5 G a_
the leaf nodes “that are connected by the edges which are
of the minimum costs among all edges that are allowed to
these leaf nodes.

o) Vj e {1,. J }, split any coalition graph G
if it holds {G 1> G,
graphs are allowed ie., {G

I} rearrange the graph G i to
7, if there exists G s
i - The search should exclude

n SJ
and if all correspondlrng

SJ

until merge-rearrange-split iteration terminates.

Phase Il - NSPE diffusion strategy: Run the adaptation (4)
and the combination step (5) at each time instant <.

Repeat periodically: To account for time-varying noise vari-
ances and/or changing communication costs during the
network operation.

graph GSJ, starts the merging process by performing pair-
wise negotiations with other coalitions (after e.g., random
pairing) to which there are possible communication links. In
the negotiation process, some coordination among the nodes
in the same coalition is necessary in general, and can be
realized, for instance, through the coalition head. In the case
where the Hastings combination rule is employed, note that
the negotiation process is easier to perform since the merge
decision depends only on the two nodes which are to be
paired; other nodes in their coalitions will not be worse off
since they do not have additional communication cost and the
estimation accuracy will not be decreased irrespectively of the
negotiation decision. In case where the coalitions decide to
merge, based on the Pareto order, a new edge is added between
the graphs. Next, the newly formed coalition proceeds with
the search for merging until it is possible. The merge search
is repeated for all other coalitions from SU) that have not
been merged yet. In the rearrange step, each coalition aims
at finding a tree that Pareto dominates the current graph. Two
types of situations may occur. Firstly, if the graph G/ s
has at least one cycle, then every edge is checked o be
deleted, starting from the one with the maximum cost, until
Gufl,l i has no cycles while still being connected. Secondly,

if graph G« L5 is a tree, then a tree that dominates it ,
according to "the Pareto order, is being sought. This step can
be realized through the coalition head that knows the topology
and communication costs within the coalition. Finally, the
split step, for every previously formed coalition U
searches through every partition of |J? _; S whose graphs are
allowed and are subgraphs of G4 55 To realize this step,
in addition to topology mformatlon the coalition head should
have knowledge of ka related to the nodes in the coalition
being examined.

Note that the search in all three steps, and thereby the
complexity of the algorithm, is limited by the set I'. Thus,
the complexity can be significantly reduced for the trees with
several leafs.

The algorithm performs several cycles of these three steps
until it converges to a stable graph structure, which can be
defined as the graph structure where no coalitions have an
incentive to pursue coalitional graph formation through merge,
arrange or split steps. This is closely related to the so-called
IDy,,-stability concept, proposed in [33] for the original merge-
split algorithm. Specifically, a partition S is Dy,-stable, if,
for the partition S, no coalition has an incentive to split or
merge [33], [37]. Furthermore, as every iteration of merge-split
terminates, a resulting partition from such iterations cannot
be subject to any further merge or split; thus, every partition
resulting from the merge-split algorithm is IDy,,-stable [37].

Therefore, our proposed merge-rearrange-split algorithm
also terminates for any initialization, and the coalition structure
always converges to a stable coalition structure where no
player has incentive to leave its coalition graph. To realize
this, note first that in the specific case where only complete
graphs are allowed by I, the proposed algorithm reduces to the
classical merge-split. On the other hand, in the general case,
there is an additional degree of freedom w.r.t. the original
merge-split, and it is related to finding a proper graph on a
given coalition. Due to the fact that this degree of freedom is
also optimized using the Pareto order, where in each graph
change no node in the graph is worse off, the proposed
algorithm terminates and converges to the coalition structure
where no coalition (graph) has an incentive to split, rearrange
or merge.

V. SIMULATIONS

In this section, we initially provide some computer simula-
tions that verify the main findings presented in Sec. III. Later,
the graph game results of the previous section are illustrated
by simulating the proposed graph formation algorithm.

A. Validation of Theorems 1-2 and 4-5

Let us remind that in order to prove Thm. 1-2 and Thm. 4-5,
the theoretical expressions for MSD in the steady state (16)-
(17) have been used. Here, we confirm the results by firstly
simulating a traditional diffusion LMS setting, and then, its
NSPE-based counterpart.

We consider a network of N = 15 nodes. The mea-
surements follow the observation model (1) with wj = w°
and M, = M = 8, Vk € N. By following assumption



A3, the stepsize in the adaptation step (8) is chosen to be
sufficiently small, i.e., o = 5 - 1073. The regressors uy;
are zero mean Gaussian random variables with autocovariance
R, = I. Next, the noise variances for nodes 5, 6 and 11 are
055 = 036 = 0311 = 7-1073, while for all other nodes
they are chosen from the interval (0.05,0.2). The network is
connected by a topology where 4 < nj < 6 for any node
k € N, see Fig. 9. For each plot, the results are averaged over
50 randomly initialized independent experiments. The steady-
state curves are generated by running the algorithms for 3 000
iterations. The quantities of interest, namely, MSD at each
node, are then obtained by averaging the last 300 samples
of the corresponding learning curves. For each independent
experiment, the deterministic vector w® is randomly selected
from the interval (0, 1) and then normalized such that its norm
equals 1.

For the diffusion LMS, we consider the following coalition
structures,

a) the grand coalition, i.e., where nodes cooperate all to-
gether,
b) two disjoint coalitions of nodes specified by X; =
{5, 6, ].].} and X2 = N\ Xl,
¢) random coalition structure with at least two coalitions.
Also, we include the LMS-based non-cooperative strategy in
the comparison.

Figure 3 depicts the comparison in the case where the
traditional diffusion LMS employs the Hastings combination
rule (10). Although there is a significant diversity among the
noise variances at different nodes, it can be observed that the
grand coalition is beneficial for all nodes.

On the other hand, in this simulation setting the grand
coalition does not bring improvement to all nodes in the case
of doubly-stochastic combination weights, as shown in Fig 4.
Here, as a doubly stochastic rule, we use the Metropolis rule
given by

1
Chy = {max{nk,nl}

1- ZmENk\{k} Ck,m

e N\ {k}

35
=k (35

Note that the disjoint coalitions structure (b) is the most
beneficial for coalition X, while the grand coalition is the
most beneficial for the nodes in X,. However, since X;
can deviate from the grand coalition, the grand coalition is
not stable. Furthermore, it can be observed that the disjoint
coalitions structure (b) is stable, since no node or group of
nodes can leave coalition structure X = {X;, Xo} and make
all its members better off.

In Remarks 1 and 2 of Sec. III-C, it has been suggested that,
for sufficiently similar noise variances of all nodes, the grand
coalition can be stable. Therefore, we now simulate the non-
cooperative LMS and the traditional diffusion LMS for the
grand coalition structure (a) and two disjoint coalitions X3
and X5 as in (b), for the doubly stochastic combination rule
in (35). Specifically, Figure 5 presents the results related to
node 5 (which is in X7) for different noise variance diversity
coefficient defined as o7, y, /07 y,. The noise variance o, y,
takes different values such that the coefficient in the range
from 10 to 2. It can be observed that when the diversity

Fig. 2. Network topology.

Hastings combination rule
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Disjoint coalitions (b)

— Random disjoint coallitions (c) ||

—8— Non-cooperative

MSD in steady-state [dB]
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Node index

Fig. 3. Steady-state MSD per node for the Hastings combination rule in the
traditional setting, i.e., w§ = w®, Vk € N.

coefficient is below 6, the grand coalition is more beneficial
than the disjoint coalition structure (b) and thus, it is stable.
Note also that, for |X;| = 3 and |X3| = 12, the condition
in (18), which characterize when the disjoint coalition structure
(b) can be stable, reduces to 6 - o, x < 07 ,; thus, Fig. 5
verifies this condition as well.

Next, Figure 6 analyzes an NSPE scenario with a simulation
setting similar to the one for Figs. 3 and 4, yet the results for
Hastings and doubly stochastic rule are plotted together. Here,
there are two estimation tasks, i.e., ¢; and ¢, and their areas of
influence are set to be P, = {1,...,9} and P, = {7,...,15},
respectively. For each independent experiment, vectors ¢ and
g are randomly selected from the interval (0,1) and then
normalized. The filter lengths M. , and M, ; are chosen to be
the same, i.e., M¢, = M., = 8. Similarly to the traditional
diffusion scenario in Figs. 3 and 4, it is shown that the grand
coalition for the Hastings case is stable for both estimation
tasks, while the core C (ANNSPE ) for the doubly stochastic
rule is empty in this simulation setting.

B. Graph game

In this subsection, we simulate the proposed NSPE merge-
rearrange-split protocol so as to illustrate its effectiveness and
also to verify the discussion in Sec. IV.

The communication cost between the nodes &k and ¢ is mod-
eled by a simple exponential model, i.e., e(k, {) = B-e(r.e/T0)
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Fig. 4. Steady-state MSD per node for a doubly stochastic combination rule
in the traditional setting, i.e., w9 = w°, Vk € N,
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Fig. 5. Steady-state MSD of node 5 for different variance similarity coef-
ficients related for the doubly stochastic combination rule in the traditional
setting.

where 7 is a reference distance, 7, denotes the distance
between the nodes k and ¢, while [ is a normalization
coefficient. To establish a coalition SJ through some graph
Ggi, the total communication cost nk (G gs) for each node
k € 87 is the sum of its active communication links, as in (22).
We consider a network of N = 15 nodes where each node &
has a noise variance 02 between 0.1 and 0.6. There are two
vectors of parameters to be estimated, i.e., ¢J and ¢7, with

P. ={1,...,8} and P, = {6,...,15}. We set p = 0.001
and M , = M., = 10. We consider the Hastings combination
policy so we use the MSD expressions provided in (48).

In Fig. 7, an outcome of a single realization of the proposed
protocol is presented. For both estimation tasks, all possible
links between the nodes are denoted by the dotted lines. On
the other hand, the graphs which are the outcome of the graph
formation algorithm for both estimation tasks are given by the
solid lines. Normalization coefficient 3 is set such that the
condition in (28) is satisfied. It can be noticed that the resulting
graphs for both estimation tasks are indeed the trees.

Figure 8 plots the number of nodes in coalition graphs
resulting from the NSPE merge-rearrange-split algorithm as
a function of the communication cost, which is characterized
by normalization coefficient 5. For both estimation tasks, the
maximum and the average coalition size are presented. The
results have been averaged over 50 experiments where we
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Hastings- disjoint coalitions (b)

—8&— Non-cooperative

—e— Doubly- grand coalition (a)

— Doubly- disjoint coalitions (b)

MSD in steady-state [dB]
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T T T T
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—&— Non-cooperative

—&— Doubly- grand coalition (a)

— Doubly- disjoint coalitions (b)

MSD in steady-state [dB]

7 8 9 10 11 12 13 14 15
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(b)

Fig. 6. Steady-state MSD per node for the NSPE setting with (a) estimation
of ¢7 and (b) estimation of ¢

randomly set 7 ¢/ro between 0 and 6. On one hand, it can
be observed that for no, or relatively small, communication
costs, the number of nodes connected in coalition graphs that
estimate ¢¢ and ¢ are |P,| = 8 and |P| = 10, respectively.
On the other hand, by increasing the communication costs, the
graphs on coalitions get split, and finally, they reduce to the
non-cooperative nodes.

VI. CONCLUSIONS

In this article, a distributed adaptive parameter estimation
problem has been modeled as a non-transferable coalitional
game. Initially, we have studied the parameter estimation
problem via traditional diffusion strategy as a canonical game;
afterwards, the analysis has been extended to NSPE setting.
The analysis has focused on the Hastings combination rule
and on the group of combination policies that are doubly
stochastic. For both, the traditional and the NSPE scenarios,
the grand coalition has been shown to be stable coalition
structure for the Hastings policy, while some insights have
been provided for the doubly stochastic ones. Then, we have
proposed a graph game for the NSPE setting that accounts for
the communication costs, which are modeled as graph-based
functions, and its stability has been studied. Afterwards, by
relying on the merge-split approach, a distributed algorithm
for graph formation has been proposed. Finally, indicative
computer simulations have verified the theoretical analyses.
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Fig. 7. Tree coalition graph structure for: (a) estimation of ¢J and (b)
estimation of ¢p.
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Fig. 8. Maximum and average coalition size versus communication cost for
the NSPE network with P, = {1,...,8} and P, = {6,...,15}.

APPENDIX A
PROOF OF THEOREM 3

Firstly, we need to provide some network recursions related
to mean-square performance of a diffusion NSPE algorithm.

. . . T
To this aim, we define the weight-error vectors qb,il = wj —

¢,(j)§, where we use notation introduced in Sec. II. Next, we
stack the weight-error vectors from all nodes, at each time 4,
as follows

< 7 (1) ~ (1)

o, = (301{(7517<7 A ¢N7< .
Similarly to [11], by subtracting both sides of (4) and (5)
from wy, and using the observation model in (3), we obtain

the following network-wide error recursion, i.e.,
¢;=C(I—puDi)p, y —pnCV;.

In the relation above, the vector V; is of dimension M x 1,
where M = Zivzl M, and is given by

(36)

Vi = COI{U{{iVLi, ey u%,iv]\m}, (37)
while D; is an M x M block-diagonal matrix, defined below
D, = diag{ufiulﬁi, R u%’iuN,i}. (38)

Finally, the extended combination matrix C in (36) has the
following form

é:COl{{Cij}jezl,...,{C]g\;}jeIN} : (39)
where the corresponding blocks are given as
Gy =[Ch Ci Cin] (40)
with
_ [OMs,j X Mj CZ{EIM;,J‘ OMWX(MrMéch,j)]
C’,?Z = if ¢ € Pj,and
On1, 5 x M, it &Py,
(41)

and M in (41) defined as M; = )
{i"€Ze:j" <}

Now, after equating the weighted norm of (36), taking the
expectation and relying on assumptions Al-A2, and A4, we
get the following relation

T2 it 2
Bz = B {6l _py o5 (upe |
+E{2VE Ty eV ],

J1ET;. M, ;» where Z;p =

(42)

where ¥ is an arbitrary (M x M) Hermitian nonnegative-
definite matrix that we are free to choose, so as to be able to
express the MSD performance criterion.

Now, based on analyses in [11], [5], for sufficiently small
step sizes we have

E {(1 — D) ET R (I~ /mi)} ~BISB,  (43)

where B = C (I — pRy) with Ry = diag{ { R}, |-
while the autocovariance matrix of each node % has the
following structure R, j = diag{{Rq(f )} } Thus, the

relation in (42) can be written as
B3 = Blldi—1lguss + Tr (VE).

where Y = 2 é.diag{ {Ug,kRu,k}szl}éT- Finally, by using
the Neumann series property, i.e., (I — X)~!1 =3>">_ X™,
we get

JELy

(44)

Jim B3 = 37 Tr (B Y(BT)"5)

m=0

(45)

Let us focus now on analyzing MSD at some node &, where
ke P;NPj and j,j € {1,...,J} and j # j'. Specifically,
let us on focus on the MSD with respect to a single interest, for



'ul

[

Fig. 9. The product of B™Y(BH)™X in (46).

instance, gj‘-’. To that aim, we set the selection matrix > to be
an M x M zero matrix, except its block between (Zi:ll M+
Mj)-th and (Z’;Zl M, — M] — M. ;)-th rows and columns
which is set to be [ M, ;- Now, it can be checked that due to
the peculiar structure that matrices 3 and ) have, it holds that

BYBT)S = £ (09 RY. {024} oep Mes) . (46)

where f(-) is some matrix-valued function. In other words, the
selection matrix X defined above selects only some columns of
the term B™Y(BH)™ with the non-zero blocks corresponding
only to the terms related to estimating gj‘-’, and none related to
¢, where j # j'.

To visualize this, let us consider a small example. Without
loss of generality, assume that there are two nodes and two
estimation tasks for each of them. Then, assume that all terms
related to the first task are denoted by blue, while all terms
related to the second task are denoted by red color. Also, all
zero-blocks are white. Next, let us choose ¥ so as to find MSD
at node 1 for the second task. Then, due to the structure of
the combination matrix and block-diagonal covariance matrix,
the first three terms in the product B™Y (B )™ have similar
chess-like structure. Finally, as depicted, the MSD at node 1
for the second task will have the terms that are related only
to this task; in other words, the terms of other task have no
influence on it. The tasks are decoupled.

Therefore, we conclude that, under assumptions Al-A4, for
k € P; NP, the estimation processes of gj‘? and gj‘?, can be
considered uncoupled, i.e.,

MSD(N) ~ Z MSDy,q; (P;)

JE€Tk

(47)

where Vj € {1,...,J} and for instance, for the Hastings
combination rule, MSDy, ¢, (P;) is given by

(Siep, 0i2) ke,
0 otherwise.
(48)

pMe ;
MSDy., (Pj) ~ { 2

This concludes the proof.
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