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Abstract— Autonomic networks depend on collaboration be- degree to which it volunteers its resources for the common
tween their nodes for all their functionalities. The nodes, even if good of the network. The players in game theory attempt to
modeled as selfish, gain from such collaboration, in the sense n4yimize an objective function that takes the form of payoff.
_tha_t they can accompllsh f_unctlonallty and perfo_rmance that A user's payoff depends not only on whether he decides to
is impossible to achieve without such collaboration. However, . - .
such gains from collaboration do not come for free. There are collaborate or not, but also on whether his neighbors will
costs for such collaboration incurred by each node (e.g. energy decide to collaborate.
consumption for forwarding other nodes packets). In this paper  Different with previous work in the literature, we study
we use con_strained coalitional games (i.e. collaborative (_jynamic collaboration based on the notion ebalitions The concept
games subject to constraints or costs for collaboration) to - .
investigate several key problems in autonomic wireless networks ©f USErs being connected to each other, and acquiring access
including: network formation, efficient topologies and stability of ~ t0 all the other users that each of them had so far access to,
coalitions. can be well captured by coalitional game theory (also known
as cooperative game theory [1]). In coalitional game theory,
the central concept is that of coalition formation, i.e., subsets

Autonomic networks rely on the collaboration of participatef users that join their forces and decide to act together.
ing nodes for almost all their functionalities, for instance, tBlayers form coalitions to obtain the optimum payoffs. The
route data between source and destination pairs that are outgiele assumption that distinguishes cooperative game theory
each other's communication range. However, because noflesn non-cooperative game theory is that players can negotiate
are resource constrained, we deal with networks composmllectively [2].
of users who are trying to maximize their own benefit from A question that has only relatively recently began to attract
participation in the network. In the case of packet forwardingttention ([3] is the first work in this area) is the actual way in
the fundamental user decision is between forwarding or nwhich the coalition is formed. The coalitional game is usually
forwarding data packets sent by other users. Given the canedeled as awo-phase structutePlayers must first decide
straints (mostly related to energy) that the user faces, thevhether or not to join a coalition. This is done by pairwise
is a very real cost incurred when choosing to forward. Sgames, in whichboth players have to agree to activate a link
all users would like to send their own data packets, but nbétween them and thus join the same coalition. In our work,
forward those of other users. Unfortunately, if all users wethis pairwise game involves, for each node, a comparison
to do that, the network would collapse. between the cost for activating the link towards the other node,

In this work, we assume that users want to be connectadd the benefit from joining the coalition that the other player
to as many other users as possible, directly (one-hop) isra member of. In the second step, players in one coalition
indirectly (multi-hop, through other users). In other words)egotiate the payoff allocation based on the total payoff of the
by activating a communication link towards one of theicoalition. The central problem is to study the convergence of
neighbors, they gain by having access to the users with whitte iterated pairwise game and whether the dynamics result in
that neighbor has activatdus links, and so on, recursively. a stable solution.

In the mean while, activation of links introduces cost. The The rest of the paper is organized as follows: Section Il
more neighbors a user is connected to, the more packedgiews literature on collaboration and coalition formation
he has to forward, which results in higher communicatiomsing game theory. In Section 11l we describe the mathematical
cost. This work is inspired by our interests in studying thgamework within which we deal with the concepts just dis-
fundamental tradeoff between gain and cost in the context @fssed. The two-phase coalitional game is defined in Sec. IV.
user collaboration in autonomic networks. Section V investigates the dynamics of the iterated pairwise

The conflict between the benefit from collaboration angame including its convergence and the network topology at
the required cost for collaboration naturally leads to gamtie equilibrium. We discuss the stability of the network at the
theoretic studies, where each node strategically decides #uiilibrium in constrained coalitional games in Sect. VI.

I. INTRODUCTION



1. RELATED WORK such as packet forwarding used in the work. The above two

) properties of communication networks are not captured in
In recent years, game theory has been widely used d9.ial and economic networks.

model collaboration enforcement mechanisms in autonomic

networks. Srinivasan et al. [4], Urpi et al. [5] anéIEgyrazi I1l. PROBLEM FORMULATION
et al. [6] all address the problem of packet forwarding among
selfish nodes in wireless ad hoc networks. Suppose there are nodes in the network. Define the set

In [4], energy constraints are taken into account to descrigénodesN = {1,2,...,n}. The communication structure of
the packet forwarding game. They show that under the enefi§j network is represented by andirectedgraphg, where a
constraints, the G-TFT (general tit-for-tat) strategy promotd§k between two nodes implies that they are able to directly
cooperation if every node conforms it. Urpi et al. [5] proposéommunicate. Because the willingness of both nodes is neces-
a general framework for cooperation with energy constraintd"y to establish and maintain a link, we use undirected links
and traffic patterns. They derive some enforceable polici&smodel the symmetric communications between neighboring
for cooperation. In [6], the authors prove that an incentiv@odes. The undirected links are also calperwise links For
scheme is needed to enforce cooperate in most situatiofhstance, in wireless networks, reliable transmissions require
They introduce the concept of dependency graph, where uséP@t the two nodes interact in order to avoid collisions and
behaviors influence their future throughput. interference.

Game theory has been used in other aspects of wireles&€t g represent the complete graph, where every node is
networks as well. For instance, Korilis et al. [7] study théirectly connected to every other node, and let the(set
problem of allocating link capacities in routing decisionstglg € g™} be the set of all possible graphs wiffi nodes.
Roughgarden [8] quantifies the Nash equilibria arising fromh ¢ and; are directly linked ing, we writeij € g. Letg +ij
non-cooperative routing behavior. denote the graph obtained by adding lifikto the ex.isting

All of the work mentioned above model the conflicts in audr@Phg whereij ¢ g andg —ij denote the graph obtained by
tonomic networks usingon-cooperativegame theory. In this S€Vering linkij from the existing grapty whereij € g(i.e.,
paper, we study cooperation with the concept of coalition. Twbt & = 9 {ij} andg —ij =g \ {ij}). The set of nodes in
users join the same coalition by forming a link between therfif@Phg is N(g) = {ili € g} andn(g) is the number of nodes
We are mainly interested in formation of coalitions modeled &% 9- o o ) ]

a cooperativegame. In the cooperative game framework, the A communication link is established only if two end
collaboration of users are studied as a group behavior ratR@des agree to collaborate with each other, i.e., they are
than stratigies adopted by single users. We believe that @jgectly connected with each other ip. Once the link is

cooperative game theory provides an appropriate model whéfided, two end nodes join one coalition and they agree to
users may act together to get higher payoff. forward all the traffic from each other. Note thatdirect

In [9], Michiardi and Molva modeled cooperation and cogli€ommunication between two players requires that there is a

tion formation in mobile ad hoc networks using cooperati@th connecting them. A path in connectingi, andi,, is
game theory. Similar to our work, their cooperative game hdsSet of distinct nodegis, s, ..., im} C N(g), such that
two phases as well. In the first phase, agents playode {’”2712’3""’%—1%} <9 _ _ .
prisoner's dilemma (PD) game. Based on the absolute payofffNé communication structure gives rise to a partition of -
obtained in the non-cooperative PD game, agents can defi{}g node set into groups of nodes who can communicate with
their relative payoff compared to the overall payoff of alfach other. Acoalition of g is a subgraphy’ C g, where
agents by the ERC theory [10]. The authors show that thé € N(¢') andj € N(g'), i # j, there is a path iny’
ERC preference structure allows for a precise characterizatf"nectingi andj, andij € g impliesij € g'.

of conditions under which coalitions are enlarged. They also .

propose to use a reputation based system CORE to encourag&ain

collaboration. The main difference between [9] and our work As we have discussed, users obtain benefits by joining a
is that we model the game in a more realistic way, whegalition. A user’s gain is explicitly defined on how he is
the cost of establishing a link between users is a functigonnected to other users in the coalition. In this paper, we
of physical distance between users and the gain dependsagsume that nodes always have information sent to other nodes
network topology. The stability of coalitions in [9] is in termsin the network. Thus we assume that each node potentially
of Nash equilibrium, which is a concept of non-cooperativeffers to other nodes benefit§ per time unit. For instance,
games. In our work, we investigate new concept of stability. could be the number of bits per time unit each node could
pairwise stability and core stability. provide, which is a function of the link capacity.

Coalition formation has been extensively studied for social The potential benefit is an expected value, which may be
and economic networks in recent years[11] and [12]. The negéduced during transmissions in the network. Following the
works we study are wireless communication networks, whejackson-Wolinskyconnections modglL3], the gain of node
the physical locations of nodes are important, and the payoff
is in the context of communication network functionalities, in this paper, the terms node, player and user are interchangeable.



is defined as A strategy of node i is a vector, defined asy; =
w;(g) = ZV(S”J'_l, (1) (¥i1r- s Visio1s Visit1s - - - Vi), Where; ;€ {0,1} for

j€g eachj # i. v; ; = 1 is interpreted as saying that notlevants

to form a link with nodej, while v, ; = 0 states that does

wherer;; is the number of hops in the shortest path betweer(l)t directly communicate with node The set of all strategies

1 andj (also known as the geodesic distance in graph theorg}, node i is denoted byl';. Since nodei has the option of
and0 < § < 1is the communication depreciation rate. If ther?orming or not forming a Iilr;k with each of the remaining- 1
is no path betweenandj, r;; = co. The gain function gives nodes, the number of strategies of nadés [T;| — 27,

higher value to paths with smaller number of hops. It capturcﬁ1e setl — T x « T, is the strategy space of all the
=Ty x--- N

the fact that more directly connected nodes gain more than L : .
; S ._nodes. A linkij is formed in networkg only if v, ; = 1 and

nodes far away in terms of geodesic distance. The depreciation L @ty (t)
= 1. Therefore, a strategy profile = (11", ..., ")

can be explained by communication reliability and efficiency? . ; 1 .
due to transmission failures or delay. t time periodt corresponds to the networ!*) at time t.

Figure 1 gives an example of the correspondence between the
B. Cost strategy profile and the network. There is a link betwéen

On the other hand, activating links is costly. For instance, (@hd3 becausey: 3 = v31 = 1.

cost for user to activate his communication link to usgran

be equal to the transmission energy (or power) necessary for ~; = {0,1,1} @
to send data tg. According to the wireless propagation model,

transmission power consumption depends on the geometric o = {0,0,1} —

distance betweehandj, denoted agl;;2. We define the cost o

c;; as a function ofd;; v3 = {1,1,0}
3= s Ly
cij = Pdyj, @—®

where P is a parameter depending on the transmitter/receiver Fig. 1. The correspondence of strategy and network
antenna gain and the system loss not related to propagation,

and « is the path loss exponent depending on the SpeCIfICDefineM(g) _ {j € N|ij € g} as the neighbor set of

propagation environment. _ )
> . . . nodei. Furthermore, a pair of nodes arennectedn network
Notice that in our model, a link can be activated between:. . ) ) g
if there is a path betweehand j, denoted ag «—— j. We

any pair of nodes by adjusting transmission power. Howevé, . o g .

a link between two nodes that are faraway introduces velyneCilg) = {j € tN|Z ? g}d'as ttTe SetthOf allhnciﬂes W':jh

high cost, so the link with high cost will only be activated i ome communicates, efiner directly or through other nodes.
he payoff of node from the networkg is defined as

the gain of activating it is very high in the coalition formation
rocess. A o
P vi(g) =wilg) —cilg) = D VOTI— Y Pdj. (2)
V. COALITION FORMATION GAME J€Ci(9) J€Ni(9)
The coalition formation is modeled as a two-phase game,Now we describe the dynamic process of the iterated pair-

which is calledcoalition formation gamén the literature [12]. wise game. The game is assumed to be repeated in each time
In this section, we give the detailed description of these twagriodt = 1,2,. ... Definep;; as the probability that the node

phases. pair ij is selected, in each time period, to play the pairwise
o game. Notice that there may be multiple pairs selected in the
A. Pairwise game same time period. These pairs can play simultaneous as long as

The pairwise game is modeled as an iterated processtligy do not contain the same node. More specifically, if Bgth
which individual nodes activate and delete links based on tAgd ik are selected; cannot play two games simultaneously.
improvement that the resulting networks offers them relative fds: will not play any of the two games and it will inform its
the current network. A link between two nodes can be forméighborsj andk as well. Therefore, there is no game played
only if both nodes agree to activate the link, while a singl@n linksij andik in the current time period. Figure 2 shows
node can sever an existing link. Each user receives a paydfscenario where node paig, 13 and56 are selected. Since
based on the network configuration that is in place. 1 is selected to play two games, it will not play any of them.

Initially the n nodes are disconnected. The nodes meet odp game takes place between eith@ror 13. On the other
time and have the opportunity to form links with each othefand,56 will play the game. This dynamic process requires

Time, T, is divided into periods and is modeled as a countabl@® communication or synchronization for selecting node pairs
infinite set, T = {1,2,...,t,...}. Let ¢ represent the and playing games. Each pair of nodes tosses a coin to decide

network that exists at the end of period whether they need_play the game. If a node is selected to
play the game, he first checks if he plays two or more games
2d;; is the geometric distance as opposed to the geodesic distance ~ Simultaneously. If yes, it stops all of the games and informs



®\ no game coalition formed by selfish nodes, how this is allocated among
/ \ - the individual nodes and the stability of the coalition. These
N — game notions are captured by coalitional games.

// @ Coalition formation has been widely studied in economics

@ and sociology in the context of coalitional game [12], [11].
In our game, some nodes are not directly connected with
each other; therefore the game we consider has to take
the communication constraints into consideration. Myerson
[14] was the first to introduce a new game associated with

@ @ communication constraints, tlenstrained coalitional game
which incorporates both the possible gains from cooperation
as modeled by the coalitional game and the restrictions on
communication reflected by the communication network.

An important concept in coalitional games is the char-
its neighbors. Therefore, the dynamic pairwise game is pureigteristic functionv [15]. Since the game we study has
distributed. communication constraints, the characteristic functions

We assume that each node is myopic. Given that nédegefined on a particular network rather than on a set of nodes
and; play the game, if the link;j is already in the network, in general coalition games, i.ev,: g™ — R defined on all
then the decision is whether to sever it, and otherwise thghsets ofG with the conventionw(@)) = 0. Notice that in
decision is whether to activate the link. The nodes inVO'VQﬂJr work the empty sef represents a graph where there is
act myopically, activating the link if it makes each at leasio link between any two nodes in the graph. Giver ¢”,

as well off and one Strictly better Oﬁ, and deleting the ||n|®(g) is interpreted as the maximum payoff the netwgrkan
if its deletion makes either player better off. Mathematicallyet given the network structure.

Fig. 2. Games between selected node pairs

speaking, if only node paiij is selected in time periot then  |n our case, the value of is the maximum aggregate of the
the networkg("*!) has either payoffs from all nodes in the graph
D) — o — 35 if v (a® — i) > v (a(®) (a® _
.9 g\ —ij if vi(g" —ij) > vi(g'") orv;(yg
Z]) > vj(g(t)), or ! U(g) = Z'Ui(g) (3)
o g = g 4ij if vi(g®M +ij) > vi(9?) andv; (9 + 1
ij) > Uj(g(t)), or vi(g(ﬂ +ij) > Ui(g(t)) and vj(g(t) + A payoff allocation rulex : ¢ — R™ describes how the
ij) > Uj(g(t)), or valuewv(g), associated with each network, is distributed to the
« ¢+ = ¢() if none of the above satisfies. individual nodesz;(g) is t.heI payoff. of node from networ_kg
If more than one pairs are selected to play the game, ed¥ifl under the characteristic functionFor a grapty’, which
pairwise game could be considered separately. is a subgraph of, define
In this paper we do not consider networks with nodes 2(g) = Zz’?(g)'

that have the ability of foreseeing the evolution of the game.

Such networks may be important when there are relatively o o o

small numbers of forward-looking players who are well- 'n€ payoff allocation ideasibleif z(g) < v(g) andefficient

informed about the value of the network and the motivatiods®(9) = v(9)- In our case, the payoff may not be transferable,

of others. However, in large autonomic networks where nodei® the payoff allocation rule represents the payoff that each

information is local and limited, myopic behavior is a mor&0de receives from the network, i.exi(g) = vi(g). It is

natural assumption, and a reasonable starting point of &Sy t0 show that such a payoff allocation rule is feasible

work. and efficient. We will discuss the stability of the constrained
If after some time period, no additional links are formed co@litional game in details in Sect. V1.

or severed, then the network formation process has reached a vy DynaMICs OF THE ITERATED PAIRWISE GAME

stable state Thus a coalition or coalitions are formed at th Convergence

stable state. Then the coalition formation game moves to the = i ] o )

second phase, in which users act together to achieve maximurhtaving described the iterated pairwise game in Sec. Ill,

icg’

payoffs. we study the convergence of such a game. In particular, we
- are interested in the conditions under which all nodes in the
B. Coalitional game network are connected, i.&C; = N,Vi € N. The coalition

A coalition is a subset of nodes that is connected in tfiBat contains all the nodes is called the “grand coalition”.
subgraph induced by the active links. In other words, two To study the convergence, we first define a concept of
nodes are in the same coalition, if and only if there exisgability: pairwise stability
a path of active links between them. If two nodes of separateDefinition 1: A network g is pairwise stableif
coalitions join, then the two coalitionmergeinto one. In o forallij € g, vi(g) > vi(g—ij) andv,(g) > v;(g—1ij),
this paper, we are interested in the total productivity of the and



o forallij ¢ g,if v;(g) < vi(g+ij) thenv;(g) > v;(g+ij) One of the main differences our model has compared to
or if vj(g) < v;(g+tj) thenv;(g) > vi(g + ij). other game models [18] is that the cost is not a constant.

We first give a simple fact on the dynamics of the pairwiskn our model, the cost is a function of the distance between
game: two nodes. Therefore, the physical locations of nodes in the

Lemma 1: The iterated pairwise game converges to a paipetwork are important for the coalition formation. We consider
wise stable network or a cycle of networks. the network as a random network where nodes are placed
Sketch of Proof (Informal)  If in a certain time period, the according to a uniform Poisson point process on [the] x
network is not pairwise stable, there must exist at least one liffk 1] square with the periodic boundary (i.e. the square is
that can be formed or severed to improve the payoffs of thaplicated throughout space to form an infinite lattice), where
two end nodes. As long as such a link is selected, the netwdpe boundary effects are not taken into consideration. We are
changes to another network. This procedure either stops at #inly concerned with results that occur with high probability
pairwise stable network or it changes back to a network th-h-p.), that is probability tending to one as— oc.
has been met due to the limited number of possible networksBased on the analyses on connectivity of the continuous
lg™|. In the later case, the procedure forms a cycle. W phercolation model in [19] and [20], we have the following

theorem:

Figure 3(a) is a network of 6 nodes starting from no links. Theorem 2:The coalition formation at the stable state de-
Takeciz = co3 = 34 = ca5 = ¢56 = ce1 = 1, Wherec;; = ¢;;  pends on the parametéf for gain anda for cost.
for all 4,7 € N and the cost of other links are much greater . . .
than1, V = 0.9 and§ = 0.3. We observe that a first link's 1) Givend =0, V = P
costs exceed its payoff, while thereafter links are valuable. If
users follow the myopic strategy defined in Sec. IV, no link
could be formed at all. However, it is obvious that the network
shown in Figure 3(b) provides better payoffs than the empty
network, wherev; = 0.421 for all 7+ = 1,2,...,6, and it is
easy to verify that the network is pairwise stable. Therefore,

(”;—,")5 is a sharp threshold for
establishing the grand coalition.

o If V is greater than the threshold, with high proba-
bility, all nodes collaborate with at least one of their
neighbors.

o If Vis less than the threshold, with high probability,
the network is partitioned into small coalitions.

2) For0 < ¢ < 1, the threshold is less thah (1“7”)5
@ @ G 6 The appendix gives the proof of Theorem 2.
We run simulations to study the games at the stable state.
In the simulations, 20 nodes are randomly placed ¢ & x
@ a Q [0, 1] square. Two nodes are selected to play the pairwise game
v v=0.9<c=1 according to a fixed probability /n(n — 1), wheren = 20.
ﬁﬁ:(e”“a'\ Figure 4 shows the number of coalitions when the network
@ @ 9 a reaches the pairwise stable state. The threshold predicted by
our analytic results does exist for differefis. Whend = 1,

@ (0) the phase transition happens very sharply, because the gains
for nodes to join a coalition linearly increases with the size of
the coalition. When the size of the coalition is large enough,
the gains the coalition provides are greater than any link cost.
some random events are needed to help the network jump dbtis a grand coalition is formed. On the other handgfer 0,
of the inefficient stable network. only nodes closer to each other may form a link. Similarly,

In evolutionary games, mutations are introduced such thae give the maximum size of coalitions in Fig. 5.

the evolution of the game is modeled as a Markov chain, whereNotice that we observe phase transition phenomena. Un-
the states of the Markov chain are the strategy profiléiven derstanding phase transitions is very important for network
nonzero mutations for each state of the Markov chain, we hadesign, because a slight change in the parameters controlling
that the Markov chain is irreducible and aperiodic. Thereforg, phase transition, may induce dramatic changes in network
it has a unique corresponding stationary distribution. The woperformance, i.e., network collaboration in our case.

of Harsanyi and Selten [16] and Kardori, et al, [17] show that
by letting the mutation probability go t®in a certain way, the B
game converges to a unique Pareto equilibrium. The mutationsThree figures in Fig. 6 give the topology of a network
for network formation mean that when two nodes agree formed with different cost parameters. As we can observe,
form a link, with a probabilitye, the link is not formed, or when cost is low, the network forms as a complete graph. The
when a link is to be deleted because one of the two nodather extreme end is when the cost is high, which results in
choose to sever it, the link is not deleted with probability a partitioned network. The most valuable topology is shown
Such mutations may result from transmission failures or noida.Fig. 6(b). This figure represents the most common scenario
Thus by using mutations, the pairwise game converges tdnareal life. Interestingly, the topology shows the small-world
stable network. property: most links are connected between neighbors with

Fig. 3. A network where the game converges to an inefficient network.

. Topology
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few long-range shortcuts. In the past five years, there has

been substantial research on the small-world model in variougDefinition 2: A networkg C g% is core stableif there does
complex networks, such as the Internet and biological systernst exist any set of nodeS C N andg C ¢ such that:

Our formation game converges to a small world network as

well. This further proves that the small world model is an * Zi(§) > xi(g) for all i € S and there is at least one node

efficient communication structure. with strict inequality,
o if ij € g butij ¢ g, theni,j € S,
VI. STABILITY OF COALITIONS . if ij ¢ g butij € g, then eitheri € S and/orj € S.

Having formed coalitions in the network, we are interested We are particularly interested in core stability. Core stability
in studying the stability of these coalitions. We have definegliows that a node is able to interact and coordinate with any
pairwise stability, and showed that by introducing mutationsther node in the same coalition. We believe this stronger
the pairwise game converges to a pairwise stable netwogkability is very useful in real networks, where users in the

Pairwise stability is a relatively weak stability, where theetwork can act together to achieve better payoffs.
network is stable if at most one node pairs choose to form

or sever their link in one time period.

Next we give the definition for stronger stability: @ore
stable network [21]. A networkg is core stable if there is
no subset of node§ € N who prefer another network to ~ Corollary 3 (Core stability): Given thaté = 1, o = 0 and
¢ and who can change the network frayrto § without the the pairwise networlg is connectedg is core stable.

COOperation from the rest of the set of n0dé$ S. The appendix gives the proof of Coronary 3.

It is obvious that many pairwise stable networks are not core
stable. We present a case where a pairwise stable network is
core stable as well.



VII. CONCLUSIONS ANDFUTURE WORK is equal tord?). Similarly, we want to find that the mean
flegree of the random geometric graphs is much greater than

In this paper, we study autonomic networks which rely o ,
pr in order to form a connected graph. Therefore, we have

the collaboration of participating nodes. There are fundament& ) aH ) .
tradeoffs between the benefit from collaboration and the rd&t7d"A > Inn, which is to say that;; is asymptotically
quired cost for collaboration. This conflict naturally leads us tdual toP (lnT") ‘.

game-theoretic studies, where each node attempts to maximiz&iven § = 0, we have that the threshold value fof is

its payoff which is a function of the gain and the cost ofqual toP (22)>.
collaboration. Foré > 0, w;; > V, so we have that the critical value of

We model the games played by users as a two-phase co#liis less thanP (“‘T”) z
tion formation game. In the first phase, users play pairwise
games to decide whether to form or sever a link between
them based on their payoffs. By playing the pairwise gameSince the network is connected;;(g) = (n — 1)V —
coalitions are formed. In the second phase of the game, usgV$|P,vi € N. Furthermorej = 1, so the pairwise network
in the same coalition interact to maximize the total payoff; has no cycles, i.eg is a tree, whose total number of links
We study the convergence of the iterated pairwise games. T8, — 1; otherwise, by deleting a link in a cycle, the gains of
conditions on which a grand coalition is formed are givenhe two end nodes of the deleted link stay the same and their
Topology of the converged network is investigated. We alssts are reduced.
study the stability of the formed coalition in the sense of core Suppose that there exists a set of nofles N andj € gV
stability. which satisfy the three conditions in Definition 2. There must

There are some problems that we are working on, or plandgist a pair of nodes € S and;j ¢ S whereij € g andij ¢ §.
work on, in the future. In our model, we simply assume thathus § is disconnected becaugds a tree. Therefore, for any
users always have information to transmit and the transmissipa S, z;(j) = (|| — 1)V — |V;| P, whereN; is the set ofi's
failures are modeled by one parameter: the depreciation rateighbors ing. Now considery>, s zi(g) and 3", z:(9).

We use this abstract model to simplify our analytic resultgve have
However, it is more realistic to model gains and costs based

Proof of Corollary 3

on specific network traffic patterns and certain traffic intensity. > wilg) > |S|(n— 1)V = 2(|S| = )P,
When the depreciation rat¢ > 0, we only gave a very €S
loose bound on the threshold for the grand coalition. It is our .
) ) ) . «(9) = |S|(JS| — 1)V = 2(|S| — 1) P.
interest to investigate tighter bounds on the threshold. Zezsx (9) = 15105 ) (1] )
APPENDIX Therefore,y ", g zi(g9) > >, cq 2i(g), which contradicts with
Sketch of Proof on Theorem 2 the first condition in Definition 2.
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