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Abstract

In this paper we study the network design game when the underlying network is a ring.
In a network design game we have a set of players, each of them aims at connecting nodes
in a network by installing links and equally sharing the cost of the installation with other
users. The ring design game is the special case in which the potential links of the network
form a ring. It is well known that in a ring design game the price of anarchy may be as large
as the number of players. Our aim is to show that, despite the worst case, the ring design
game always possesses good equilibria. In particular, we prove that the price of stability of
the ring design game is at most 3/2, and such bound is tight. Moreover, we observe that the
worst Nash equilibrium cannot cost more than 2 times the optimum if the price of stability
is strictly larger than 1. We believe that our results might be useful for the analysis of more
involved topologies of graphs, e.g., planar graphs.

1 Introduction

In a network design problem the goal is to construct a network which satisfies certain connec-
tivity requirements. Formally we are given a graph G = (V, E), in which each edge e € F
has an associated non-negative cost c(e), and a set of n pairs of nodes (s;,t;)i=1..n. Each edge
of the graph corresponds to a potential link of the resulting network, and its cost denotes the
effective cost for establishing the corresponding link. Thus the cost of the designed network is
given by the total cost for establishing all its links. The requirement for the resulting network
is that it must contain a set of links guaranteeing the connectivity between each pair of nodes
(si,t;). In other words, the goal is to find a subgraph of G in which each node s; is connected
to the corresponding node ¢;. From a combinatorial optimization perspective, the objective is
to find the subgraph satisfying the connectivity requirements with minimum total cost, and
such problem is known as the minimum Steiner forest problem. In this paper we will look at
the network design problem from a decentralized non-cooperative perspective, considering the
scenario in which there is not only one but several minimization objectives. More specifically,
each connectivity requirement is associated with a player (agent) who greedily choses the path
connecting the two endpoints, aiming at minimizing the cost she incurs for such path. In partic-
ular, each player is charged for a portion of the cost of each edge she uses, and in this work we
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assume that the cost of each edge is equally shared among its users. Thus the players interact
in a non-cooperative game in which the choice of each player affects the choices of the other
players. This model was first considered by Anshelevich et al. [2] and it is known as network
design game.

A state of the game corresponds to a choice of a path by each player, thus guaranteeing
all the desired connectivity requirements. The cost of a state is the cost of the corresponding
subgraph, i.e., the cost of the edges who appear in at least one path. A state in which each
player minimizes his incurred cost, given the choices of the remaining players, is known as Nash
equilibrium. In this paper we only consider pure Nash Equilibria. One property which makes
the network design game particularly interesting also from a theoretical perspective, is that it
always admits a Nash equilibrium and it can be obtained as the result of a natural dynamics.
More precisely, it is well known that the dynamics of the game in which at each time step
there is exactly one player performing an improvement move, i.e., a change of path that strictly
decreases the cost incurred by the moving player, converges to a Nash equilibrium within a
finite number of steps. This property has been proven by Rosenthal [14] for a more general
class of games, called congestion games. He demonstrated the existence of a potential function
which at each time step of the dynamics decreases exactly as much as the cost of the moving
player. In other words, the Nash equilibrium corresponds to the state which locally minimizes
the potential function.

Unfortunately, in a non-cooperative setting, the Nash equilibrium does not necessarily cor-
respond to the state with minimum cost. In particular, this is true for the network design
game where a Nash equilibrium, differently from the optimal state, may also contain cycles.
To capture the deterioration of the performance due to the presence of different self-interested
players, the concepts of Price of Anarchy (PoA) [11] and Price of Stability (PoS) [2] have been
introduced. They are formally defined respectively as the worst-case ratio (PoA) and the best-
case ratio (PoS) between the cost of a Nash equilibrium and the cost of the optimal state. Both
the measures give the interval in which the performances of the game may range. It is trivial to
observe that the PoA in a network design game may be as large as the number of players n, and
such bound is tight. On the counterpart, Chekuri et al. [5], showed that the cost of any Nash
equilibrium reachable by a dynamics starting from an empty state (the state in which no player
is making a choice), is O(y/nlog?n) times the optimal state. Less is known about the PoS. We
first notice that the current results in the literature are different depending whether the under-
lying graph is directed or undirected. Anshelevich et al. [2] considered network design games
in directed graphs and proved that the price of stability is at most H, =1+ 1/2+ ... + 1/n,
and such bound is tight. The technique used to prove such bound is quite easy and generally
applicable to other settings. It consists in showing first a worst case ratio of H, between the
potential of the optimal state and the one at any equilibrium, subsequently the result follows by
arguing that there exists a Nash equilibrium reachable from the optimal state and thus having
a potential lower than the one at the optimal state. Although the upper bound proof carries
over to undirected network design games, the lower bound does not. There have been several
attempts to give a significant lower bounds for the undirected case, e.g., [9, 8, 3, 1, 6]. The
best known lower bound so far of 348/155 ~ 2.245, has been shown in [3]. Upper bounds lower
than H,, have been given only for the special cases of multicast and broadcast games. In the
multicast there is a single node to which every player desires to be connected. The broadcast
is a special case of the multicast in which every node in the graph requires to be connected to
the single source. For broadcast game, Fiat et al. [9] proved an upper bound of O(loglogn),
and Lee et al. [13] have improved such bound to O(logloglogn). Recently Bilo et al. [4] proved
that the price of stability for broadcast game is O(1), however the constant coming out of such
paper is quite large. For multicast game, Li [12] presented an upper bound of O(logn/loglogn).



All these upper bounds are not known to be tight. In fact the best known lower bounds for
broadcast and multicast games are 12/7 ~ 1.714 and 42/23 ~ 1.826 respectively [3].

Finally [10] considered undirected broadcast games and proved upper and lower bounds on the
Potential-Optimal Price of Anarchy (resp. Stability) defined as the ratio between the worst
(resp. the best) cost of Nash equilibrium with optimal potential (i.e., equilibrium minimizing
the value of the potential function) and the minimum social cost.

Despite considerable research effort the gaps on the price of stability remain rather large,
especially for multicast game. We remark that our study considers the more general case where
a player of the game is represented by any pair of nodes of the network.

The aim of the current paper is to analyze the network design game when the underlying
graph is a ring. We refer to this special case as ring design game. Notice that in such a setting
the strategy set of each player i is composed by exactly 2 different strategies, i.e., the clockwise
and counterclockwise paths connecting s; and ¢;. The ring design game captures the whole
spectra of interesting behavior, i.e., PoA remains equal to the number of players. Moreover,
the ring is crucial in the sense that it is the first non-trivial topology to analyze in the context
of network design and it is the first step in order to cope with more involved topologies, like
planar graphs. Hence, we believe that giving a tight bounds here could give some insight for
studying more general settings.

Our results. Initially, by looking deeper into the structures of Nash equilibria in a ring design
game, we observe that, even though in a ring design game in the worst case the price of anarchy
can be arbitrarily large, it suffices to guarantee that the optimum is not a Nash equilibrium
to show that every Nash equilibrium is always at most 2 times the cost of the social optimum.
Subsequently, we show that there always exists a Nash equilibrium of cost at most 3/2 times
the cost of an optimal state, thus giving a bound on the PoS. We show that such equilibrium
can be reached by an improvement dynamics having as initial state an optimal configuration.
Such result also gives some insight on the problem of computing an equilibrium in a ring design
game. In fact, it reveals that if the cost of the entire ring is larger than 3/2 times the cost
of an optimal state, then the improvement dynamics starting from an optimal state converges
quickly, within at most 4 steps, to an equilibrium. We also prove that the bound on the PoS
is tight, by showing an instance for which PoS = 3/2 — e. We conclude by showing a more
involved instance depending on two parameter ¢ and «, which generalizes the lower bound on
the PoS and gives some insight on the relation between the PoA and PoS in a ring design game.
In particular, we observe that by suitable choosing a value of € close to 0, when « approaches
to 1, both the PoA and PoS tend to 3/2. On the counterpart, when « approaches to 0, the PoA
tends to 2 and the PoS gets close to 1.

2 Preliminaries

In an undirected network design game, we are given an undirected graph G = (V, E) and edge
costs given by a function ¢ : E — R™. The edge cost function naturally extends to any subset
of edges, that is ¢(B) = Y .pc(e) for any B C E. We define ¢(0)) = 0. There is a set of n
players [n] = {1,...,n}; each player i € [n] wishes to establish a connection between two nodes
si, t; € V called the source and destination node of player ¢, respectively. The set of strategies
available to player ¢ consists of all paths connecting nodes s; and t; in G. We call a state of the
game a set of strategies o € ¥ (where ¥ is the set of all the states of the game), with one strategy
per player, i.e., 0 = (01,...,0,) where o; denotes the strategy of player i in o . Given a state
o, let n,(e) be the number of players using edge e in 0. Then, the cost of player i in o is defined

as co (1) = <O Tet E (0) be the set of edges that are used by at least one player in state
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o. The social cost C(o) is simply the total cost of the edges used in state o which coincides
with the sum of the costs of the players, i.e., C(0) =} cp (o) c(€) = Xiepn Co (i) = c(E(0)).
Let (0_;,0}) denote the state obtained from ¢ by changing the strategy of player i from o;
to of. Given a state 0 = (01,...,0,), an improving move of player i in o is a strategy o, such
that c¢(;_, 51)(7) < cs(1). A state of the game is a Nash equilibrium if and only if no player can
perform any improving move. An improvement dynamics (shortly dynamics) is a sequence of
improving moves. A game is said to be convergent if, given any initial state o, any sequence of
improving moves leads to a Nash equilibrium. We denote by NE the set of states that are Nash
Equilibria. Nash equilibrium can be different from the socially optimal solution. Let OPT be a
state of the game minimizing the social cost. We denote by OpT; the strategy used by player
i in OpPT. Furthermore we write OPT = E \ OPT and OpT; = E \ OPT;. The price of anarchy
(PoA) of a network design game is defined as the ratio of the maximum social cost among all
Nash equilibria over the optimal cost, i.e., PoA = m&+§§m. The price of stability (PoS) is
defined as the ratio of the minimum social cost among all Nash equilibria over the optimal cost,

. _ mingeng C(o)
1.e., PoS = W
In this paper we restrict our attention to the network design game played on rings. We refer

to such game as ring design game. For the sake of clarity, by a ring we mean an undirected
graph G = (V, E) where V = {v1,v9,..., v}, E = {ej,e9,...,e}, and ¢; = vvi11, i =1,...,k
(where vg11 = v1).

It is well known that in a ring design game the PoA may be as large as the number of
players n. Consider the graph in Figure 1 of a ring design game consisting of two nodes s and

t

Figure 1: In this example there are n players that want to connect s and t. The optimal solution
uses only edge of cost 1, whereas the worst Nash equlibrium uses the edge of cost n. This gives
an n lower bound on the PoA.

t with two edges connecting them. The cost of one edge is n, while the cost of the other edge
is 1. There are n players who want to connect s to t. The state where all the players use the
edge of cost 1 is the optimal state, and it corresponds to a Nash equilibrium as well. The state
where all players use the expensive edge, each paying 1, is a Nash equilibrium with a cost of
n. Thus this example shows that the PoA of a ring design game may be very large. Notice
that it is very unnatural that the players chose the edge of cost n, ending up with the worst
equilibrium of cost n. Furthermore we observe that every dynamics starting from any other
initial state, beside the worst equilibrium, converges to the best equilibrium. In particular, this
holds if we pick as initial state the optimal state. This motivates the study of the quality of
an equilibrium resulting from a dynamics starting from an optimal state. It is easy to see that,
in a ring design game, any improvement dynamics starting from the optimal state leads to an
equilibrium at most 2 times the cost of the optimal state. In fact, either the optimal state is
a Nash equilibrium, or there is a player j wishing to switch from his optimal strategy to the
alternative path. At the optimum, the cost of player j is at most C'(OPT), and thus the cost of
the alternative path cannot be more than this quantity. Since the alternative path of j contains
edges of the ring not belonging to E(OPT), it implies that C'(OPT) is also an upper bound to
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¢(E \ E(OpT)). Consequently, the cost of the entire ring, and thus the cost of any state, is at
most 2C(OPT). As we show later, by doing a more careful analysis, we are actually able to
prove a tight bound of 3/2-C(OPT) on the cost of any equilibrium reachable from the optimum.
Obviously, such bound is also a bound on the PoS in a ring design game, as shown in Theorem
1.

3 Upper and lower bounds on the price of stability for ring
design game

In this section we provide matching upper and lower bounds on the price of stability of ring
design game. We start by upper bounding the price of stability. Our technique to prove the
bound on the PoS is different from the previously used ones. Previous techniques used potential
function arguments and proved that any equilibrium reached by any dynamics starting by an
optimal state has potential value at most H, - C(OpT). Here we also bound the cost of a
Nash equilibrium reachable by a dynamics from the optimal state but without using potential
function arguments. In particular, the analysis is made by cases on the number of moves, and
for each such case we write a linear program that captures the most important inequalities.
The most important observation we use is that one needs to consider the cases when at most 4
players move. We prove that for higher number of moves the PoS can only be smaller.

Our notation includes the number m representing the amount of steps in which some fixed
dynamics reaches a Nash equilibrium starting from an optimal state OPT, the Nash equilibrium
N obtained after m steps, as well as players making a move in the dynamics. Let 7; be the
player that makes the move at step 7 = 1, ..., m during the dynamics. Note that a player could
make a move at many different steps of the dynamics. Let ¢°,...,07,...,0™ be the states
corresponding to the considered dynamics, where ¥ = OPT and ¢™ = N. Also, let f be a set
of players of interest. The set f will be composed by a subset of the players moving in the
dynamics. The usage of f will be clear in the proof of Theorem 1.

For any A C f # () the set D will denote the set of edges such that each edge in D4 is used
by each player in A and no one player from outside of A, formally:

Di={ccE|(VicA ecOpr)A(Vie f\A ecOpPT)A(Vi¢ f. ecOpT;)}

That is an edge e is in Dfx precisely if in state OPT it is used by all members of A, it is used by
no members of f\ A, and there are no non-members of f who use it. Notice that when A = (),
D 4 denotes the set of edges used by no player in OpT, i.e, Dy = OPT.

For any A C f # () the set R4 will denote the set of edges such that each edge in R4 is used by
each player in A and at least one player from outside of f, that is:

Rli={ecE|(VicA ecOrPr)A(Vie f\A ecOPTy)A(3i¢ f ecOpPTy)},

That is an edge e is in fo precisely if in state OPT it is used by all members of A, it is used by
no members of f\ A, and there is at least one non-member of f who use it. Notice that when
A =0, R denotes the set of edges used in OPT by at least one player not belonging to f and
no player belonging to f.

For the sake of simplicity in the sequel we will omit the superscript f when it is clear from
the context. In order to make the reader familiar with these definitions, let us consider the
instance depicted in Figure 2. As we will see in Theorem 2, the state OPT where player 1
uses edge e, player 2 uses eo, player 3 uses ez and player 4 uses the path composed by edges
{e1,e2,e3} is an optimal state of the instance.
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First, suppose that f = {1}. Then Dy = {es}, D1y = 0, Ry = {e2,e3}, and Ryyy = {e1}.

Let us now consider the setting where f = {1,4}. We have: Dy = {es}, D1y = 0, Dyyy =0,

D{1,4} = {61}, R@ = {62,63}, R{l} = @, R{4} = @ and R{1,4} = @ Notice that DA and RA

naturally define a partition of the edges of the ring. Moreover note that for any f we have that:
(NEW)

E(OPT) ( U DA)U(ALCJfRA):(ALCJfDAURA)\D@. (1)

Equation (1) derives from the observation that, for any fixed ) # f C [n], the set of edges
E(OpT) = Uie[n] OPT; can be partitioned into two sets: the set of edges used in OPT only by

players in f, that is
U Dy = U OorT;
DAACS ief
and the set of edges used in OPT by at least a player not in f, that is UAgf Ry.
Moreover let A > 0 be such that ¢(Dy) < AC(OPT). Since E(OPT) and Dy is a partition of E (NEW)
and the cost of any equilibrium N can be at most ¢(E), then:

C(N) C(OpT) +¢(Dy) _ C(OPT) + A-C(OPT)
PoS'< Zoeny = Clovn) = CloPT) s1+a @)

Now let us write the necessary conditions for the fact that player m; can move in step j
of the dynamics, for any j = 1,...,m. Such conditions will be expressed by using the above
defined variables D4 and R4. Unfortunately, we do not know the exact usage of edges in sets
Ry. Let us define functions lefty, right, : ¥ — R for any players k € f. Set d,(k) and r,(k)
to be the collection of subsets A of f such that player k is using (all) edges of D4 and R4
respectively in state o, i.e., d, (k) = {A € 27 | k is using edges of D4 in o}, r,(k) = {A € 2/ |
k is using edges of R4 in o}. Notice that for every A, A" € d,(k), Da N Da = (), for every (NEW)
A A ery(k), RaN Ry =0, and d, (k) and r,(k) are disjoint. Thus

n=( U p)U( U RA>

A€ds (k) Aerq(k
It results that the cost of player k in ¢ is given by (NEW)
)
OIS D S DD D ¥

A€dy (k)eeD N ( A€ry (k) e€RA Mo
)
-y Ay oy

A€d, (k) A€ro (k) e€ERA

where 7, : 2F — N as 7, (H) = #{i € f | H C 0;}. In fact, notice that, given A € d,(k),
Ve € Dy, ng(e) = ng(Dy).
A lower bound to ¢, (k) is

C(DA
lefto(k) = >, - (D)),
Acd, (k) TNTA
and an upper bound to ¢, (k) is (NEW)
. c(Ra)
right, (k) = Z - Z N 1
Canw Me(Pa) Sty e (Ra) +1



in fact, given A € r,(k), Ve € Ra, ny(e) > ny(Ra)+1. Summarising, the following inequalities
hold for any state o € 3:
left () < ¢ (k) < right, (k). 3)

The role of functions left; and right;, is to weaken the inequalities between player’s utilities
in some neighbour states, so that they become manageable. As we do not know the exact usage
of edges in sets Ry, it would be hard to derive the precise bounds. On the lower-hand side we
do not take into account the cost of edges of R4 while for the upper-hand side we introduce the
minimum number of players using edges of R4 in o, i.e.,  (Ra) + 1.

Let us start by proving the following very useful lemma.

Lemma 1 In the ring design game, if in state OPT there are at least two players able to perform
an improving move (both starting from state OPT) then the cost of the whole ring is at most %
times the cost of an optimal solution, that is c(E) < 3C(OpT).

Proof: Let an OPT-neighbour state be a state ¢’ = (OPT_;, z), where x is a strategy of player
i such that copr_, (i) < copr(i). Fix two OPT-neighbour states o’,0”, and two players «
and [ that change strategy in those state respectively (starting by OpPT). Then the following
inequalities representing necessary condition for player o and S hold:

left,/ (o) < cor(a) < copr(a) < rightopp(a),
left (,8) < e (ﬁ) < CQPT(,B) < rightOPT(ﬁ).
Setting f = {a, f}, we have that

¢(Dy) N c¢(Digy) _ ¢(Diy) N c(Riay) N ¢(Diapy) N ¢(Ra)

1 2 1 2 2 3
¢(Dy) +C(D{a}) . D) +C(R{B}) +C(D{a,5}) +C(R{a,5})
1 2 1 2 2 3

Summing the above up we get

2¢(Dy) _ (Dpasy) +C(D{a})+C(D{B})+C(R{a})+C(R{B}) +20(R{a,ﬁ})

1 1 2 3
< C(Op1),

where the second inequality follows by (1). Hence, we have ¢(Dy) < 1C(OPT), so by (2) PoS
is not higher than % O
We are now ready to prove our main result.

Theorem 1 The price of stability for the ring design game is at most %

Proof: The proof is split into five different cases, depending on the amount m of steps in
which some fixed dynamics reaches a Nash equilibrium starting from an optimal state OPT.
Moreover notice that since in a ring design game the strategy set of each player ¢ is composed
by exactly 2 different strategies, i.e., the clockwise and counterclockwise paths connecting s;
and t;. This implies that 7; # mj41, for any j = 1,...,m — 1. We remark that in some cases
we get the bound by solving a linear program where constraints are naturally defined by using
left and right functions, and where objective functions are proper defined in each of the case.
The picture will be clear in the following.

Case m = 0. The equality m = 0 trivializes the instance into an example where OPT is a
Nash equilibrium, thus PoS = 1.
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Case m = 1. In this case the dynamics reaches a Nash Equilibrium N after one step starting
from OPT. Since player m; can perform an improving move starting by state OpT, the following
inequalities hold:

leftN(Wl) < CN(7T1) < COpT(ﬂ-l) < I‘ightopT(ﬂl).
Therefore, by setting f = {m} we have that:

¢(Dy)  c(Dgryy) | c(Bimyy)
1 < 1 T 2

The last inequality directly implies that:

CN) (Do) Fe(By) + e(Binyy)

C(OPT) ¢(Dryy) + c(Ryp) + ¢(Rizpy)
c(Dimiy) +¢(Bo) + 5¢(Rimy) _ 3
¢(Dimyy) + c(Ry) + ¢(Rryy) ~ 2

Case m = 2. When m = 2, the player 7 leads the dynamic from OPT to o' and player 7
leads the dynamics from o' to N. Therefore the following must hold:

leftyi(m) < ey1(m) < copr(m) < rightops(m),
leftN(Wg) < CN(7T2) < Cy1 (7T2) < rightal (7T2).

Therefore, by setting f = {m, 72} we have that:

¢(Dy) +C(D{m}) _ D) +C(R{m}) N (D ma}) +C(R{mm})

1 2 1 2 2 3
C(D@) c(D{m}) C(D{m}) C(R{M}) C(D{Mm}) C(R{Mm})
2 + 1 < 2 + 2 + 1 + 2

Without loss of generality we can add the following constraints:

Z cle) <1, Ve € E. c¢(e) > 0.
ecOPT

We need to bound the value of c(D@) — %C(D{mm}) with respect to the above inequalities. Such
a bound can be obtained by forming a linear program from all the above equations including
the appropriate objective function. We have solved this linear program on a computer using a
standard LP solver. This way we have obtained the following bound:

1 1
C(D@) — EC(D{WIJ"Q}) S ﬁ < 5

In the remainder of the proof similar bounds have been obtained in the same way by using a
LP solver. Further, the cost of states N and OPT are:

C(N) = ¢(Dy) +c(Rp) + c(Dimyy) + c(Ryryy)
+ C(D{M}) + C(R{m}) + C(R{mﬂm})’



and

C(OPT) = ¢(Dirymoy) +¢(Ro) +¢(Dimyy) + ¢(Rimyy)
+ C(D{ﬂz}) + C(R{ﬂz}) + C(R{ﬂlyﬂz})’

C(N) 16
i SV g
c(orT) ~ 11 °

respectively. Therefore, by using the upper bound on c(D@) — %C(D{mm}) we obtain that:

3

5
Case m = 3. Similarly to the previous case, we will construct a suitable linear program. We
know that m; # 7 and 7y # m3. If 1 = 73 then it means that ¢! and o2 are two OPT-neighbour
states and therefore by Lemma 1 we have that PoS < % Therefore we can assume that m; # 3.
Since m = 3 then player 7 leads the dynamic from OPT to ¢!, player 7y leads the dynamics
from o' to 02 and finaly player 73 from o2 to N. Therefore the following must hold:

left,i(m) < co(m) < copr(m) < rightopr(m1),
left,2(m2) < cp2(m2) < cp1(me) < right,i(mg),
leftn(m3) < en(m3) < cy2(ms) < right,2(73).
By setting f = {m,m2,m3} we obtain a set of constraints (for the sake of readability and

completeness we move them to the Appendix A) that along with C(OpT) < 1 and maximization

target c(D@) — %C(D{mmm}) constitute a linear program with a solution
1 198 1
¢(Do) = 5¢(Dimimoms}) < 57 < 3

Substituting it into the ratio of the costs of N and OPT we get that:

C(N) 685 3
B VAP b
C(OPT) ~ 487 ~ 2

Case m > 4. This case is different because we do not know m. However, it is enough to
consider the case m = 4. This is due to the fact that the inequalities obtained by the dynamics
of the first 4 players are strong enough to bound the cost of the whole ring. This gives the
bound on the cost of any Nash equlibrium the dynamics will converge to, because even if more
players move the cost of the final state will be smaller then the cost of the whole ring. We show
that if m = 4 then ¢(Dy) < 3 - C(OPT). Clearly, adding new constraints for m > 4 cannot
increase this bound.

Then let us consider m = 4. As in the previous case we have that m # w9 and mo # 73 and
m # w3, anyway we are not able to derive any conclusion about w4. It follows that we have
to consider 3 subcases, i.e., T4 = 7, T4 = 7w and my # 7w, for z = 1,2,3. As usually in this
proof, we are going to derive sets of constraints that must hold at every step of the dynamics
by using functions left and right. In the first two subcases, i.e., m4 = w1, T4 = 79, by setting
f = {m,m2, 3} the constraints set is composed by the ones corresponding to the case m = 3
capturing the dynamics by 71, o and 73 (constraints in Appendix A), plus a further constraint
(Appendix B when 74 = m; and Appendix C when 74 = 7m9) capturing the fact that players m
or mo move back at the fourth step of the dynamics respectively. Concerning the subcase where
w4 # m, for z = 1,2,3, by setting f = {m1, w2, w3, T4} we get the set of constraints included in
Appendix D. By summarizing we get three different sets of constraints corresponding to three
different linear programs. In each of them it suffices to consider maximization target c(Dy)



assuming that C'(OpT) < 1 without loss of generality. In all cases the maximum value of c(D@)
turns out to be smaller than %, specifically for w4 = w1, 74 = mo and 74 # 7w, where z = 1,2,3
the bounds are %, % and % respectively. Hence, by (2) for all these cases we know that PoS
is bounded by % O

It is worth to note that the above theorem give us some insights on the complexity of
computing a Nash equilibrium in ring design game. We will further discuss this issue in Section 4.

The next corollary directly follows from Theorem 1

Corollary 1 In a ring design game, if the cost of the entire ring is larger than 3/2 times the cost
of an optimal state, then the improvement dynamics starting from an optimal state converges
quickly, within at most 8 steps, to a Nash equilibrium.

We are now ready to show a matching lower bound. Let us start by investigating the
structure of Nash equilibria. Notice that, since in any stable configuration each player (given
the strategies of other players) selects the least expensive path, then in any Nash equilibrium
the following property holds:

Property 1 If any player chooses a path w for connecting nodes v and v', then all players
crossing nodes v and v\ must share the same path w.

Theorem 2 Given any € > 0, there exists an instance of the ring design game such that the
price of stability is at least % — €.

Proof: We will construct an instance of the ring design game so that there is a distinct
player associated with each edge of the ring that wishes to connect the endpoints of this edge.
This construction guarantees that there is a unique Nash equilibrium in which each player
uses her corresponding edge. Consider a ring consisting of 4 edges E = {ej, ez, es3,e4} where
cler) = c(ea) = c(es) = 2 and c(eg) = 3 — € as shown in Figure 2. There are four players
{1,2,3,4}; player i is interested in connecting the endpoints of edge e; for i = 1,2,3,4. Observe

Figure 2: The lower bound example for PoS on the ring. For the detailed description please see
proof of Theorem 2.

that in any state of the game the edges used by at least one of the players form a connected
spanning subgraph. Therefore the cost of an optimal solution is at least the cost of any minimum
spanning tree. It follows that the state of the game where player 1 uses edge ey, player 2 uses
e, player 3 uses es and player 4 uses the path composed by edges {e1,es,e3} is an optimal
solution of cost 6. Let o be the state in which each player uses its corresponding edge, i.e.,
where players 1,2,3,4 use edges e1, es, €3, e4 respectively. It is easy to check that ¢ is a Nash
equilibrium. It remains to show that ¢ is the only Nash equilibrium. Let us suppose that our
instance admits a Nash equilibrium where player 4 uses the path composed by edges {e1, €2, e3}.
By Property 1, players 1, 2, 3 must use edges eq, e, e3 respectively. However, in such state player
4 is experiencing a cost of % + % + % > 3 —¢, then player 4 can use its corresponding edge e4 and
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thus strictly reduces her cost, a contradiction. Let us suppose that our instance admits a Nash
equilibrium where player 1 uses the path composed by edges {es, e3, e4}. By Property 1, players
2,3,4 must use edges es, e3, e4 respectively. However, in this state player 1 is experiencing a
cost of % + % + % > 2, then player 1 can use its corresponding edge e; and thus strictly
reduces her cost, a contradiction. With similar arguments it is possible to show that in any
Nash equilibrium players 2 and 3 have to use their corresponding edges. It follows that in any
equilibrium of our instance all players have to use their corresponding edges. This completes
the proof. O

The next theorem generalizes the previous Theorem 2, and gives some insight on the relation
between the PoA and PoS in a ring design game. In particular, we observe that by choosing
a large number of players and setting the value of € to be very small, when « approaches to
1, both the PoA and PoS tend to 3/2. On the counterpart, when a approaches to 0, the PoA
tends to 2 and the PoS gets close to 1.

Theorem 3 Given an integer n > 7, for every e € [-2;,1) and o € (0,1 — €], there exists an

instance of ring design game with n players, having PoA = Q—ﬁ— (1%:6) and PoS = 1+ﬁ.
Proof: The instance giving the result is depicted in Figure 3. The game is defined as follows.
For simplicity we say that a player is associated to an edge, if it is interested in connecting its
endpoints. In the game there are n > 7 players. Player 1 is associated to edge e1, player 2 is
associated to edge es, player 3 is associated to edge es, player 4 is associated to edge ey, and
the remaining set of n — 4 players R = {5,6,...,n} are associated to edge eg.

1—a/2

a/3 /3 «of/3 1—a €
ea  e3  eq es €6

Figure 3: The lower bound example for PoS on the ring. For the detailed description please see
proof of Theorem 3

We observe that the optimal state uses the set of edges E(OPT) = {e2,es, €4, 5,66}, and
it costs 1 + €. Subsequently we show that the game admits only two Nash equilibria, namely
N; and No. Nj is the state in which the players 1,2, 3,4, use their corresponding edge, and
each player in R uses their alternative path {ej,eq,e3,eq,e5}. Thus E(Ny) = {e1, e2,€e3,¢e4, €5}
and C(N;) = 2 — %a. Ny is the state in which each player uses the associated edge, thus
E(Ny) = {e1,es,€3,es,¢6}, and C(N2) = 1+ 1a + e Notice that C(Ny) > C(Ny). Since
PoA = C(N;)/C(OpT) and PoS = C(N2)/C(OPT), the claim follows.

We first show that Ny and Ny are Nash equilibria. In Ny, the cost of player 1 is 1 — /2, and
the alternative path {eg, e3, €4, €5, 6} would cost 1 —a/2+¢€/(n—3). The cost of player 2 is o/3
and the alternative path {es, e4, €5, €6, €1} would cost at least /3, since he would share e3 and
e4 with player 3 and 4 respectively. The same argument holds for players 3 and 4. Finally, the
cost of each player in R is ¢/(n—4) < 1/3, and the alternative path {ej, ea, €3, e4, €5} would cost

3/2—3a/4 > 3/4. In Ny, the cost of player 1 is 1;%2, and the alternative path {es, e3, e4, €5, €5}

would cost at least % The cost of player 2 is g@, and the alternative path {es, ey, €5, €6,€1}
would cost at least %, since he would share both e3 and e4 with other n — 2 players (since

11



n > 7, it turn out that % = w1 > :—g) The same argument holds also for player 3 and
4. Finally, the cost of each player in R is —15(1 — /2) + 50/2+ L (1 —a) < 5 + L
and the alternative path would cost € > ﬁ.

It remains to show that no other state, beside Ny and Ns, is a Nash equilibrium. For this
purpose we use Property 1. We first notice that, by Property 1, there may not exist any Nash
equilibrium in which two different players in R chose different paths. Therefore, let us focus
on states in which all players in R chose the same path {eg} or {e1,ea,e3,e4,e5}. The state in
which player 2 chooses the path alternative to es cannot be an equilibrium. In fact, in order
to be a Nash equilibrium, by Property 1, it must hold that each other player must use its
associated edge. Therefore in such state player 2 would pay more than «/3 since, beside the
cost incurred because of other edges, he would share e3 and e4 with player 3 and 4 respectively.
The same argument hold for player 3 and player 4. Finally, by applying Property 1, we notice
that the state in which player 1 choses the path {es,es,eq,€5,e6} and players in R chose the
path {e1,e2,e3,€e4,€5}, cannot be an equilibrium. It results that the only two states left out,
are N7 and No. O

4 Conclusions and open problems

In this paper we have succeeded to give the first nontrivial example of network design games
where our understanding of PoS is tight. We showed that any dynamics starting from OPT re-
turns an equilibrium of cost at most (3)-C(OPT) in at most 4 moves, when c¢(E) > (3/2)C(OPT).
The major open question is whether the dynamics starting from OPT is still quickly convergent
to an equilibrium when ¢(E) < (3/2)C(OPT). A positive answer to the previous question would
lead to a polynomial algorithm for computing a Nash equilibrium in the ring design game. We
remark that in the general design game, (i.e., design game for general graph topology), the
problem of computing a Nash equilibrium is PLS-complete [15].

Moreover, we could not manage to find instances with the PoA close to 2 when the PoS is
close to 3/2, thus another interesting problem is to investigate the relation between the costs
of the best and the worst Nash equilibria. We believe that the insight given by our results can
be used for the analysis of more involved graph topologies, e.g., planar graphs. Finally, another
investigating issue would be to derive an exact bound on the price of stability for broadcast
ring design game. We remark that the broadcast game is a special case of the game in which
there is at least one player for every node of the graph requiring to be connected to the single
common source. Observe that our lower bound of % does not work here. In the following we
give the best lower bound on the price of stability for the broadcast ring game. It would be
interesting to give an accompanying tight upper bound. Let us consider the Figure 4 where
there is one player for each node but the source s. It is well known [3, 9] that in broadcast

Figure 4: Instance showing a lower bound to the price of stability for broadcast ring design
game.

design game the optimum is a minimum cost spanning tree. Moreover, any Nash equilibrium is
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a spanning tree. Clearly in our instance the optimum state OPT is composed by edges eq, es, es.
However, the player corresponding to the leftmost vertex of the figure (i.e., the furthest player
with respect to the source s in state OPT) is paying % and thus OPT is not an equilibrium
since this player has an improvement move. It follows that any equilibrium is composed by the
edge e4 and other two edges belonging in {ej,es, es}. Therefore the cost of any equilibrium is

23

6

€ while the cost of the optimum is 3. It follows that the price of stability for broadcast

ring design game is at least %—g — ¢ for any ¢ > 0.
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4.1 Appendix A: proof of theorem 1 case m=3

Player 71 moves:

c¢(Dy) | c(Dirsy) | (Dimgy) | c(Dimams))
1 T 2 + 2 + 3

IN

C(D{Wl}) C(D{Wlm}) C(D{WMTB}) C(D{mmms})
1 + 2 + 2 + 3

C(R{m}) C(R{mm}) C(R{m,m}) C(R{mmzﬂrs})
2 + 3 + 3 + 4

_l’_

Player o moves:

c¢(Dy) | c(Diryy) | (Disy) | c(Dimimsy)
2 + 1 + 3 + 2

IN

C(D{Wz}) C(D{Tflﬂfz}) C(D{Wzﬂfs}) C(D{mﬂf%ﬂs})
2 + 1 + 3 + 2

C(R{Wz}) C(R{Wlﬂfz}) C(R{ﬂzﬂfs}) C(R{ﬂlﬂfzﬂfs})
3 + 2 + 4 + 3

+

Player w3 moves:

C(DVJ) C(D{Wl}) C(D{m}) C(D{mm})
3 + 2 + 2 * 1

C(D{Ws}) C(D{Tflﬂfs}) C(D{Wzﬂfs}) C(D{mﬂmﬂfs})
3 + 2 + 2 + 1

C(R{WB}) C(R{WMTB}) C(R{Mﬂfs}) C(R{mmms})
4 + 3 + 3 + 2

IN

+

4.2 Appendix B: proof of theorem 1 case m > 4, and 7, = m;

Player 71 moves back:

C(D{Wl}) + C(D{Wlﬂm}) + C(D{Flﬂrs}) 4+ C(D{Fl,m,ﬂs})
3 2 2 1

¢(Dy) | ¢(Dixyy) | ¢(Dirgy) | (Dimams})
3 + 2 + 2 t 1

c(Ry) | ¢(Rimyy) | c(Bims)) | ¢(Bimoims)
4 + 3 + 3 + 2 ’

IN

4.3 Appendix C: proof of theorem 1 case m > 4, and m; = m

Player m3 moves back:

¢(Dir,}) N ¢(Dir1,m}) N ¢(Dimy,ms}) N (Dimy mama})
3 2 2 1

IN

C(D@) c(D{m}) C(D{Ws}) C(D{Wlﬂfs})
+ + +
3 2 2 1
c(Ry)  c(Bymy) | c(Byngy) | c(Bimima})
4 + 3 + 3 + 2

+
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4.4 Appendix D: proof of theorem 1 case m > 4, and 7y # 7, where z =1,2,3

Player 71 moves:

c(Dg) | ¢(Pixy) | (D)) | (D))
1 * 2 + 2 * 2 +
¢(Dryms) _ ¢(Drymi}) _ ¢(Dymymiy) I (D ry s ma)
3 3 3 4

IN

¢(Dimyy) N ¢(Diry ma}) N ¢(Dimyms}) N ¢(Diry 7))
1 5 5 5

c (D{ﬂ-l T2 7”3}) + c (D{T‘.l 7”2771-4})

+

C(D{mvﬂsvm}) n C(D{W177F277T3Jr4})

3 3 + 3 4 +
C(R{Wl}) C(R{mm}) C(R{Wlﬂfs}) C(R{mm})
2 + 3 + 3 + 3 +
C(R{ﬂ'l,ﬂz,ﬂs}) C(R{ﬂ'l,ﬂz,m}) C(R{ﬂ'l,ﬂsﬂm}) C(R{ﬂ'l,ﬂz,ﬂ's,m})
4 + 4 + 4 + 5 '
Player 7o moves:
C(D@) C(D{m}) C(D{Ws}) C(D{M})
2 + 1 + 3 + 3 +
¢(Dimrrsy) | cPtmms) | (Dmamay) | (Dimrimama)
2 + 2 + 4 + 3
<
C(D{m}) C(D{mm}) C(D{Mﬂfs}) C(D{mm})
e e
C(D{ﬂlﬂfzvﬂs}) C(D{mﬂfmm}) C(D{Wzvﬂsvm}) C(D{W177F277T3Jr4})
2 + 2 + 4 + 3 +
C(R{M}) C(R{mﬂm}) C(R{Mﬂfs}) C(R{MJM})
3 + 2 + 4 + 4 +
C(R{mmz,ws}) C(R{mmz,m}) C(R{mms,m}) C(R{mmz,m,m})
3 + 3 + 5 + 4 )
Player 73 moves:
C(DV)) C(D{m}) C(D{m}) C(D{M})
3 + 2 + 2 + 4 +
C(D{mm}) C(D{WMM}) C(D{MM}) C(D{mmm})
1 + 3 + 3 + 2
<
C(D{Ws}) C(D{Wlﬂfs}) C(D{Mﬂfs}) C(D{Wsm})
3 + 2 + 2 + 4 +
C(D{mmz,ws}) n C(D{m,m,m}) n C(D{m,m,m}) n C(D{m,mﬂrs,m}) n
1 3 3 2
C(R{ﬂs}) C(R{mﬂfs}) C(R{Mﬂfs}) C(R{WBJM})
L mmle g Sl el
C(R{ﬂlvﬂzﬂfs}) C(R{ﬂlvﬂsﬂu}) C(R{M,stm}) C(R{ﬂ17ﬂ27ﬂ37ﬂ4})
2 + 4 + 4 + 3 '
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Player m4 moves:

«(Dy) , cPmy) | cPimy) | (Diray)

4 3 + 3 3 +
C(D{ﬂlﬂfz}) n C(D{Tflﬂfs}) n C(D{Wzﬂfs}) n C(D{mﬂmﬂfs})
2 2 2 1

IN

C(D{m}) C(D{m,m}) C(D{ﬂg,m}) C(D{m,m})
4 + 3 + 3 + 3

c (D{ﬂ-l T2 7”4}) + c (D{T‘.l 7”3771-4})

_l’_

C(D{Wzvﬂsvm}) n C(D{W177F277T3Jr4})

2 2 + 2 1 +
C(R{M}) C(R{Mm}) C(R{mm}) C(R{Wsam})
5 + 4 + 4 + 4 +
C(R{mm,m}) C(R{mms,m}) C(R{mms,m}) C(R{mm,m,m})
3 + 3 + 3 + 2 ’
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