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Abstract We study the stable roommates problem in networks where players
are embedded in a social context and may incorporate positive externalities
into their decisions. Each player is a node in a social network and strives
to form a good match with a neighboring player. We consider the existence,
computation, and inefficiency of stable matchings from which no pair of players
wants to deviate. We characterize prices of anarchy and stability, which capture
the ratio of the total profit in the optimum matching over the total profit of
the worst and best stable matching, respectively. When the benefit from a
match (which we model by associating a reward with each edge) is the same
for both players, we show that externalities can significantly improve the price
of stability, while the price of anarchy remains unaffected. Furthermore, a
good stable matching achieving the bound on the price of stability can be
obtained in polynomial time. We extend these results to more general matching
rewards, when players matched to each other may receive different benefits
from the match. For this more general case, we show that network externalities
(i.e., “caring about your friends”) can make an even larger difference and
greatly reduce the price of anarchy. We show a variety of existence results
and present upper and lower bounds on the prices of anarchy and stability for
various structures of matching benefits. All our results on stable matchings
immediately extend to the more general case of fractional stable matchings.
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1 Introduction

Stable matching problems capture the essence of many important assignment
and allocation tasks in economics and computer science. The central approach
to analyzing such scenarios is two-sided matching, which has been studied
intensively since the 1970s in both the algorithms and economics literature.
Stable matchings are a special case of the much more general stable room-
mates problem which forms the basis of this work. An important variant of
stable matching is matching with cardinal utilities, when each match can be
given numerical values expressing the quality or reward that the match yields
for each of the incident players [6]. Cardinal utilities specify the quality of each
match instead of just a preference ordering, and they allow the comparison of
different matchings using measures such as social welfare. A particularly ap-
pealing special case of cardinal utilities is known as correlated stable matching,
where both players who are matched together obtain the same reward. Apart
from the wide-spread applications of correlated stable matching in, e.g., mar-
ket sharing [24], job markets [9], social networks [26], and distributed computer
networks [42], this model also has favorable theoretical properties. It guaran-
tees existence of a stable matching and convergence of dynamics even in the
non-bipartite case, where every pair of players is allowed to match [3, 4, 42].
However, it should also be mentioned that in many scenarios agents may not
be able to express their preferences in terms of cardinal utilities or may only
be able to do so approximately.

When matching individuals in a social environment, it is often unreason-
able to assume that each player cares only about their own match quality.
Instead, players incorporate the well-being of their friends/neighbors as well,
or that of friends-of-friends. Players may even be altruistic to some degree, and
consider the welfare of all players in the network. Such network externalities
are commonly observed in practice and have been documented in laboratory
experiments [39, 21]. In addition, in economics there exist recent approaches
towards modeling and analyzing other-regarding preferences [22]. Given that
other-regarding preferences are widely observed in practice, it is an impor-
tant fundamental question to model and characterize their influence in clas-
sic game-theoretical environments. Very recently, the impact of social influ-
ence on congestion and potential games has been characterized prominently
in [11, 27, 16, 18, 29, 17, 28].

In this paper, we consider a natural approach to incorporate externalities
from social networks into partner selection and matching scenarios. In particu-
lar, we study how social context influences stability and efficiency in matching
games. Our approach uses dyadic influence values tied to the hop distance in
the graph. In this way, every player may consider the well-being of every other
player to some degree, with the degree of this regardfulness possibly decay-
ing with the hop distance. The perceived utility of a player is then composed
of a weighted average of match utilities. Players who only care about their
neighbors, as well as fully altruistic players, are special cases of this model.
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Moreover, for matching in social environments, the standard model of cor-
related stable matching may be too constraining compared to general cardinal
utilities, because matched players receive exactly the same reward. Such an
equal sharing property is intuitive and bears a simple beauty, but there are
a variety of other reward sharing methods that can be more natural in dif-
ferent contexts. For instance, consider pairs of students working together on
class projects. Should both students in a pair receive the same grade/reward,
or should they be given a grade based on how much effort they put into the
project? In another example, when joint projects result in a publication, in
mathematics and theoretical computer science it is common practice to list au-
thors alphabetically, but in other disciplines the author sequence is carefully
designed to ensure a proper allocation of credit to the different participants
of a joint paper. Here the credit is often supposed to be allocated in terms of
input, i.e., the first author should be the one that has contributed most to the
project. Such input-based or proportional sharing is then sometimes overruled
with sharing based on intrinsic or acquired social status, e.g., when a distin-
guished expert in a field is easily recognized and subconsciously credited most
with authorship of an article. In this paper, we are interested in how such
unequal reward sharing rules affect stable matching scenarios. In particular,
we consider a large class of local reward sharing rules and characterize the
impact of unequal sharing on existence and inefficiency of stable matchings,
both in cases when players are embedded in a social context and when they
are not.

1.1 Stable Matching Within a Social Context

Correlated stable matching games is a prominent subclass of general cardinal
stable matching games. In this game, we are given a (non-bipartite) graph
G = (V, E) with edge weights r. > 0 for all e € E. Every node is a player
and strives to build (at most) one incident edge from E. A matching M C F
is a non-overlapping set of edges. In a matching M, if node u is unmatched,
the reward of node u is 0. Otherwise, if u is matched to node v, the reward
of node u is defined to be exactly r. where e denotes the edge (u,v). This
can be interpreted as both u and v getting an identical reward from being
matched together. We will also consider unequal reward sharing, where for
each e = {u,v} € F in addition to r. we have two rewards r¥,r? > 0 with
re +ry = re. Therefore, the preference ordering of each node over its possible
matches is implied by the rewards that this node obtains from different edges.
A pair of nodes {u,v} is called a blocking pair in matching M if v and v are
not matched to each other in M, but can both strictly increase their rewards
by being matched to each other instead. A matching with no blocking pairs is
called a stable matching.

While the matching model above has been well-studied, in this paper we
are interested in stable matchings with externalities that arise in the presence
of social context. Denote the reward obtained by a node v in a matching M
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Fig. 1 The path of four nodes as described in Example 1

as R,. We now consider the case when node u not only cares about its own
reward, but also about the rewards of its friends. Specifically, for node v € V'
we denote by Ng(v) the set of nodes that have shortest distance of exactly d
to v in G. Then the perceived utility or friendship utility of node v in matching
M is defined as

diam(G)
Uy(M)=Ry(M)+ > aa > Ru(M), (1)
d=1 u€Ng(v)
where 1 > a1 > as > ... > 0 (we use a to denote the vector of «; values).

In other words, for a node u that is distance d away from v, the utility of v
increases by an «g factor of the reward received by w. Thus, if ay = 0 for
all d > 2, this means that nodes only care about their neighbors, while if all
ag > 0, this means that nodes are altruistic and care about the rewards of
everyone in the graph. The perceived utility is the quantity that the nodes
are trying to maximize, and thus, in the presence of externalities, a blocking
pair is a pair of nodes such that each node can increase its perceived utility
by matching to each other. Using this definition of blocking pair, a stable
matching is again a matching without such a blocking pair.

Example 1. Consider a simple path of four nodes (see Fig. 1), with edges
e1 = {w,u},e = {u,v},ea = {v,z}. This structure will play a prominent role
throughout the paper. First assume that 7., = r., = 1 and r. = 1 + ¢, for
€ > 0. We consider equal sharing, that is, both incident players receive the
same reward from an edge. For small values of €, the matching with maximum
total reward is M* = {ey, ea}. For a = 0, however, the unique stable matching
is My = {e}, as both u and v can strictly improve their rewards for every
matching M with e & M.

Now assume that € < 0.33 and we have friendship utilities with a; = 0.5
and as = a3 = 0. It is easy to observe that M, remains a stable matching.
Consider one of the possible pairs {u, w} and {v, z}. In each one, the perceived
utility of w or v would go down from 1.5 - (1 4 €) to 1.5, respectively. Hence,
none of them constitutes a blocking pair and M is stable. If, however, both
of these edges are constructed, then M™* is also a stable matching. The only
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possible blocking pair e destroys both {u,w} and {v,z}. Then the perceived
utility deteriorates from 2 to 1.5 (1+¢) < 2 for both w and v. Hence, e is not
a blocking pair, and M™ is stable. |

We also study more general stable matching models with nodes u and v
receiving different rewards r¥, and r?, from an edge {u,v} € M. Under these
conditions, a stable matching is not guaranteed to exist. Instead, we resort
to fractional stable matchings defined as follows. In a fractional matching M
there is a real number z. € [0, 1] for each edge e. It represents the degree to
which edge e is “in the matching” and can be thought of as the strength of the
match between the nodes incident to e. In addition, for every node u there is
a budget constraint ) . Besule < 1. Fractional matching is especially well-
motivated in a social context, since it captures the idea of relationships of
varying strengths, e.g., time spent together by friends or the extent of collab-
oration between two people, etc. The budget constraint models the fact that
a single person cannot be involved in an unlimited amount of strong relation-
ships. With fractional link strengths, the reward of a node u for an edge e
becomes z. - Y, and the total reward of node u becomes ZeEE,eau Tl

A fractional stable matching is a fractional matching without blocking
pairs. Analogous to a blocking pair for an integral matching, a blocking pair
for a fractional matching is an edge {u, v} such that by increasing the strength
of edge {u, v} (and possibly decreasing the strengths of some other edges {u, w}
and {v, z} to keep the budget constraints), both w and v strictly improve their
utilities. For fractional matching, the extension to friendships, social context,
and perceived utility is straightforward. Throughout the paper, the term stable
matching refers to an integral stable matching. We will explicitly mention when
fractional stable matchings are studied.

Example 1 (contd.). For our path example with equal sharing above without
friendship and a = 0, M is the unique stable matching. It is also the unique
fractional stable matching, as every fractional matching M that has z. < 1
allows u and v to jointly increase z, to 1 (and thereby possibly decreasing z.,
and z.,). In every case, this represents an increase of the reward of both u
and v.

For the case of friendship utilities with a; = 0.5 and € < 0.33, every linear
combination between the stable matchings M, and M™ constitutes a fractional
stable matching, and it is easy to see that these are the only fractional stable
matchings. For instance, z., = 0.75, . = 0.25 and z., = 0.75 is one such
fractional stable matching. A small increase of § on either x., or z., leads to
a decrease on x. by the same amount. The changes in perceived utility are
the same as observed above (times §), so this represents a deterioration of the
reward of u or v, respectively. An increase on e is not profitable for neither u
nor v for the same reasons. |

Centralized Optimum and the Price of Anarchy. We study the social welfare
of stable matchings and compare them to an optimal centralized matching.
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The social welfare v(M) of a matching M is defined as the sum of rewards
obtained by all the nodes in the matching M, i.e.,

v(M) =Y Ry(M) .

A social optimum or a socially optimal matching, which we will denote by M™*,
is a matching with the maximum social welfare, i.e.,

M*= argmax o(M) .
M is a matching

While this is equivalent to maximizing the sum of player utilities when a = 0,
this is no longer true for perceived utilities with externalities @ # 0. Never-
theless, similar to, e.g. [43, 17], we believe this is a well-motivated and im-
portant measure of solution quality, as it captures the overall performance of
the system, while ignoring the perceived “good-will” effects of friendship and
altruism. For example, when considering projects done in pairs, the reward of
an edge can represent actual productivity, while the perceived utility may not.
Also note that a socially optimal matching need not be a stable matching.

To compare stable solutions with a social optimum, we will often consider
the price of anarchy (PoA) and the price of stability (PoS), defined over the
space Z of all instances as follows:

v(M*
PoA = max max (M)
IeT M, M*are stable and U(M)
socially optimal resp. in [
. v(M*
PoS = max min ()
IeT M, M*are stable and U(M)

socially optimal resp. in [

Intuitively speaking, PoA quantifies the maximum possible gap between a so-
cially optimal matching and a stable matching in any instance. PoS quantifies
the gap to a socially optimal matching within some stable matching is guar-
anteed to exist in any instance.

Example 1 (contd.). Reconsider Example 1. If @ = 0, the total reward of
the optimum matching M* is 4, while the reward of the unique (i.e., best
and worst) integral and fractional stable matching M, is 2(1 + ¢). For € — 0,
the example constitutes a lower bound on prices of anarchy and stability of 2
(which is also the correct upper bound, see, e.g., [8]). In this example, if we
start with e« = 0 and begin increasing «y until it reaches a; = 1, we see the
following effects. (1) The set of stable matchings only expands, i.e., matchings
that are stable at small o values remain stable as we increase ay. (2) The
price of anarchy remains the same for all values of ;. (3) The price of stability
improves as « increases: more specifically in this example it remains 2 until
a1 becomes large enough, and then becomes equal to 1. Below, we will show
that these properties hold much more generally, and not just for this simple
example. |
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1.2 Our Results

Equal Sharing In Section 2, we consider stable matching with friendship util-
ities and equal reward sharing. Our first insight here is a monotonicity result
about the set of stable matchings — given any game, when we increase an en-
try of «, the set of stable matchings only expands. This implies that a stable
matching exists, the price of anarchy (ratio of the maximum-weight matching
with the worst stable matching) can only increase, and the price of stability
(ratio with the best stable matching) can only decrease. In fact, the price of
anarchy remains at most 2, the same as in the case without friendship. The
price of stability, on the other hand, improves in the presence of friendship,
as we can show a tight bound of % Moreover, we present a dynamic
process that converges to a stable matching of at least this quality in polyno-
mial time if initiated from a social optimum matching. Our results imply that
with network externalities, the price of stability can greatly improve: e.g., if
ap = g = %, then the price of stability is at most g, and a solution of this
quality can be obtained efficiently.

The price of stability relies only on a7 and s, because the existence of
a blocking pair {u,v} depends only on the « values of nodes in distance of
at most 2 from w and v. This is because by deviating, u and v cannot affect
the matches of any nodes which are farther than distance 2 away from them.
To construct a good stable matching we have to ensure resilience to such
deviations, and as their effect is “local” in this sense, this locality is reflected
also in the bound.

General Reward Sharing In Section 3 we study more general reward sharing
schemes. When two nodes matched together may receive different rewards, an
integral stable matching may not exist. Thus, we focus on fractional stable
matchings which we show to always exist, even with friendship utilities. We
show that for arbitrary reward sharing, prices of anarchy and stability depend
on the level of inequality among reward shares. Specifically, if R is the max-
imum ratio over all edges {u,v} € E of the reward shares of node u and v,
then the price of anarchy is at most % Thus, compared to the equal
reward sharing case, if sharing is extremely unfair (R is unbounded) then ex-
ternalities become even more influential: changing a; from 0 to 1 5 reduces the
price of anarchy from unbounded to at most 3. In addition, for several par-
ticularly natural local reward sharing rules, we show that an integral stable
matching exists, give improved price of anarchy guarantees, and show tight

lower bounds.

General Additive-Separable FExternalities Some of our results continue to hold
when the values of a are not tied to hop distance. In particular, suppose for
each unordered pair u,v € V there are values o, > 0 and ay,, > 0, possibly
independent of their distance, and perceived utlhty of a node v in a matching
M is given by U, (M) = R,(M) + >, @ Ru(M).
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\
1/(1+c) + ¢ O

Oh

Q 1

Fig. 2 An instance for which bad matchings become stable for friendship utilities with
general additive-separable externalities (See Example 2)

For equal sharing and a,, = o, = ar,, a stable matching under friendship
utilities still exists. However, the set of stable matchings can change completely
when increasing a from 0. Both prices of anarchy and stability can strictly

increase in this case.

Example 2. As shown in Fig. 2, consider a path of length 2 with edges
e1 = {w,u} and e = {u,v}. Suppose r,, = 1 and r, = %—&-c +e, fore >0
and € € (0,¢/(1 4 ¢)). In this case, the optimum is edge e, and it is also
the unique stable matching when a = 0. Hence, both prices of anarchy and
stability are 1 in this case. When we increase «,, from 0 to some value larger
than ¢, then edge e becomes the unique stable matching, and for ¢ — 0 the

prices of anarchy and stability become 1 + c. |

For a,, = ¢ € [0,1], the above example provides both a price of anarchy
and stability lower bound of up to 2. In fact, there are games where the price
of anarchy can increase even beyond 2.

Example 3. Consider the same path structure as in Example 1 with edges
e1 = {w,u},e = {u,v},ea = {v,z}. Here we assume that rewards are r., =
Te, = 1 and r. = 0.5. Also, assume a,,, = 1 and all other values of the vector
a to be 0. It is straightforward to see that edge e is a stable matching here,
and the price of anarchy becomes 4. |

For general reward sharing, the existence of fractional stable matchings
even continues to hold when for each unordered pair u,v € V there are possibly
different non-negative o, # ar,. However, our bounds on the price of anarchy
cannot be extended to this case. A deeper study of the price of anarchy with
general externalities is an interesting avenue for future work.

1.3 Related Work

Stable matching problems have been studied intensively over the last few
decades. On the algorithmic side, existence, efficient algorithms, and improve-
ment dynamics for two-sided stable matchings have been of interest (for refer-
ences, see standard textbooks [25, 46, 40]). In this paper, we address the more
general stable roommates problem, in which every player can be matched to
every other player. For general preference lists, there have been numerous
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works characterizing and algorithmically deciding existence of stable match-
ings [34, 48, 19, 46]. In contrast, fractional stable matchings are always guar-
anteed to exist and exhibit interesting polyhedral properties [2, 1, 48]. For the
correlated stable roommates problem, existence of (integral) stable matchings
is guaranteed by a potential function argument [3, 42], and convergence time
of random improvement dynamics is polynomial [4]. In [7], bounds on prices
of anarchy and stability for approzimate correlated stable matchings were pro-
vided. Similar studies in a setting with geometric distances were conducted
in [10]. In contrast, we study friendship, altruism, and unequal reward sharing
in stable roommates problems with cardinal utilities.

Another line of research closely connected to some of our results involves
game-theoretic models for contribution. In [8] we consider a contribution game
tied closely to matching problems. Here players have a budget of effort and
contribute parts of this effort towards specific projects and relationships. For
more related work on the contribution game, see [8]. All previous results for
this model concern equal sharing and do not address the impact of the player’s
social context. As we mention in the conclusion, many of our results for friend-
ship utilities can also be extended to such contribution games.

Analytical aspects of reward sharing have been a central theme in game
theory since its beginning, especially in cooperative games [44]. Recently, there
have been prominent algorithmic results also for network bargaining [37, 35]
and credit allocation problems [36]. Another recent line of work [49, 50] treats
extensions of cooperative games, where players invest into different coalitional
projects. The main focus of this work is global design of reward sharing schemes
to guarantee cooperative stability criteria. Our focus here is closer to, e.g., re-
cent work on profit sharing games [12, 41]. We are interested in existence,
computational complexity, and inefficiency of stable states under different re-
ward sharing rules, with an aim to examine the impact of social context on
stable matchings. Closely related to our approach is a recent study of design-
ing and allocating reward shares to reduce the price of anarchy and stability
in stable matching scenarios without externalities [31].

Our notion of a player’s social context is based on numerical influence
parameters that determine the impact of player rewards on the (perceived)
utilities of other players. A recently popular model of altruism is inspired
by Ledyard [38] and has generated much interest in algorithmic game the-
ory [18, 17, 29]. In this model, each player optimizes a perceived utility that
is a weighted linear combination of his own utility and the utilitarian welfare
function. Similarly, for surplus collaboration [11] perceived utility of a player
consists of the sum of players utilities in his neighborhood within a social
network. Our model is similar to [16, 28, 20, 45] and smoothly interpolates be-
tween these global and local approaches. The idea of utility being influenced
by friends and peers has also been explored in the contexts of many-to-one
two-sided matchings in housing allocation [14] and social choice [47]. Among
the several key differences between our work and [14], our work is not restricted
to two-sided matchings, and our definition of stability does not include edges
as the additional players (unlike their case, where houses also have preferences
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(both u and v were

w matched before) z

Fig. 3 biswivel deviation

over sets of occupants). Moreover, in our paper social welfare sums the actual
utilities and not the perceived utilities. Another related work to assignment
problems and social context is [13], a different approach where they attempt
to infer and quantify different network externalities based on the dynamics of
the assignment process. In [15] the authors describe how “attitudes” of agents
can affect the agent deviations and the stability of matchings. However, their
focus is the computational complexity of the dynamics and, unlike in our work,
the perceived utility of an agent is not affected by the match quality of other
agents.

Very recently, our model has been analyzed in terms of convergence of
dynamics. The case of equal sharing and o, = o}, = a, can be captured
within a framework of consistent matching games, which encompass also other
classes of stable matching with visibility and externality constraints [26, 32,
30]. In [33] it is shown that, from every starting matching in such a game, there
is a sequence of polynomially many blocking-pair resolutions to a stable state.
Moreover, every state reachable via a sequence of blocking-pair resolutions can
also be reached within a polynomial number of steps. In contrast to our paper,
these works do not address prices of anarchy and stability and the computation
of good matchings.

A preliminary version of this paper appeared in the proceedings of the 21st
European Symposium on Algorithms (ESA 2013).

2 Stable Matching with Equal Reward Sharing

We begin by considering correlated stable matching in the presence of friend-
ship utilities. In this section, the reward received by both nodes of an edge in
a matching is the same, i.e., we use equal reward sharing, where every edge e
has an inherent value r. and both endpoints receive this value if edge e is in
the matching. We consider more general reward sharing schemes in Section 3.
Recall that the friendship utility of a node v increases by a4 R,, for every node
u, where d is the shortest distance between v and u. We abuse notation slightly,
and let ay, denote oy, so if u and v are neighbors, then oy, = a;.

Given a matching M, let us classify the following types of improving devi-
ations that a blocking pair can undergo.

Definition 1. We call an improving deviation a biswivel whenever two neigh-
bors u and v switch to match to each other, such that both u and v were matched
to some other nodes before the deviation in M.
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(v was unmatched (both u and v were unmatched

W before the deviation) before the deviation)

Fig. 4 swivel deviation

See Figure 3 for explanation. For such a biswivel to exist in a matching,
the following necessary and sufficient conditions must hold.

I+ a1)ruw > (1 + a1)Tuw + (@1 + Quz) 7oz (2)
(1 + Ofl)ruv > (1 + al)rvz + (Oll + O‘Uw) Tuw (3)

Intuitively, the left side of Inequality (2) quantifies the utility gained by wu
because of getting matched to v and the right side quantifies the utility lost
by u because of u and v breaking their present matchings with w and z re-
spectively. Hence, Inequality (2) implies that u gains more utility by getting
matched with v than it loses because of v and v breaking their matchings with
v and z. Inequality (3) can similarly be explained in the context of node v.

Definition 2. We call an improving deviation a swivel whenever two neigh-
bors get matched such that at least one node among the two neighbors was not
matched before the deviation.

See Figure 4 for explanation. For such a swivel to occur, the following set
of conditions must hold.

(1 + O[l)?"uv > (1 + al)ruw (4)
(1 + 0[1)’)"“1, > (041 + Oévw)ruw (5)

Inequality (4) says that u gains more utility by getting matched with v than
it loses by breaking its matching with w. Inequality (5) says that v gains
more utility by getting matched with u than the utility it loses because of u
breaking its matching with w. As a1 4+ ayw < 1+ a1, Inequality (5) is implied
by Inequality (4). This means that if v is unmatched, the only condition for
{u,v} to be a blocking pair is that u should have net increase in utility by
getting matched with v. This is true even if v and w are neighbors. Canceling
the factor of 1 4+ ay, we can thus summarize this (necessary and sufficient)
condition for swivel to be an improving deviation as:

Tuv > Tuw (6)

All improving deviations by a blocking pair can be classified as either a biswivel
or a swivel, depending only on whether both nodes are matched or not. The
following observation will later be useful. It is straightforward with inequali-
ties (2) and (3) for a biswivel and inequality (6) for a swivel.

Observation 1. Suppose nodes u and w are matched in M. If {u,v} forms
a blocking pair, then ry, > Tyw-
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2.1 Existence and Welfare of Stable Matchings with Friendship Utilities

Theorem 1. A stable matching exists in stable matching games with equal
sharing and friendship utilities. Moreover, the set of stable matchings without
friendship (i.e., when o = 0) is a subset of the set of stable matchings with
friendship utilities on the same graph.

Proof. We know from [3] that a stable matching M exists in the special case of
correlated stable matching without friendship utilities, i.e., when a = 0. Now
we prove that the same matching M is stable even when we have friendship
utilities.

Suppose for contradiction that M is unstable for some value of a. This
is possible only if we have a blocking pair {u,v}. But this cannot happen
because:

— If both u and v were unmatched in M then M could not have been stable
for a = 0.

— If exactly one of u and v is unmatched in M, say u is matched to w
and v is unmatched, then for {u,v} to be a blocking pair, 7., > Tuw by
Observation 1. But in such a case, M could not have been stable for a = 0.

— Suppose both u and v are matched in M, say u is matched to w and v is
matched to z. In such a case if {u,v} forms a blocking pair corresponding
to a biswivel, then by Observation 1, we have r, > Ty, and ry, > 7, and
thus M could not have been stable for a = 0.

Hence we have shown that no blocking pair exists in M with friendship utilities,
thus proving the theorem. O

Let us quickly comment on coalitional deviations. Stable matchings exactly
compose the core of the stable matching game, i.e., every stable matching is
also resilient to coalitional deviations that allow each deviating player to im-
prove strictly. With externalities, however, this relation breaks. In particular,
while the set of stable matchings (resilient to blocking pairs) expands when
friendship increases, the core can become empty.

Example 4. Asshown in Fig. 5, consider a game with 6 nodes V' = {vy,...,vs}.
There is a square: e; = {v1,v2}, e2 = {va,v3}, e3 = {v3, 04}, €4 = {v4,v1}. In
addition, there are two leaves: e5 = {v1,v5}, e = {v3,v6}. The rewards are
Tey =Tey = 1, Tey =Te, =0, Te; = T¢, = 1.1. Consider a; = 1 and ag = 0
for d > 1. Observe that v; and vs always have an incentive to deviate to es
as this swivel improves both their (perceived) rewards. The same holds for v
and vg. Hence, the unique stable matching is M = {es5,es}. However, in M
the coalition {v1,...,v4} can then jointly deviate to {e1, e3}, increasing their
perceived utility from 2.2 to 3. This shows that there is no strong equilibrium,
i.e., the core of the game with friendship is empty. |

While the core might be empty, our previous existence argument for stable
matchings can be significantly generalized to the case of general symmetric,

non-negative influence values ay,, = ag, = a, > 0. Let us define gy, =
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O 1.1 O Ve

V4 V3

Fig. 5 Example in which a strong equilibrium does not exist with friendship utilities

(14 ) Tup for each unordered pair u, v € V. We term g, the “perceived edge
reward” for every edge {u,v} € E. It is straightforward to set up the conditions
for profitable biswivels and swivels similar to (2)-(5) above. By inspection,
we see that necessary conditions for a profitable biswivel are gy, > qu«w and
Guv > Gu-- Similarly, for a swivel it is necessary that ¢y, > ¢uw. This implies the
same statement as in Observation 1 using g, instead of r,,. The perceived
edge reward is the same for both incident players. Now define an auxiliary
stable matching game SM G, with equal sharing and no friendship, which has
exactly the same set of edges, and each edge {u,v} € E has reward qy,. A
stable matching M exists in SMG,. As we only strengthen the requirements
for a blocking pair when going from SM G, to our game with friendship, M is
also stable in our game with friendship.

Corollary 1. A stable matching exists in stable matching games with equal
sharing and friendship utilities based on gemeral symmetric, non-negative .

As the last result in this section, we bound the price of anarchy.

Theorem 2. The price of anarchy in stable matching games with equal sharing
and friendship utilities is at most 2, and this bound is tight.

Proof sketch. The idea of the proof is the following. Denote an optimal solution
and a stable matching by M* and M respectively. Let z7,, and z,, denote the
fraction with which edge {u, v} is present in M* and M respectively. Consider
an edge {u,v} such that z¥, > x,,. If the fraction of the edge {u,v} in M
was increased to zj, from z,, by decreasing fractions of some other edges
in M incident on w and v, then at least one of the endpoints of {u,v} does
not improve its utility. Tag this endpoint as corresponding to edge {u,v} and
denote the set of tagged nodes by B. We get one inequality for each node
u € B for such a modification of fractions of adjoining edges. The critical step
is to add all such inequalities to obtain the following:

Z Quuv - (x;kw - xuv) < 2 Z Guw * (xuw - xZw) . (7)
{u,v} {u,v}

st x> Tuw stz < Ty
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The above inequality bounds the contribution made by the edges with a
“stronger presence” in M* in terms of the contribution made by the edges
with a stronger presence in M. Simple algebraic manipulations along with
adding the contribution from the remaining edges (with =¥, = z,,) leads us
to proving our result:

Z quxzv S 2. Z GuvTyv

{u,v} {u,v}

We give an intuition for Equation 7 by drawing analogy to the widely-known
result that a maximum matching in a graph has at most twice the number of
edges of a maximal matching. While proving this result, the common edges are
discounted and later the fact is used that each edge in a maximum matching
(which is not present in a maximal matching), is accounted by at least one
adjacent edge which is present in the maximal matching (and this edge is
absent in the maximum matching). The factor 2 results because each edge
present in a maximal matching can be used to account for two adjoining edges
in a maximum matching. Equation 7 extends this technique to the case of
fractionally stable matchings. a

We omit the detailed proof of Theorem 2 because its proof can be obtained
as a special case of the proof of our much more general Theorem 6 presented
later, where we show a bound on the price of anarchy of 1 + ﬁt‘f}%, with
R being a measure of how unequally players can share rewards on an edge.
When players share edge rewards equally, the bound on the price of anarchy
in Theorem 6 reduces to 1 + ﬁgi = 2, as desired. Observe that Theorem 6
provides this bound even for all fractional stable matchings. We have seen in
Example 1 in the introduction that this bound is tight, and in Example 3
that it does not extend to friendship utilities based on general symmetric,

non-negative a.

2.2 Price of Stability and Convergence

The main result in this section bounds the price of stability in stable matching
games with friendship utilities to %, and this bound is tight (see The-
orem 4 below). This bound has some interesting implications. It is decreasing
in each of a; and a9, indicating that having friendship utilities (i.e., caring
about the rewards of your friends more, and thus having higher a; or as val-
ues) results in lower price of stability than without friendship utilities (i.e.,
when all a values equal 0). Also, note that values of as, ay, ..., 0giam(c) have
no influence on this bound. Thus, caring about players more than distance 2
away does not improve the price of stability in any way. Also, if a1 = as =1,
then PoS = 1, i.e., there will exist a stable matching which will also be a social
optimum. Thus loving thy neighbor and thy neighbor’s neighbor but nobody be-
yond is sufficient to guarantee that there exists at least one socially optimal
stable matching. In fact, due to the shape of the curve, even small values of
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1. Initialize M = M™* where M* is a socially optimum matching.

2. If there is no relaxed blocking pair, terminate. Otherwise, resolve relaxed
blocking pair {u,v} with maximum edge reward ry, by adding {u,v} to M and
removing from ) any other matching edges incident to u and v.

3. Repeat step 2.

Fig. 6 BEST-RELAXED-BLOCKING-PAIR Algorithm

friendship quickly decrease the price of stability; e.g., setting a3 = as = 0.1
already decreases the price of stability from 2 to ~ 1.7.

We will establish the bound on the price of stability by defining an algo-
rithm that creates a good stable matching in polynomial time. One possible
idea to create a stable matching that is close to optimum is to use a BEST-
BLOCKING-PAIR algorithm: Start with the best possible matching, i.e. a social
optimum, which may or may not be stable. Now choose the “best” blocking
pair {u, v}, the one with maximum edge reward r,,. Allow this blocking pair
to get matched to each other instead of their current partners. Check if the
resulting matching is stable. If it is not stable, then allow the best blocking
pair for this matching to get matched. Repeat the procedure until there are
no more blocking pairs, thereby obtaining a stable matching.

This algorithm gives the desired price of stability and running time bounds
for the case of “altruism” when all «; are the same, see Corollary 2 below. To
provide the desired bound with general friendship utilities, we must alter this
algorithm slightly using the concept of relazed blocking pair.

Definition 3. Given a matching M, we call a pair of nodes {u,v} a relaxed
blocking pair if either {u,v} form an improving swivel, or u and v are matched
to w and z respectively, with the following inequalities being true:

(1 + 011)7”'7“, > (1 + Oél)’f'uw + (Oél + 042) Tvz (8)
(1+ a)ruw > (14 a7, + (a1 + a2) Tuw (9)

In other words, a relaxed blocking pair ignores the possible edges between
nodes u and z, and has «y in the place of a,, (similarly, cs in the place of
Q). Tt is clear from this definition that a blocking pair is also a relaxed
blocking pair, since the conditions above are less constraining than Inequali-
ties (2) and (3). Thus a matching with no relaxed blocking pairs is also a stable
matching. Moreover, it is easy to see that Observation 1 still holds for relaxed
blocking pairs. We will call a relaxed blocking pair satisfying Inequalities (8)
and (9) a relazed biswivel, which may or may not correspond to an improving
deviation, since a relaxed blocking pair is not necessarily a blocking pair.

2.2.1 The BEST-RELAXED-BLOCKING-PAIR Algorithm

We use the BEST-RELAXED-BLOCKING-PAIR algorithm shown in Figure 6 to
compute a near-optimal stable matching. To establish the efficient running
time and the bound on the price of stability of the resulting stable match-
ing, we first analyze the dynamics of this algorithm and prove some helpful
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lemmas. We can interpret the algorithm as a sequence of swivel and relaxed
biswivel deviations, each inserting one edge into M, and removing up to two
edges. It is not guaranteed that the inserted edge will stay forever in M, as a
subsequent deviation can remove this edge from M. Let O1, O3, O3, - -+ denote
this sequence of deviations, and e(¢) denote the edge which got inserted into
M because of O;. We analyze the dynamics of the algorithm as follows.

Observation 2. During the execution of BEST-RELAXED-BLOCKING-PAIR,
the first deviation Oy is a relazed biswivel.

This is straightforward, as O; being a swivel would strictly improve the
value of the matching by Observation 1. As we begin the algorithm with M =
M*, Oy cannot be a swivel, because there is no matching with value strictly
greater than M*.

Lemma 1. Let O; be a relaved biswivel that takes place during the execution
of the best relazed blocking pair algorithm. Suppose a deviation Oy takes place
before O;j. Then we have 1oy > Te(jy- Furthermore, if Oy is a relaved biswivel
then e(k) # e(j) (thus at most |E(G)| relaxed biswivels can take place during
the execution of the algorithm).

It is important to note that this lemma does not say that re;) > re(;) for
i < j. We are only guaranteed that r.;) > re;) for @ < jif O; is a relazed
biswivel. Between two successive relaxed biswivels Oy, and O;, the sequence of
Te(;) for consecutive swivels can and does increase as well as decrease, and the
same edge may be added to the matching multiple times. All that is guaranteed
is that ro(;) for a biswivel O; will have a lower value than all the preceding
Te(s)’s- Thus, this lemma suggests a nice representation of BEST-RELAXED-
BLOCKING-PAIR in terms of phases, where we define a phase as a subsequence
of deviations that begins with a relaxed biswivel and continues until the next
relaxed biswivel. Observation 2 shows that the start of the sequence is also the
start of the first phase. Lemma 1 guarantees that at the start of each phase,
the r,(;) value is smaller than the values in all previous phases, and that there
is only a polynomial number of phases. Now we proceed to prove Lemma 1.

Proof. Let e(j) = {v, 2z} get inserted in M because of a relaxed biswivel O;.
We first give a brief outline of the proof. Suppose that the claim rqg) > 7¢(j)
for k < j is false, and we have an O with & < j such that reg) < 7).
Clearly {v,z} could not have been a relaxed blocking pair just before Oy,
otherwise the algorithm would have chosen {v, z} as the best relaxed blocking
pair instead of Oy. We will show that this leads to a conclusion that {v,z}
cannot be a relaxed blocking pair even for O;. This is a contradiction, hence
our assumption of 7y < 7¢(j) could not have been correct. Thus for all Ok
such that k < j we will have r¢) > re(;). Later we will use similar reasoning
to prove that if O; with ¢ < j is a relaxed biswivel that takes place before a
relaxed biswivel Oy, then e(i) # e(j). Now let us proceed to the proof.
Suppose to the contrary that we have Oy with k < j such that re) < 7o)
with O; being a relaxed biswivel. As discussed in the outline of the proof, this
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implies that {v, z} was not a relaxed blocking pair at the time Oy, was selected.
Let S be the set of nodes with whom v and z are matched at the time that
Oy is selected. As long as S does not change, v and z will not be a relaxed
blocking pair, since the change in utility experienced by v and z from matching
to each other depends only on their partners in the current matching, i.e., the
set S. Thus for the relaxed biswivel O; to occur, S must change between Oy,
and O;. We will show that this leads to a contradiction: {v,z} cannot be a
relaxed blocking pair at the time O; is selected.

<Z ) O Oy

1% O 1
O <O

Fig. 7 Illustration for the proof of Lemma 1

Suppose v is matched to z and z is matched to y just before biswivel O;
(see Figure 7). Since {v, z} is a relaxed blocking pair at this point, we thus
have

(1 -+ Oél)Tvz > (1 + al)rvz + (al + OQ)TZ?! (10)
(I+a)re: > (1 +ar)ry + (a1 + a2)res - (11)

Recall that {v, z} was not a relaxed blocking pair just before Oy, and to make
it a relaxed blocking pair for O;, S must change between Oy and O;. Let O,
be the last deviation which changed S to {z,y}. Without loss of generality,
we can assume that O; adds the edge {v,z}. Now we have two cases:

— {v, z} was a relaxed blocking pair at the time O; is selected. In this case
{v,z} could not have been the best relaxed blocking pair for O;, because
inequality (10) tells us r,, > 7pz.

— {v, z} was not a relaxed blocking pair at the time O; is selected. Suppose
v was matched with w before O;. As {v, z} was not a relaxed blocking pair
just before O;, we have

Either (1 + a1)ry. < (14 a1)rvw + (01 + a2)ray (12)

OR (1+ a1)ry, < (14 aq)rzy + (o1 + a2)rpw - (13)

(If v was unmatched just before Oy, then substitute r,,, = 0 to obtain the
appropriate condition.) Assume that it is inequality (12) that holds. Then,
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because O; removes edge {v,w} and adds edge {v,x}, we have r,; > Ty
as Observation 1 holds for relaxed blocking pairs. Thus, it holds

1+ a1)rp. < (14 a1)rvs + (a1 + a2)rzy - (14)

This contradicts inequality (10), and thus {v, z} cannot be a relaxed block-
ing pair at the time O; is selected. The same conclusion can be reached if
we assume inequality (13) holds true.

In either case we obtain a contradiction, thus showing that if O; is a relaxed
biswivel, then for all Oy with k < j, we have rep) < 7e(;)-

The only remaining piece is to prove e(k) # e(j) if Oy is a relaxed biswivel.
Notice that if e(k) = e(j) = {v, 2}, then S has to change between Oy and O;.
Now we use exactly the reasoning from the previous paragraph to arrive at a
contradiction, thus proving that e(k) # e(4). O

If oy = ao, the conditions for a blocking pair are identical to the conditions
for a relaxed blocking pair. Hence, our algorithm corresponds to letting the
best blocking pair deviate at each step. As a special case, for a = 0 and corre-
lated stable matching, this algorithm is known to provide a stable matching in
polynomial time [4]. For friendship utilities, however, (quick) convergence was
previously unknown. We show that even with the addition of friendship, BEST-
RELAXED-BLOCKING-PAIR (and thus BEST-BLOCKING-PAIR when o = as)
terminates and produces a stable matching in polynomial time.

If instead of the best we pick some arbitrary blocking pair, then there
exists an instance in which, starting from the empty matching, a sequence of
blocking pairs of length 2(") exists until reaching a stable matching, even
without friendship. This is directly implied by recent results in correlated
stable matching [26].!

Moreover, it was shown recently in [33] that there is also a sequence of
blocking pairs of polynomial length until reaching a stable matching with
friendship utilities. However, [33] does not consider BEST-RELAXED-BLOCKING-
PAIR at all, and the sequence is not necessarily the one computed by BEST-
BLOCKING-PAIR. Also, in contrast to our case, the resulting matching in [33]
does not yield guarantees on the social welfare, which we show below in the
next section.

Theorem 3. BEST-RELAXED-BLOCKING-PAIR outputs a stable matching af-
ter O(m?) iterations, where m is the number of edges in the graph.

1 A trivial adjustment of the gadget in [26] allows us to construct the exponential sequence
even when starting from the social optimum. We scale the reward of each (original) edge
i € {1,...,m} in the gadget from ¢ to 1 4 i - ¢, for some tiny ¢ > 0. This preserves all
incentives and the structure of all blocking pairs. Then, we add an auxiliary neighbor for
each (original) player and connect it via an auxiliary edge of reward 1. The social optimum
is obviously given by matching each original player with his auxiliary neighbor. However, the
exponential sequence of blocking pairs still exists, because auxiliary edges are not rewarding
enough to influence blocking pairs among original players.
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Proof. Consider the three possible changes that can occur to the matching
M during each iteration: a swivel could add a new edge, or it could delete
an edge and add an edge with strictly higher r. value. A relaxed biswivel
deletes two edges and adds an edge with higher r. value than either. If no
biswivels takes place, and instead only swivel deviations take place, then the
number of edges in the matching cannot decrease. Also observe that swivel
deviations cannot form a cycle, i.e., if edge e; is removed by a swivel and edge
eo is added, and then later es is removed and es is added, and so on until
some edge e, then it cannot be that e, = e;. Such a cycle would lead to
a contradiction since 7y, > 7y, if a swivel causes removal of edge {u,w} to
insert edge {u,v}. Since the number of edges in a matching cannot decrease
with swivel deviations and swivels cannot form a cycle, it implies that the
maximum number of consecutive swivels that can take place is O(m?).

Now by Lemma 1 there are at most m relaxed biswivel deviations, so the
algorithm terminates after O(m?) deviations. Since there are no more relaxed
blocking pairs for the algorithm to continue, and since a blocking pair is also a
relaxed blocking pair, the final matching produced by the algorithm is a stable
matching. O

2.2.2 Upper Bound on the Price of Stability

As seen above, during the execution of BEST-RELAXED-BLOCKING-PAIR algo-
rithm we can have only a polynomial number of consecutive swivel deviations
between each relaxed biswivel. We also know that every phase (defined as a
maximal subsequence of consecutive swivels) lasts only a polynomial amount
of time, and there are only O(m) phases by Lemma 1. Moreover, in each phase,
the value of the matching only increases, since swivels only remove an edge
if they add a better one. Thus only relaxed biswivels operations can reduce
the cost of the matching during the execution of BEST-RELAXED-BLOCKING-
PAIR algorithm. We use these properties below to bound the cost of the stable
matching this algorithm produces.

To prove the bound, we will need some notation. We define a sequence of
mappings from M* to E(G). Define hy : M* — E(G) as ho(e) = e. Depending
on O;, we define h; as follows: Suppose O; is a deviation that removes edge
hi—1(e;) from M. If O, inserts edge e; in M then set h;(e;) = e;. For all other
er € M*, keep h;(er) same as h;_1(ex). Let us note that a deviation O; may
not remove any edges from {h;_1(e;) : ¢; € M*}. This can happen because
during the course of the algorithm, two unmatched nodes can get matched,
say to insert e, into M. No edges in M* get mapped to e,. If this edge is
removed from M by a later deviation, the mapping may not change, since no
edge is mapped to e,. To summarize, h; may be the same as h;_;, or may
differ from h;_; in one location (in case of a swivel), or in two locations (in
case of a relaxed biswivel). Denote the resulting mapping when our algorithm
terminates by hjs.

Intuitively, think of the functions h; as labels for each edge in the current
matching. The set of possible labels is that of the edges in M*. At the start,
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each edge of M* is labeled with itself. At the end, hps(e) is the edge of M
labeled with the label e. Our algorithm “converts” edge e into hjps(e) during
its entire execution. Note that an edge of M can have many labels at the same
time, since after a biswivel in which e; and e; are removed and eg is added,
e3 gets the labels of both e; and es.

Coupling Observation 1 with the definition of mappings h;, we get:

Observation 3. {7, () }i>0 i a nondecreasing sequence and Ty, () > Th,(e)
whenever h;y1(e) # hi(e).

The observation holds because the only reason for ry,, ., (¢) # T, (e) is Wwhen
the deviation O; causes a node to obtain higher utility by switching to h;1(e)
from h;(e) (either due to a biswivel or a swivel). Then Observation 1 states
that the edge reward of the new edge ry,,,, () must be greater than 7y, ).
Now the next lemma will be instrumental in proving the bound on the price
of stability.

Lemma 2. If hys(e;) = ha(e;) with e; # e; then
1. There must exist a relazed biswivel Oy such that hi_1(e;) # hk,l(ej) but
Oy makes hy(e;) = hi(ej). Furthermore, for all p > k we have hy(e;) =

hp(€;).

2. There does not exist another e; € M* such that hpr(e)) = ha(e;) =
ha(e;). -

3. Te; +re; < H;;ﬁ * Thay(ei)

Proof. To prove the first part, say O; was the first deviation such that h;_1(e;) #
hi—1(e;) and hy(e;) = hi(e;). This cannot happen because of a swivel deviation
because a swivel can make hj(e) # h;_1(e) for at most for one e € M*. Thus
O; must be a relaxed biswivel. Set k = [, and it is easy to see that for p > k
we have hy(e;) = hp(e;). Hence the first part is proven.

To prove the second part, suppose there exists an ¢; with e; # e; # e; such
that has(er) = har(e;) = has(e;). From the first part, there must exist a relaxed
biswivel Oy s.t. hy_1(e;) # hip—1(e;) but hg(e;) = hi(e;). Similarly there must
exist a relaxed biswivel O, s.t. hyp_1(e;) # hp—1(e;) but hy(e;) = hy(e;).
Without loss of generality say p > k. Using Lemma 1 we get 7¢(x) > (). But
from Observation 3, we have 7¢(x) < 7e(p), since e(p) = hy(e;) # hi(e;) = e(k).
We obtain a contradiction here, thus proving that there does not exist another
e; € M* with hM(el) = hM(eZ) = hM(ej).

To prove the third part, consider a relaxed biswivel Oy, such that hy_1(e;) #
hix—1(e;) and hi(e;) = hg(e;). Substitute ruy = T, () Tuw = Thy_y(e;) and
Tyz = Th;_,(e;) N inequalities (2) and (3). Adding these inequalities and sim-
plifying we get

24204 1
S T1 200 tag e (15)

From Observation 3, we know {r, (. }i>0 is a nondecreasing sequence. Using
this in (15) we get

Thy_1(es) + Thi_1(ez)

2+ 20

- . N . 16
<20 1o e (16)

Tei + Tej
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O

Lemma 2 states that for every edge e € M, at most two edges of M*
can map to it, i.e., there are at most two edges e; and e; such that hp(e;) =
har(ej) = e. Let B denote the set of edges e; € M* such that has(e;) = har(e;)
for some other e; € M*. These are the edges which “share” the edge e of M
they are mapped to because another edge of M™* is mapped to the same edge
e. Let A denote the remaining edges in M™*, i.e., the edges e; € M™ so that
no other edge of M* is mapped to the same value hps(e;). We can further
partition set B into two sets P and @ as follows. B naturally consists of pairs
of edges e; and e; of M* which have the same value has(e;) = har(e;). We
will take one of these edges from each such pair and put it into P, while we
put the other one into (). More formally, take one such pair e; and e; and
choose one of these two edges arbitrarily (say we choose e;). Add e; to P,
and the other edge in the pair (which we will denote as u(e;)) into Q. The
matching M computed by BEST-RELAXED-BLOCKING-PAIR has value at least
Y eca Thar(e) T 2 eep Thas(e), since all of the edges of A and P are mapped to
unique edges of M. Possible additional edges in M may also exist because of
swivels which match two previously unmatched nodes with each other, but
this is certainly a lower bound on the value of M.

This allows us to prove the main theorem of this section.

Theorem 4. The price of stability in stable matching games with equal sharing
and friendship utilities is at most —5-221—  and this bound is tight.

1+2a s ?
Proof. The value of M* is given by

wM*) = "re+ Y e+ > 7o

ecA ecP ecq
= Z Te + Z(Te + Tu(e)) .
ecA eEP

Using Lemma 2, for e € P we have 7. + 7, < %

Observation 3, for e € A we have r. <1y, (o). Thus, we get

“Tha(e)- Using

2+ 204

W) S D ) + 2 T, 4y
ecA ecP

24204
< e E E
~ 1420 +ay (eGAThM(E) + ThM(@))

ecP

Note that this inequality may not be strict since A may be empty. This could
happen if each edge in M* gets removed because of a relaxed biswivel as the
algorithm proceeds (though it may be possible that it is inserted later). We
also have w(M) > > c A Thu(e) T Doeep Thar(e) for the final matching M of
the algorithm. Using this,

2+2
W) < o=

_cTEM (M
14201 4+ o w( )7
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which proves the bound on the price of stability, since M is a stable matching.

To prove the tightness of the bound, assume oy = 0 and set ry, = %’glﬂ,
Tuw = Tvz = 1 in Fig 3. Then we have {{u,v}} as the only stable matching
but the social optimum is {{u,w}, {v,z}}. Thus, we get a price of stability of

ﬁ%ﬁjﬁ. With € — 0, this yields a tight bound for ay = 0. O

Theorems 3 and 4, yield the following corollary about the behavior of best
blocking pair dynamics. It applies in particular to the model of altruism when
a; =aforalli=1,...,diam(QG), as for a; = as, BEST-RELAXED-BLOCKING-
PAIR is BEST-BLOCKING-PAIR.

Corollary 2. If a; = as and we start from a socially optimum matching,
BEST-BLOCKING-PAIR converges in O(m?) time to a stable matching that is

at most a factor of % worse than the optimum.

+2a1+az

3 Stable Matching with Friendship and General Reward Sharing

In the previous section we assumed that for {u,v} € M both u and v get the
same reward T,,. Let us now treat the more general case where v and v receive
different rewards for {u,v} € M. We define 3, as the reward of = from edge
{z,y} € M. We interpret our model in a reward sharing context, where  and
y share a total reward of ry, = r7, + r¥,. The correlated matching model of
Section 2 can equivalently be formulated as equal sharing with nodes v and v
receiving a reward of 7, /2.

Let us again write explicit conditions for nodes to form a blocking pair
in this context and define some helpful notation. The necessary and sufficient
conditions for nodes {u, v} to form a biswivel from nodes w and z (See Fig. 3)
in reward sharing with friendship are

u v u w v z
Tyy T 1Ty > Ty + al(ruw + Tvz) T Ty

v u v z u w
Tyy T Q1T > Ty + al(rvz + 7quw) T QT -

We define ¢, = ry, + airy,. Then the conditions for biswivel such as shown
in Fig. 3 are

q;jv > q'xw + 0[17‘32 + auzrsz (17)
qZ’U > qu + alr:jw + Oévwr:fw . (18)
Similarly, the necessary and sufficient conditions for swivel (See Fig. 4) are
T.Zv + 0[17";)” > TZw + alrzlzuw
TZ'U + alrﬁv > alr:jw + Oévwriuw :
Using the definition of ¢, the conditions for swivel become
Qv > Qo (19)
Qoy > QT + QT - (20)

Let us define g,y = g5, + q¥,. Thus we obtain g,,, = (1 + a1)rs,.
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3.1 Existence of a Stable Matching

Without friendship utilities, our stable matching game reduces to the stable
roommates problem (i.e., non-bipartite stable matching), since reward shares
can be arbitrary and thus induce arbitrary preference lists for each node. It
is well known that a stable matching may not exist in instances of the stable
roommates problem [23]. While we are able to prove existence of integral
stable matching for several interesting special cases (see Section 3.4 below), the
addition of friendship further complicates matters. In Section 2.1 we showed
that for equal sharing, a stable matching without friendship utilities (i.e.,
a = 0) is also a stable matching when we have friendship utilities. This is no
longer true for unequal reward sharing: adding a social context can completely
change the set of stable matchings. To see this, consider the following example,
where adding a social context (i.e., increasing a above zero) destroys all stable
matchings that exist when a = 0. In fact, Example 5 goes even further to
show that the set of stable matchings with and without friendship could be
completely non-overlapping.

Example 5. Consider the graph on the left hand side from Fig. 4. We assign
i, =re =1, rt =10/11, r2, = 100/11 with @3 = 1/2 and as = a3 =
.-+ = 0. Without friendship utilities, {{u,w}} is the only stable matching
as v and w will always want to get matched to each other. However, with
friendship utilities we have g, = %, Qo = %,q}jv = %, Qo = % Thus,
using inequalities (19) and (20) we see that with friendship utilities, the only
stable matching is {{u, v}} as u will always want to get matched to v. Thus for
unequal reward sharing with friendship utilities, the set of stable matchings
can be completely non-overlapping with the set of stable matchings for unequal

reward sharing without friendship utilities. |

Although stable matchings may not exist in general non-bipartite graphs,
fractional stable matchings are guaranteed to exist [2]. Fortunately, as we
prove below, this holds even in the presence of friendship utilities with general
reward sharing: A fractional stable matching always exists.

A fractional stable matching is a fractional matching without blocking
pairs. Specifically, a biswivel occurs when there is an edge {u,v} such that
increasing the strength of edge {u,v}, and decreasing the strength of some
other edges {u, w} and {v, z} would strictly improve the utilities of both u and
v. The inequalities that would make this be true are exactly (17) and (18);
they do not change simply due to the fractional nature of the matching (note,
however, that for a biswivel to make sense, it is necessary that z,, < 1,
Zyaws Tyz > 0). Similarly, a swivel occurs when increasing the strength of an
edge {u,v} with node v not being tight (i.e., - ., . < 1), and decreasing the
strength of some edge {u, w} would strictly improve the utilities of both v and
v; or when there are two adjacent nodes that are not tight. The inequalities
that would make this be true are exactly (19) and (20).

Theorem 5. A fractional stable matching always exists, even for general re-
ward sharing and friendship utilities.
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Proof. We use the same line of reasoning as for equal sharing above. We de-
note by SMG, an auxiliary stable matching game where we have exactly the
same edges, no friendship, and rewards as in ¢, i.e., a node u will prefer node
v over w iff ¢, > ¢y, breaking ties arbitrarily. SM G, has at least one frac-
tional (and, in fact, half-integral) stable matching [2]. Similar as before, the
requirements for a blocking pair in our game with friendship are stronger than
in the auxiliary game. Hence, a (fractional) stable matching in SM G, remains
stable in our game with friendship.

More formally, suppose a fractional stable matching M for SM G, is not
a fractional stable matching for unequal reward sharing with friendship util-
ities. Then there exists a blocking pair {u,v} with one of the following two
possibilities:

— {u,v} forms a biswivel, so the inequalities (17) and (18) must hold true.
These inequalities imply ¢i, > ¢, and g, > ¢y.. But then {u,v} would
be a blocking pair in SMGy. This contradicts that M is stable in SMG,,.

— {u, v} forms a swivel, say with v such that ) . . <1 and with u such
that > 5, 2. = 1. (It cannot be that both u and v are not tight, since
otherwise M would not be stable in SMG,.) Then for {u, v} to be a block-
ing pair inequalities (19) and (20) must hold true. But these inequalities
imply ¢, > ¢, and thus {u,v} would be a blocking pair in SMG,. This
contradicts that M is stable in SMG|,.

Hence, M must be stable with unequal reward sharing and friendship utilities.
Moreover, the set of fractional stable matchings in SMG, is a subset of the
set of fractional stable matchings in unequal reward sharing with friendship
utilities. Since there exists at least one fractional stable matching in SM G,
the theorem is proved. a

Note that the argument extends to general non-negative values of o with
oy, Qg > 0. Setting up conditions for profitable biswivels and swivels, and
defining gz, = ry, +ag,r%, allows to derive the necessary conditions g, > gy,
and q;,, > q5, for profitable biswivel, and q;;, > q,.,, for swivel. Hence, using
the relation to the auxiliary game SM Gy, we see that our game has at least

one fractional stable matching.

Corollary 3. A fractional stable matching always exists, even for general
reward sharing and friendship utilities based on general non-negative cv.

3.2 Price of Anarchy with General Reward Sharing

In this section we prove tight bounds for the price of anarchy of stable match-
ing with friendship utilities in the presence of general reward sharing. Since an
integral stable matching may not exist, we instead consider fractional match-
ing; by price of anarchy here we mean the ratio of the total reward in a socially
optimum fractional matching with the worst fractional stable matching. The
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corresponding ratio between the integral versions is trivially upper bounded
by this amount as well.
We define R as

R= max %= (21)
{uv}eE(G) T4,

Note that we will always have R > 1. By definition of ¢, we also have

x x
Ay o T2y + alrgy

Y Y z
qzy Tzy + 0q T2y

Using the fact that f’:{i} is an increasing function of p and using the definition

of R, we thus obtain

%, _ Rta

—_— . 22
qlxly - 1—|—0¢1R ( )

We show the following theorem.

Theorem 6. The (fractional) price of anarchy for general reward sharing with

Ty < Bta
Ty — 1taiR’

friendship utilities is at most 1 + Q, where Q = maxy, yer(q@)
and this bound is tight.

The proof of this theorem is very similar in spirit to the proof for the case
without friendship (see, e.g., [8]) and is provided in Appendix A.1 for com-
pleteness. We can consider the quantity ¢\, = &, + o175, to be the “perceived
edge reward” value of the edge (uv) for the node u, since it quantifies the con-
tribution of edge (uv) to the utility of node u if v and v are matched. Then
the ratio @) can be intuitively understood as the maximum disparity between
the perceived edge reward values of an edge for its two endpoints.

Let us consider the implications of this bound. If R = 1, the bound is 2.
This result implies Theorem 2, since when we have R = 1, then both v and v
get the same reward from an edge {u,v} € M. If oy = 0, the bound is 1 + R.
The tightness of this bound implies that as sharing becomes more unfair, i.e.,
as R — oo, we can find instances where the price of anarchy is unbounded.
Unequal sharing can make things much worse for the stable matching game.
Notice, however, that ﬁt‘i‘}% is a decreasing function of ;. As « increases
from 0 to 1, the bound decreases from 1+ R to 2. Without friendship utilities
(a = 0), we have a tight upper bound of 1+ R, which is extremely bad for large
R. As « tends to 1, however, the price of anarchy drops to 2, independent of
R. For example, for a; = 1/2 it is only 3. Thus, social context can drastically
improve the outcome for the society, especially in the case of unfair and unequal
reward sharing.
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3.3 Price of Stability with General Reward Sharing
In this section, we give a simple lower bound Q' = %
stability for stable matching games with friendship and reward sharing. Fur-
thermore, we show that this bound is within an addition of 1 to the optimum,
e, Q< Q <PoS<1+0Q.

To prove the lower bound, we analyze the following example.

on the price of

Example 6. Consider the 3-length path as shown in Fig. 3. Set as = a3 =
.-+ =0 and use the following rewards for an infinitesimal ¢ > 0:

o 1 1+a1(R+1)+e v 1 1+041(R+1)+6
uv 1 + o (1 +C¥1R) wv 1 + aq (1 +Oé1R)

u 1 wo R

"we T TR " T T YR

v 1 z R

T

vz 1+C¥1R rvz: 1+OZ1R

x

. T . . .
As desired we have max(, ,yep(q) ;7> = R. Using Qoy = Ty T0arY,, we obtain
7y ¢

Ty’

o _ 1+ai(R+1) o 14+ (R+1)

quv_ 1+011R te quv_ 1+011R te

u 9 w R+ao
Quw = Quwfl_"_alR

v : R+o

Qyz = qu_l—FOélR

As desired, we have max, y1cr(q) % = ﬁi‘f}% = Q. We have {{u,v}} as a
Ty

stable matching: {u,w} is not a blocking pair, because ¢¥, < ¢%,. Similarly
{v, z} will not be a blocking pair. Any other fractional matching is no longer
stable because {u,v} is a blocking pair as inequalities (17) and (18) are sat-
isfied. However, {{u,w},{v,z}} is still the socially optimal matching. Hence,
the price of stability as e — 0 is given by

Tuw + Tvz _ Quw + Qvz N (1—|—O¢1)(1+R)
Tuv Guv 1—|-041(R+ ]')

Let us define Q' = %m. The above example 6 establishes a lower

bound on the price of stability of @’. This along with the following theorem
will prove that Q < Q' < PoS <1+ Q.

Theorem 7. The (fractional) price of stability of stable matching games with
friendship and general reward sharing is in [Q',Q + 1], with Q@ < Q' < Q + 1.
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Proof. The only part that is yet to be proven is Q < Q' and Q' <1+ Q. We
have

(I-—ar+a1R)(1+aq)
(I1+a1+a1R)(1+ a1 R)

Q-Q=

As(1—a1+aR) < (14 a3 +a1R) and 1+ a3 < 1+ a1 R, we have that
Q' —Q < 1. As R > 1, the numerator is always positive. Hence 0 < Q' —Q < 1.
With our lower bound on the price of stability of Q’, the theorem follows. O

3.4 Specific Reward Sharing Rules

In this section we consider some particularly natural reward sharing rules and
show that games with such rules have nice properties. Specifically, while for
general reward sharing an (integral) stable matching may not exist, for the
reward sharing rules below we show they always exist (although only if there
is no social context involved) and how to compute them efficiently. We also
give improved bounds on prices of anarchy for these special cases. Specifically,
we consider the following sharing rules:

— Matthew Effect sharing: In sociology, “Matthew Effect” is a term coined by
Robert Merton to describe the phenomenon which says that, when doing
similar work, the more famous person tends to get more credit than other
less-known collaborators. We model such phenomena for our network by
associating brand values A, with each node u, and defining the reward that
node u gets by getting matched with node v as rj, = )\j‘“)\v - Tyy- Thus
nodes u and v split the edge reward in the ratio of A\, : A,, and a node
with high A, value gets a very large share of the reward.

— Parasite sharing: This effect is opposite to the Matthew effect in the sense
that by collaborating with a renowned person, a less-known person becomes
famous, whereas the reputation of the already renowned person does not
change significantly from such a collaboration. We model this situation by
defining the reward that node u gets by getting matched with node v as
Ty = )\;\ﬁruv. Thus nodes u and v split the edge reward in the ratio of
Av Ay, In the exactly opposite way to the Matthew Effect sharing.

— Additive sharing: Often people collaborate based on not only the quality
of a project but also how much the other person is comfortable to work
with. We model such a situation by associating an intrinsic value g3, with
each node u, which represents how pleasant they are to work with. Each
edge {u, v} also has an inherent quality h,,. Then, the reward obtained by
node u from being matched with node v is 7%, = hyy + Bo.

For the sake of analysis, Matthew Effect sharing and Parasite sharing are
the same if we change A, of Parasite sharing to 1/, of Matthew Effect sharing.
We will refer to both these models as Matthew Effect sharing from now on.
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x(100)
100 102
q(100) y(101)
107 113
p(500) 119 z(1200)

Fig. 8 Existence of a stable matching without friendship does not guarantee existence of a
stable matching with friendship

Exzistence Recall that by Theorem 5 a fractional stable matching always exists
for unequal reward sharing with friendship utilities. However, once we have
friendship utilities, even the above intuitive special cases of reward sharing do
not guarantee the existence of an integral stable matching. To see this, consider
the following example.

Example 7. Consider the Matthew Effect sharing example as shown in Fig. 8.
Edge labels indicate edge rewards, values in the brackets beside a node label
are the brand values (A values). By Theorem 8, for & = 0 a stable matching
always exists for Matthew Effect sharing. Let us analyze the example in Fig. 8
with a; =4/5,a9 = az = --- = 0. We have

g, =90 > ¢%, = 89.1667
g%, = 91.7493 > ¢%, = 90
gY, = 92.1545 > ¢¥, = 91.8507
¢, =112 > ¢, = 111.2455
¢b, = 103.4333 > ¢¢, = 102.2

Suppose there exists a stable (integral) matching. In such a matching exactly
one node would stay unmatched. Consider a candidate matching {{q, z}, {z,p}}.
Now y is unmatched and {z,y} is a blocking pair, because ¢, > qj, and
q¥, > airg,. Hence {{q,z},{z,p}} is not a stable matching. Similarly every
other matching can be shown not to be stable. Thus, there exists no integral
stable matching in this example with friendship utilities, even though without
friendship (i.e., @ = 0) an integral stable matching exists. |

Example 7 shows that no stable (integral) matching may exist with friend-
ship utilities. Without friendship, however, an integral stable matching exists
and can be efficiently computed for Matthew Effect sharing and additive shar-
ing, unlike in the case of general reward sharing [23].

Theorem 8. An integral stable matching always exists in stable matching
games with Matthew Effect sharing and additive sharing if o = 0 (i.e., if there
is no friendship). Furthermore, this matching can be found in O(|V||E]) time.
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Proof. Let us define a preference cycle as a cycle (u1,ug, -+ ,uy) in the graph
Gsuch that ryi, >y, with at least one inequality being strict. Chung [19]

defines odd rings and proves that if a graph does not contain odd rings, then a
stable matching exists. It is straightforward to see that absence of preference
cycles implies absence of odd rings. Hence, if a graph has no preference cycles,
then a stable matching must exist. Below we prove the stronger statement
that such a matching can also be found efficiently.

In brief, we show below that whenever there exist no preference cycles in
a graph, we can always find two nodes which prefer getting matched to each
other over other nodes. We allow them to get matched to each other and
eliminate such matched nodes from the graph. Neither of these two nodes will
ever deviate from this matching. Applying the same greedy scheme on the
reduced graph will give us a stable matching. Then we will prove that this
algorithm produces a stable matching in O(|V||E|) time. Let us now proceed
to the details.

Let T, denote the sets of “best” neighbors of u as follows:

T, ={v e N (u):ry, >re, Y{u,w} € E} . (23)

uv —

Now we construct a directed graph Gp as follows. For all nodes u, choose a
node v € T,, and draw an edge from u directed to v. Every node in this graph
has one outgoing edge, so this graph contains a (directed) cycle. If we find a
cycle of length 2 then we have found two nodes which prefer each other the
most. If a (directed) cycle (uy,us,...,ur) has length & > 2, then we have
Tuiuies 2 Tutu,_, - Now we cannot have ry2, > 1%, . otherwise in the original
graph G, (u1,us, ..., u;) would have constituted a preference cycle. Hence we
have ry2, = ry2,.. Thus u; and uz both are uz’s most preferred nodes. But
we also have u; prefer us the most as Gp has an edge from u; to us. Hence
w1 and wuo is the pair of nodes that prefer each other the most.

Therefore we will always be able to find two nodes in G which prefer each
other the most in their preference lists. Match them to each other and they will
never have incentive to deviate from this matching. Remove these two nodes
and repeat the procedure until no more nodes can be matched. Because no
nodes matched in this process will ever deviate, we obtain a stable matching.

It takes O(|E|) time to find each matched pair because for each edge we
check if two nodes prefer each other the most. Since the total number of nodes
to be matched are O(|V]), we find a stable matching in O(|V||E|) time, as
long as there are no preference cycles. All that is left to show is that Matthew
effect sharing and additive sharing do not lead to preference cycles.

Suppose a preference cycle exists in Matthew Effect sharing. Then there
exists a cycle (u1,us, ..., u;) such that

A, A,
3 oy Tuwiuia " Tuzu; 1
Au; + A Au; + Aui g

Uit1

(24)

with at least one inequality being strict. Multiplying all these inequalities
and canceling common factors, we reach a contradiction that 1 > 1. Thus, a
preference cycle cannot exist in Matthew Effect sharing.
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Suppose a preference cycle exists in additive sharing. Then there exists a
cycle (uy,us,...,ux) such that

huiui+1 + ﬂqu Z h’“iui—l + Buq,—l (25)

with at least one inequality being strict. Adding all these inequalities and can-
celing common factors, we reach a contradiction that 0 > 0. Thus, a preference
cycle cannot exist in additive sharing. a

Price of Anarchy The price of anarchy of Matthew effect sharing can be as
high as the guarantee of Theorem 6, with R = maxy, .} % For additive
sharing, however, things are much better. For a proof of this theorem see
Appendix A.2.

Theorem 9. The price of anarchy for (fractional) stable matching games with
additive sharing and friendship utilities is at most max{2 + 2«1, 3}.

4 Future Directions and Contribution Games

We showed that the presence of a social context, such as friendship or altruism,
can make a large difference in the existence and the quality of stable matchings,
especially if the rewards obtained by neighboring nodes are unequal/unfair.
Most of our results can be extended (with minor modifications) to contribution
games [8] as well, as they can be considered non-standard fractional versions
of stable matching. For details, see our arXiv preprint at [5].

There are many fascinating open problems resulting from our work. While
we have established existence of (fractional) stable matchings for a quite large
class of games, bounding the price of anarchy and stability in general, for
other classes of reward sharing rules, or for other classes of influence values
remains as a fascinating field for future study. In addition, structural results
are of interest, e.g., concerning polyhedral properties of fractional and integral
stable matchings, or the (non-)emptiness of the core in a stable matching game
with externalities. Finally, there are interesting questions regarding the design
and analysis of (polynomial-time computable) truthful mechanisms (with or
without monetary transfers).
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A Appendix: Proofs on the Price of Anarchy

A.1 Proof of Theorem 6

We first introduce some notation. We denote by M* an optimum fractional matching and use
M to denote a fractional or integral stable matching. Let 7, (or Zyv) denote the fraction
of edge {u,v} present in M* (or M). Furthermore,

S ={e€ EQ):z} >z}

T ={e€ EQ):z; <z}

Su ={e€ EG):

T. = {e € E(G) : e is incident on v and e € T'}

E,, = All edges incident on u. Note that E, = S, UT,,

yuzlf Z Tuv

e is incident on u and e € S}

{u,v}€E,
y; =1- Z z;kl,v
{u,v}€eE,
Au= Y (Buw — 2},) + max{(yu — y;;),0}
{u,v}eTy

The idea of the proof is the following. Consider an edge {u,v} € S. If the fraction of the
edge {u,v} in M was increased to z, from x.., by decreasing fractions of some other edges
in M incident on u and v, then at least one of the endpoints of {u,v} does not improve
its utility. Tag this endpoint as corresponding to edge {u,v} and denote the set of tagged
nodes by B. We get one inequality for each node v € B for such a modification of fractions
of adjoining edges. We will show that adding all such inequalities gives us the following:

Z Qo * (T — Tuw) < Z Z G * (Tuw — Ty - (26)

{u,v}esS,ueB uw€EB {u,w}€Ty

. Thus we have

We prove (26) separately below. Now, recall that Q = max(, »}eB(G)
qt, > quv/(1+ Q), giving us

u
Qyv
v

uv

q
1
Z m‘hv (Thy — Tuw) < Z Z Qo * (Tuw — Thy) -
{u,v}€S,uEB uEB {u,w}€Ty

Now as discussed above, for every edge {u,v} € S, we tag one of the endpoints (say u) and
include it in the set B. Thus the left summation in the above equation can be simplified to
obtain:

1 * *
Z TQquv : (muv - -'Euv) < Z Z flffw : (wuw - muw) .

{u,v}es 1 uweEB {u,w}eTy,

Using Ty C T with quw = ¢ty + ¢, the above equation becomes

1 * *
Z mquv . (xuv - xuv) < Z Quw - (-’Euw - xuw) .
{u,v}es {u,w}eT
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Using algebraic simplifications and the fact that we have 1 > 1/(1+ Q), we get the following
sequence of inequalities:

]. *
Z m'qu'Iwar Z Quv * Loy

{u,v}es {u,w}eT
1
< Z Quw " Tuw + z m *Quw * Tuw
{u,w}eT {u,w}es +
1
= Z m *Quu - I'Z'u < Z Quw * Tuw
{u,v}eSUT {u,w}esSUT
> Quv " T,
= {u,v}eq Huv uv <14Q, (27)

Z{uyw}gg Guw * Tuw

where for the last inequality we have used the fact that S U T covers all the edges in the
graph. This proves the claim.
It remains to prove (26). Suppose node u gets tagged for edge {u, v} if we increase zyv
to z}, together with doing the following two compensatory steps:
— Decrease fraction ., of each {u,w} € Ty by (2}, — Tuv) (Tuw — Ty, ) /Au and decrease
fraction of each {v,z} € Ty, by (2}, — Tuv)(@vz — z},) /Ay AND
— If yu >y}, then decrease yy by (2}, — Tuv)(Yu — ¥i)/Au, and if y, >y, then decrease
Yo by (20 = Tuv) (Yo = y35) /A
If the utility of u does not improve, then

q:j'u . (I’ZU - xuv) < Z qu : (I’Uf’w - x:;.w) : sz

{u,w}eTy,
+ Y arr - (wes — @)
{v,2}€Ty
+ Z ouzry,  (Toz — 33.) ey’ (28)
{v,2}€Ty
where ¢V = (z, — Tuv)/Aw and likewise for ¢¥?. To understand (28), note that g%, -

(z%, — Tuv) denotes the utility gained by u on edge {u,v} by increasing zv. to x%,. The
term g%, - (Tuw — Thy,) - ¢V denotes the utility lost by u because of decreasing .., for an
edge {u,w} € T,. When z,. decreases for an edge {v,z} € T, then by virtue of friendship
with v, node u loses a7y, - (xvz — x5,) - c%?. When ., decreases for an edge {v,z} € T,
then depending on ay. node u loses a17Z, - (xvz — ) - c¥¥. Note that decreasing y, is
important when x,, cannot be increased to z},,, without decreasing y..
As iy, 4+ aurZ, <718, + airi, = qY,, one can simplify (28) to
f]lfv . (x:;v - xu’”) < Z q;LJ,Lw . (Z'uw - ‘/E:;,w) . sz + Z q:LL/)z . (itvz - x:'z) : 021“(29)
{u,w}eT, {v,2}€Ty

We can form one such inequality for all edges {u,v} € S. Let us inspect the coeflicient of a
term g%, (Tuw —2k,,) appearing on the right hand side if we add all these inequalities. Notice
that g%, (Tuw — z},,)clV appears only once for each edge {u,v} € S adjoining u. These are
precisely the edges in Sy. Thus the coefficient of gy, (Tuw — @3,,) Will be 32r, yes, iy
if we add all the inequalities formed on the lines of (29). By definition of c¢¥,, we have

> {uw}eS, Cuv is at most 1. Thus a term gy, (Tuw — @7,,) can appear with coefficient at
most 1 if we add all these inequalities formed on the lines of (29). Thus we get,

Z q’l”t’l} : (IZ’U - xuv) < Z Z quw ) (wuw - x;w) .
{u,v}€S,ueB uEB {u,w}eTy,

We have proved (26) which in turn proves our claim.
The following example shows tightness of our bound.
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Example 8. Consider the path as shown in Fig. 3. Set aa = a3 = --- = 0 and use the
following values:
1 1
re, = o, =
uv 1 + al uv 1 + al
1 R
Ty = ————— e =
1+a1R 1+a1R
vo_ 1 P
vz 1+a1R vz 1+a1R

z
. T B .
As desired, we have max(, ,1cE(q) T;—” = R. Using q3, = rg, + ar¥,, we obtain
zy

Ty =1 Qoo =1
Qi =1 Qo = Q
quzl qu:Q

As desired, we have max, ,1eE(q) Zny = 111-;?}2 = Q. We have {{u,v}} as a stable match-
Ty

ing: Given this matching, {u, w} is not a blocking pair, because ¢%,, < q¥,. Similarly, {v, 2z}
is not a blocking pair in matching {{u,v}}. Another stable matching is {{u,w}, {v,z}}:
Given this matching, {u,v} will not be a blocking pair, becasue ¢%, < q¥, + a1y, and
so the condition in inequality (17) is violated. Since there are no other stable matchings for
this graph, the price of anarchy will be determined by the value of the worst stable matching
which is {{u,v}}. It is given by

Tuw + Tvz _ Quw + Quz

Tuv Quv

—1+Q .

This completes the proof of Theorem 6. [}

A.2 Proof of Theorem 9

Recall that in additive sharing, we associate a value 3, with each node u: how pleasant they
are to work with. Each edge {u,v} also has an inherent quality h... Then, we model the
edge reward obtained by node u from partnering with node v as 7}, = hyo + Bv. Expressions
for (friendship) utility of a node and the conditions for swivel or biswivel remain unchanged.

Before proceeding to the proof, we first introduce some notation. We denote by M* an
optimum fractional matching and by M a fractional or integral stable matching. Let 7},
(or xyv) denote the fraction of edge {u,v} present in M* (or M). Furthermore,

S={e€ E(GQ):z} >z}

T = {c€ B(G): o} < 2.}
Su = {e € E(G) : e is incident on u and e € S}
T. = {e € E(G) : e is incident on v and e € T'}

E, = All edges incident on u. Note that E, = S, U Ty,
Yu = 1-— Z Tuv
{u,v}€E,
y'Z =1- Z ZZU
{u,v}€E,
Ay = Z (Tuv — T3) + max{(yu — yy,), 0}
{u,v}eTy

¢’ = (Tyy — Tuv) [Au
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We will show later in the proof that the following holds

Z (huv + % + %) (a::,’u - l’uv)

{u,v}es

< max{2 + 2a1,3} - Z (huw + % + %) (Tuw — x34,)(30)

{w,w}eT

With some simple algebraic manipulations, we get

Z (Zhuv + Bu + /Bv) . :E:w + Z max{2 + 2a1, 3} . (Qhuv + 6u + ﬂv) . 'T:U
{u,v}es {u,v}eT

< Y0 max{2+2a1,3} - (2huw + Bu + Bu)  Tuw
{u,w}eT

+ Y Chuw + Bu+ Bu)  Tuw

{u,w}es

Using max{2 + 2a1,3} > 1, the above equation leads us to our result

Z (2huv + ﬁu + 51}) . x:l'u

{u,v}eSUT

< Z max{2 + 2a1,3} - (2huw + Bu + Bw) * Tuw - (31)
{u,w}esSuUT

Now S UT covers all the edges in the graph. Also, for additive sharing with friendship
utilties we have ¢, = (1 + a1)huv + @1Bu + Bo, thus gzy = Qzy + qu = (14 a1)(2huo +
Bu + Buv). Using this, Eqn (31) implies that the price of anarchy is at most max{2 + 2a1, 3}.
All that remains to show is Eqn (30) which we do next.

To start with, notice that each edge {u,v} € S can be classified into two categories:
a) {u,v} € S such that y, < y¥ and y, < y* AND b) {u,v} € S such that y, > y and
yYv < y5. Note that we cannot have both y, > y» and y, > y;;, because then the fraction
Zyuow can be increased by min(y. — v, Yo —ys) by decreasing y, and y, by the same quantity.
Both u and v would improve their utility in such a case, thus M could not be a (fractional)
stable matching.

We will show that whichever category {u,v} € S belongs to, for one of the endpoints,
say u, the following inequality will hold true with ¢ = max{1/2, a1 }:

1 1
(huv + iﬂu + 56”) ("ETL’U - xuv)

S Z ((1 + Oll)huw + %ﬁu + Bw) (xuw - xzw)czv

{v,w}eTy

+ D (T4 an)he: + By + (B:) (wox — o))l (32)

{v,z}€T,

We call u a witness node for {u,v} € S. We will observe that adding all the inequalities
like Eqn (32) corresponding to each edge {u,v} € S leads us to Eqn (30), thus proving the
theorem in turn. Now let us see how Eqn (32) can be proved for every edge {u,v} € S. As
mentioned before, {u,v} € S can be classified into two categories and we will prove Eqn (32)
for each of them.

1. {u,v} € S with y,, <y and y, < y’: Here we increase zuo to z%, by decreasing
fraction of each {u,w} € Ty by (Tuw — xk,,)ct, and decreasing fraction of each {v,z} € T,
by (zvz — x5, )ch,. As M is a stable matching, this does not improve the utility of at least
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one of the endpoints of {u, v}, say u. Call u a witness node for edge {u,v}. Since the utility
of node u does not improve, we get

Guo(@hy —Tun) < 3 Quuw(@uw —Th)E Far 3l (wes — @k )l

{u,w}eTy {v,2}€Ty
Faws Y rEa(mes —aiel . (33)
{v,2}€Ty

Eqn (33) can be explained as follows: Its left-hand side represents utility gained by w by
increasing xyo to xj,. The first summation on the right hand side represents the utility
lost by u because of decreasing Tuw by (Tuw — @5, )c%? for each {u,w} € Ty,. The second
summation on the right hand side represents the utility lost by w by virtue of friendship
with v when we decrease v, by (v> — x},)ct? for each {v, z} € T,. The third summation
on the right hand side represents the utility lost by u by virtue of friendship with w when
we decrease Ty by (zvz — x),)cl? for each {v, 2} € T,. Because for additive sharing we

have r§, = hgy + fu and g5, = (1 + a1)huv + @18y + Bv, Eqn (33) implies that

(1 + 01)huw + a1Bu + Bo) (@, — Tuv)

< > (14 an)huw + a1Bu + Bu) (@uw — Ty )l
{u,w}eTy

+ D (0 + awz)hos + auzfo + a18:) (wos — 3, )cl” . (34)
{v,z}€Ty

Eqn (34) has similar interpretation as Eqn (33). To simplify Eqn (34), notice that when
Yu < yi, calculating A, does not involve y,, — ¥, giving us Z{u WHETY (Tuw — Xl )V =
(z¥, — Tuv). Thus we have

(1/2 - al)ﬂu(xzv - xu'u) = (1/2 - al)ﬁu Z (xu’w - x;iw)czv . (35)

{u,w}€eTy

Let us add Eqn (35) to Eqn (34) and replace 8, by 8./2 on the left-hand side. Additionally,
using o,z < a1 < (¢ results into the following equation:

((1 + Ozl)huv + %ﬁu + %Bv) (37:11 - 337“1)

1
< Z (1+al)huw+§f6u+6w) (Tuw _x;iw)czu
{u,w}eTy,

+ D> (L an)hes +CBo 4+ CB:) (w2 —2f,)cl” . (36)

{v,z}eTy

Thus we have proved (32) holds for a node u acting as witness for {u,v} € S such that
yu <y, and yy <y

2. {u, U} € S with y, >y and y, < y}: Here we find a constant e > 0 such that
€- (¥, — Tuv) < Yu — yi:. Then we increase zyy by €- (2}, — Tuv) by decreasing y., by the
same amount and by decreasing each {v,z} € T, by € (2vz — 2}, )ctV. By doing this the
utility of at least one of the endpoints of {u,v}, does not improve because M is a stable
matching. This endpoint can be either u or v. We will prove that Eqn (32) holds for each
of these cases.
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2(&).‘ Suppose the utility of node u does not improve: Call v a witness node for edge
{u,v} € S. Since the utility of node v does not improve, we have

((1 + Oél)huv + 018y + BU) e (x:v - xu’“)
< Z ((Oél + auz)hvz + auzﬁv + alﬂz) . 5(-771)2 - l‘:z)cﬁf” (37)
{v,z}€T,

Eqn (37) can be explained on the similar lines of Eqn (33) and (34). The only difference
being that the first summation from Eqn (34) is absent from Eqn (37) as fractions . do
not change for {u,w} € Ty. Canceling ¢ from each side of Eqn (37), we get

((1+ a1)huo + a1Bu + Bo) (T — Tuv)

<D0 (@14 qua)hes + auzBo + a18z) - (woz — 23,)cl” (38)
{v,2}€Ty

S afuehy —T) € S (@1 aus)hos + ausBo +a16s) - (as — 25)el (39)
{v,z} €Ty

We multiply Eqn (39) by (1/2 — a1)/a1 on both sides and add it to Eqn (38) to get the
following;:

((1 + Oél)hu'u + % + ﬁ'u) . (:C'Tw - J7uv)

a1+ a 1
< § <th’uz + bz ﬁv + *ﬁz) . (xvz - xf,z)cgv (40)
201 201 2
{v,2}€Ty

Note that to get to Eqn (40), we are performing division by «; which requires a3 > 0.
However, also notice that if a1 = 0 (and hence all a; = 0) and y, > y;;, then node u can
only improve its utility by increasing v, by € (2, — Zuv). Thus the case of y, > y¥ and
u not improving its utility does not arise.

Now replacing 8, by B,/2 and using ay» < a; in Eqn (40), we get

((1 + al)huu + % + %) . (QET“, - xuv)

1 1
< Z (hvz + 5ﬂv + 562) ' (zvz - w:z)cgu

{v,z}€T,
= ((1+al)huv+% + %) '(xrw*xuv)

< Z ((1 + al)huw + %ﬁu + /Bw) (muw - Iiw)cﬁv

{u,w}eTy

1 1
+ Z (hvz + 5/51} + 552) oz —2y,) ey

{v,z}e€Ty

= ((1 + Oél)huv + %,Bu + %/311) (‘1‘:,’(} - l‘uv)

< Z ((1 + al)huw + %ﬁu + ﬁw) (x““) - x:Lw)CZU

{u,w}eTy,

+ > (4 an) s + (B + CB2) (woz — o, )cl
{v,z}€T,
(41)

Thus, Eqn (32) holds in this case too.
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2( b ).‘ Suppose the utility of node v does not improve. Call node v a witness node for edge
{u,v}. As the utility of node v does not improve, we get

((1 + al)huv + alﬁv + /Bu) ) 5(3321; - x"“’)

< Z (1T +an)hoe + 1B + B2) - e(zoz —x3,)cy” - (42)
{v,2}€Ty

Eqn (42) can be explained similarly as Eqn (34) and (33). The only differences are that
the roles of u and v are reversed and the summation corresponding to the utility lost by v
because of decreasing x . is absent from the right hand side as fractions x4, do not change
for {u,w} € Ty in this case.

To simplify Eqn (42), we cancel € from each side. We also note that as y, < y2, calculating

Ay does not involve y, — y; giving us E{v,z}eTv (zwz — x,)cY’ =z}, — Typ. This implies
that
(1/2 = a1)Bo(@hy —2u) = (1/2—a1)By S (s — aho)cs® (43)
{v,z}eTy

Adding Eqn (43) to Eqn (42) and replacing 3, by Bu/2 on the left hand side, we get
1 1 i
<(1 + Oll)hu'v + 551} + ilgu) (zuv - -'Euv)

< Z <(1 + Oél)hvz + %Bv + ﬂz) ($”Z - x:;z)cz)w

{v,z}€Ty

= <(1 + O‘l)huv + %B’v + %lgu) (‘ZZU - zuv)

1
S Z ((1 + Oél)hvz + 561} + 52) ($UZ - w:;z)cgv
{v,z}€T,
+ D (T an)huw + CBu + CBu) (Tuw — Thy )ch?
{u,w}eT,
(44)

Thus, Eqn (32) holds in this case as well.

We showed in cases 2(a) and 2(b) that for every edge {u,v} € S, for one of its endpoints,
say u, the inequality given by Eqn (32) holds true. Now we will show that adding these
inequalities leads us to Eqn (30) which in turn proves the theorem as discussed before. Let
us look at the coefficients of various terms after we add these inequalities:

— A term hyw (Tuw — xl,,) on the right hand side will have coefficient at most

Ita)-( D e+ > ew®),

{u,v}eS (w,z)ES

which is at most 2(1 + a1) using 3o, yes cx? < 1.
— Let u = t(u,v) denote that u acts as witness node for edge {u,v} € S. Then a term
Bu(Tuw — x3,,) on the right hand side will appear with coefficient

I ww uv wx wzx
Sl ¥ ocan ¥ oane ¥ cer
{u,v}eSs {u,v}eSs {w,z}eS {w,z}€S
u=t(u,v) uFt(u,v) w=t(w,x) w#t(w,z)

When a; > 1/2, we have ¢ = aq, thus the coefficient of By (zuw — x%,,) becomes
1
Sl ¥ adrr 3 oare Y adr.

{u,v}es {u,v}es {w,z}esS {w,z}es
u=t(u,v) uFt(u,v) w=t(w,x) wHt(w,x)
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This quantity can be at most «y + 1.
On the other hand, when a1 < 1/2, we have ¢ = 1/2, thus the coefficient of By (Tww —

xk,,) becomes
1 uv 1 uv wx 1 wT
S gt X bere ¥ oare ¥ b
{u,vtes {u,v}es {w,z}es {w,z}es
u=t(u,v) uFt(uw,v) w=t(w,x) wHt(w,x)

This quantity can be at most 3/2.

Taking into account these coefficients when we sum the inequalities given by Eqn (32) over
all {u,v} €S, we get

Z (huv + % + %) (‘T:;,’U - xuv)
{u,v}es

S maX{2 + 20&17 3} : Z (huw + % + %) (xuw - xZw)
{u,w}eT

and thereby prove Eqn (30) and our claim in turn. m]



