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Abstract
This study investigates how people provide public goods in a network formation game. In this game, players first form a network through bilateral linking,
with or without a link cost, and then contribute to a public good, which can
benefit both themselves and their direct neighbors. Theoretically, there are two
equilibrium goods provision strategies: splitting and alternation. Conditioned on
a goods provision strategy, efficient networks are always symmetric and less dense
when the link cost increases. In the laboratory experiment, we find that subjects
predominantly converge to splitting instead of alternation, and they are often able
to form efficient networks. Subjects form fewer links under a higher link cost, and
there is a tendency to form too many links.
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Introduction

In many spheres of our lives, we benefit from public goods provided by others in
our social networks. For example, when hosting a neighborhood public event, one
can benefit from neighbors’ efforts. When launching a product in an organization,
one can use the resources of coworkers. Such activities often occur during repeated
interactions. In such cases, how do people provide public goods within their networks?
Furthermore, how do people choose the members of their social networks when there
are potential benefits from the good provided by others and costs of building and
maintaining relationships with others? In this study, we attempt to answer these
questions.
In our novel setting, players first choose who becomes the ‘neighbors’ in a network
game and then decide how to provide the public good. The neighbor relationship
requires mutual consent. Symmetric networks are of key importance in our setting
because of mutual consent.

The current literature on public goods provision in

networks has focused on explaining why asymmetric star networks are commonly
observed and how to facilitate efficient public goods provision in them (Galeotti and
Goyal, 2010; Rong and Houser, 2015; Goyal et al., 2017; van Leeuwen et al., 2020).
While star networks are very important for economic activities such as information
sharing, we are primarily interested in public goods provisions in symmetric networks,
which are more relevant in activities such as event hosting and teamwork.
Our benchmark model is a two-stage game. In the first stage, a group of four
players form a network through bilateral linking, with or without a link cost. In the
second stage, they choose the amount of public goods to provide. The public goods
are non-excludable among the directly linked neighbors in the network. Our goods
provision game is similar to that of Bramoullé and Kranton (2007), where players
coordinate with their neighbors on the provision of a threshold public good, that is,
the public good is provided only if the target amount is reached. We depart from
Bramoullé and Kranton (2007)’s model in that we propose a concave cost function
for the public goods provision to represent situations in which it is less efficient if
more people contribute to a public good, conditioning on the threshold public good
being provided successfully. In our model, the benchmark two-stage game is played
repeatedly for a large but finite number of periods. The theoretical predictions show
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that if people form a fixed network once their behaviors converge, and they dislike
unequal payoffs compared to their neighbors, then in the subgame perfect equilibria
of the repeated game, connected neighbors in the network either contribute equally
to the public good in every period, which is referred to as splitting, or take turns to
provide the public good across periods, which is referred to as alternation. The current
theory is silent on the equilibria that will occur in practice. While splitting is more
focal owing to its simplicity and symmetry, alternation is more efficient, but also more
complex. Moreover, we find that, as the link cost increases, the number of equilibria
decreases. This is because a denser network cannot be supported in equilibrium at a
higher link cost.
In our experiment, we employ a between-subjects design in which we vary the link
cost from zero to small to large. In all three treatments, the subjects are assigned
to fixed groups of four, and they play the two-stage game for 60 periods repeatedly.
We hypothesize that network formation depends largely on how players provide
public goods. As a result, we yield three mutually exclusive experimental hypotheses,
conditioned on three possible goods provision patterns. First, if players always choose
splitting, they should form different network structures in the three treatments and
a higher link cost will always lead to a less dense network. Second, if players always
choose alternation, then they should form a complete network, where all players are
connected to each other, when the link cost is zero or small; and they should form
two subgroups, where four players are separated into two disconnected groups, when
the link cost is high. Third, if players can only alternate in small subgroups of two
players but not in larger groups, they should always be separated into two subgroups
in all treatments. The last hypothesis is based on a previous finding that it is easier to
achieve alternation in smaller groups (Kuzmics et al., 2014).
Three main results are obtained from this experiment.

First, subjects in all

treatments predominantly converge to splitting, regardless of the network structure
they form. This adds to the experimental literature in that people tend to choose equal
and inefficient outcomes when the equal and efficient strategy is too complex (see,
Luhan et al., 2017; He and Wu, 2020; Romero and Zhang, 2020, etc). Second, subjects
tend to form symmetric subgroups in the networks and smaller subgroups when the
link cost increases. Moreover, we find that subjects tend to form relatively more
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links compared to the theoretical predictions, which could be caused by a behavioral
tendency to have more neighbors, given that actions are strategic substitutes, in line
with the findings of Falk and Kosfeld (2012) and Goyal et al. (2017). Finally, we find
some evidence that subjects who try to switch from splitting to alternation are often
isolated by other players in the group, indicating that subjects may fail to achieve
alternation because of the fear of being excluded from the network.
To further investigate why efficient alternation is rare in our experiment, we
conduct an exogenous treatment. In this treatment, subjects repeatedly play the goods
provision game in a fixed separate network consisting of two subgroups of two players.
The goal of running this treatment is to decompose the effects of endogenous network
formation. Compared to endogenously formed separate networks, subjects in this
treatment are only slightly, but insignificantly, more likely to converge to alternation.
This result suggests that fear of exclusion cannot explain why the subjects fail to choose
the alternation strategy in our experiment. Instead, the most plausible reason is that
alternation is not as salient as splitting, because it is too complex for most subjects.
Our study contributes to the literature on network games where actions are
strategic substitutes. Among these games, local public goods games in networks
have often been studied. Extensive previous laboratory studies have shown that
in asymmetric networks, players of higher degree tend to free ride on their lowerdegree neighbors (see, Choi et al., 2011; Charness et al., 2014; Zhang and Du, 2017;
van Leeuwen et al., 2019, etc). In contrast, only a few studies have investigated
games where connected players have symmetric network positions, and the findings
are mixed. For example, Khavas et al. (2018) find that all players equally provide
public goods when they are assigned to symmetric networks, whereas Rosenkranz
and Weitzel (2012) find that sole players are more likely to provide public goods.
Contrastingly, symmetric networks often exist in the real world, and they are especially
common if the social network relationships require both agents to exert effort. In this
study, with a novel setting of bilateral link formation, we explore how people make
strategic decisions about both network formation and goods provisions. Our results
support that bilateral link formation indeed induces symmetric networks and that
fairness is the main concern for players in symmetric positions rather than efficiency.
Finally, our study contributes to the growing literature on complex game strategies.
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Previous studies have shown that people can use turn-taking to solve coordination
problems (Cason et al., 2013; Duffy et al., 2017). However, these studies have only
investigated turn-taking behaviors in two-player games with discrete actions. To the
best of our knowledge, we are the first to study whether people can alternate in a more
complex game with a continuous strategy space and a larger number of players.

2

Literature Review

There is an extensive literature on network games. Among them, studies on exogenous
networks mainly analyze how network structures affect behavior (see Jackson and
Zenou (2015) for an overview).1 Another strand of literature focuses on endogenous
networks, and these studies can be divided into two types. The first is pure network
formation games, in which players form links when there are benefits and costs
associated with the links. The major goal of such studies is to investigate the structure
of the formed networks.2 In the second type, players do not benefit directly from
networks, but they play a game within the formed networks. Our study belongs to the
second research category.
For the first type of pure network formation game, our work relates most closely
to Falk and Kosfeld (2012). In a network game in which players can receive benefits
from their direct neighbors, Falk and Kosfeld (2012) study the effect of link costs on
network structures. Theoretically, efficient networks are identical for all link costs.
However, they find that subjects are sensitive to the link cost, and they tend to build
too many links with lower costs. Consequently, subjects are more likely to play an
1 See

also Allen and Gale (2000), Calvo-Armengol and Jackson (2004), Ballester et al. (2006), Galeotti

et al. (2010), Galeotti and Vega-Redondo (2011) and Bramoullé et al. (2014) for theoretical discussions
on various economic environments. For recent lab experiments investigating the impact of network
structures on equilibrium selection and subjects’ behaviors, see Charness et al. (2007); Cassar (2007);
Kearns et al. (2009); Gracia-Lázaro et al. (2012); Charness et al. (2014); Choi and Lee (2014); Leibbrandt
et al. (2015), among others.
2 Jackson and Wolinsky (1996) and Bala and Goyal (2000) firstly offer the theoretical framework
of strategic network formation, from cooperative and non-cooperative aspects, respectively. See also
Watts (2001), Jackson and Watts (2002) and Bloch and Jackson (2006) for variations and extensions
and Jackson (2005) for a survey. For laboratory experiments based on these frameworks, see Deck and
Johnson (2004), Goeree et al. (2009), and Falk and Kosfeld (2012).
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efficient Nash equilibrium when the link cost is higher. In contrast, in our experiment,
efficient network structures vary under different link costs. Therefore, we aim to
investigate whether subjects are able to respond to a change in link costs to form
efficient networks.
The second type of network formation game can be further classified into games
with strategic substitutes and those with strategic complements (Galeotti et al., 2010).
In games with strategic substitutes, players’ best responses decrease when their
neighbors’ actions increase, whereas the opposite is true for games with strategic
complements. A classic example of a game with strategic substitutes is the provision
of local public goods. Bramoullé and Kranton (2007) (BK) first propose a model for
public goods provision in exogenous networks. In their game, the provision of a public
good by one’s neighbors can substitute for one’s own provision, and there is an optimal
amount of total provision among neighbors. We consider a game similar to BK but
with a different payoff structure. While BK’s model features a linear cost function
for goods provision, our model employs a concave cost function to represent a scale
effect in goods provision. Therefore, different types of equilibrium arise in the game.
Galeotti and Goyal (2010) extend BK’s model to endogenous networks, where network
formation and goods contributions are determined simultaneously. They show that
the star network is a unique strict equilibrium in which a star player provides public
goods, while players who are linked to the star are free riders. In the laboratory,
homogeneous players fail to form star networks due to coordination failures (Falk
and Kosfeld, 2012). Several studies have proposed mechanisms that facilitate the
formation of star networks, including sequential decisions (Rong and Houser, 2015),
individual heterogeneity (Kinateder and Merlino, 2017), compensation for star players
(van Leeuwen et al., 2020), and continuous game (Goyal et al., 2017; Choi et al., 2019).
All of these studies focus on asymmetric star networks, which are partly driven by
the unilateral link required for network formation. We depart from these studies in
focusing on symmetric networks by requiring bilateral links following Jackson and
Wolinsky (1996)’s model.
A group of studies have investigated games with strategic complements in endogenous networks. They find that endogenous networks enable players to exclude
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free-riding players.3 Riedl et al. (2016) study a weakest-link game with endogenous
networks, in which payoffs depend on the lowest effort of one’s neighbors. In the
experiment, they find that subjects tend to achieve the Pareto-optimal equilibrium
only when they have the opportunity to choose their neighbors. The underlying reason
is that, under endogenous networks, subjects shy away from exerting low effort because
of the fear of exclusion. Similar findings have been shown in the stage-hunt game
(Riedl et al., 2021), and the prisoner’s dilemma game (Rand et al., 2011). In our public
goods game, however, the fear of exclusion should not play a major role. This is because
players may not have the incentive to exclude those who exert a low contribution level,
given that their actions are strategic substitutes. Instead, players have incentives to
form neighbors because they can share the costs of public goods provision.
Finally, we discuss the related work on alternation behaviors. In many repeated
coordination games with conflicts of interest, alternation yields both equal and
efficient payoffs, but it is quite complex.

Theoretically, Bhaskar (2000) proves

that alternation achieves the highest efficiency among all symmetric equilibria in
a repeated battle-of-the-sexes game. Lau and Mui (2008, 2012) provide detailed
discussions on the path of turn-taking. In the laboratory, subjects manage to alternate
in coordination games with conflicts of interest in repeated interactions (Bornstein et
al., 1997; Helbing et al., 2005; Cason et al., 2013; Duffy et al., 2017; Romero and Zhang,
2020; Zhao, 2021). However, the existence of symmetric equilibria with simpler
strategies hinders the use of a more complex alternation strategy, even at the cost of
some efficiency (Kuzmics et al., 2014; He and Wu, 2020). Kuzmics et al. (2014) show
that simplicity is an important criterion for strategy selection. He and Wu (2020) add
a third option to a repeated battle-of-the-sexes game, which yields equal payoffs for
both players. They find that this option partially crowds out the usage of alternation.
In these studies, alternations are achieved in two-player games with fixed partners. In
our study, with the new context of network formation and a continuous action space
in public goods provision, even though the alternation strategy is strongly supported
by theory, whether it can be achieved remains an empirical question.
3 This

strand of literature is related to mechanisms that facilitate cooperation or coordination via

endogenous group formation (see Cinyabuguma et al., 2005; Page et al., 2005; Ahn et al., 2008; Charness
and Yang, 2014, among others).
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3

Theory

3.1

Benchmark Model: A two-stage game

We consider finite repetition of a two-stage game. In the first stage, players endogenously form a network. In the second stage, players play a local public goods game in
which players can benefit from the public goods provided by their direct neighbors.
We develop our model in a game of four players. Without loss of generality, the
4-player game is sufficient to yield the essential properties of the equilibria. Let N =
{1, 2, 3, 4} be the set of four players. In the first stage, the network formation stage,
players simultaneously and independently choose who to propose a link to. Player
i ∈ N selects a set of proposals gi = {gij : j ∈ N , j , i} where gij ∈ {0, 1} for all j ∈ N \{i}.
We say gij = 1 if i proposes to j and gij = 0 otherwise. We denote g = {g1 , g2 , g3 , g4 }
as the set of everyone’s proposal choice. We follow the framework of two-sided link
formation of Jackson and Wolinsky (1996). Link formation requires mutual consent,
that is, a link is established if and only if players on both sides propose to each other.
The induced undirected network ḡ = {ḡij = 1|ḡij = gij gji , ∀i, j ∈ N } is the set of all
mutually consented links, and there is a link between i and j, i.e., ḡij = 1, iff i and j
propose to each other. We say i and j are neighbors in the network if there is a link
between them. Denote Ni (ḡ) = {j ∈ N |ḡij = ḡji = 1} as the set of i’s neighbors. The cost
of each proposal is l, regardless of whether a link is established or not.
The second stage is the public goods game. In this stage, after perfectly observing
the network formed in the first stage, players simultaneously choose the amount of
public good they want to provide. The goods are locally public, which means that
players can benefit from the goods provided by themselves and their direct neighbors
in the network. The goods provided by the players and their neighbors are perfect
substitutes. The benefit a player receives depends on the total amount of public good
provided by him or herself and one’s neighbors. We adopt a threshold public good
function. That is, if the sum of the public goods meets the threshold of one unit, then
player i receives a benefit of f (1); otherwise, player i receives a benefit of zero. Suppose
player i provides xi ∈ X = [0, 1] goods, and a neighbor j ∈ Ni (ḡ) chooses xj , then player
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i’s total payoff in the two-stage game is
u(xi , g) = f (1) · 1{xi +

X
j∈Ni (ḡ)

where l·

P

j,i gij

xj ≥ 1} − c(xi ) − l ·

X

gij ,

(1)

j,i

is the cost of each link proposal, and c(xi ) is the cost of goods provision.

There is no discount between two stages. The goods provision cost takes the form as





k + c · x if 0 < x ≤ 1
(2)
c(x) = 



0
if x = 0
i.e., when a player provides any positive amount of good (x > 0), he or she has to pay a
fixed cost k > 0, and a variable cost c · x which is proportional to x. If one provides zero
amount of public good, the cost is zero. Note that c(x) is an increasing and concave
function in x. Finally, we let c(1) < f (1), so that the benefit by receiving one unit of
public good is higher than the cost of providing it, if one provides it by oneself.
The local public-goods game has two critical properties. The first is the relationship
between our game and the threshold public goods game.4 In both types of games,
players receive zero benefit if the total amount of public goods fails to meet the
threshold level. However, in the standard threshold public goods game, two types of
equilibria are Pareto rankable. The first is the non-contributing equilibrium in which
each player contributes zero to the public good. In the second type, the contribution
level of the group equals exactly the threshold, resulting in efficient goods provision
and higher welfare compared to the first type. By contrast, in our game, zero provision
is not an equilibrium. We use such a game because we are mainly interested in
investigating how people coordinate with their neighbors, if any, to provide the public
good. Second, our public goods game has a concave cost function. The concave cost
function captures the scale effect of goods provision. Without loss of generality, we
include a fixed cost with a variable cost, such that it is a simple linear function with
concavity. Because of concavity, a group of neighbors’ average payoff is the highest if
the goods are provided by exactly one player. Consequently, it is desirable for players
to achieve turn-taking in repeated games. We discuss turn-taking in the equilibrium
analysis later.
4 See

Bagnoli and Lipman (1989) for the theoretical framework of the threshold public goods game

and Isaac et al. (1989), Bagnoli and McKee (1991), Cadsby and Maynes (1998) and Cadsby and Maynes
(1999) for laboratory investigations.
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3.2

Finitely repeated game and equilibrium analysis

In this section, we extend the benchmark two-stage game to a finitely repeated game,
and derive its equilibrium. There are a total of T periods in the repeated game, and
there is no discount across periods. In the equilibrium analysis, we adopt subgame
perfect equilibrium as the solution concept.
There are many subgame perfect equilibria in the finitely repeated game because
players can form different networks across periods, and in each type of network,
different goods provision behaviors can be supported in equilibrium. Therefore, to
select the more plausible equilibria, we impose two refinements: fixed network and
equal payoff.
The fixed network refinement requires that the network structure does not change
across the periods in equilibrium. All dynamic networks in which network structures
change across periods are excluded by this refinement. For example, a rotating star
network pattern, where players form a core-periphery network and alternate who is
the core (Falk and Kosfeld, 2012), is excluded. We make this assumption because we
believe it is easier to form a fixed network than a dynamic one. Moreover, dynamic
networks are rarely observed in laboratories without communication, even when they
are more efficient (Rong and Houser, 2015; van Leeuwen et al., 2020).
As for the refinement of equal payoffs, we refer to equilibria in which connected
network players have equal average payoffs. We say that two players are connected
if they are directly or indirectly linked in the network. In other words, there is a
path of link between them.5 We use this refinement because it is well-established
that people are inequality averse, and they prefer equal outcomes, even if they
require more sophisticated strategies or sacrificing material payoffs (Fehr and Schmidt,
1999). Laboratory experiments demonstrate that subjects are able to adopt complex
strategies, such as alternation, in repeated games, so that they can achieve equal
payoffs in the long run (Romero and Zhang, 2020; He and Wu, 2020). Note that
we only require connected players to have equal payoffs and impose no restrictions
on disconnected players. This is because the good provision choices of disconnected
players cannot affect each other’s payoffs, making inequality aversion less relevant.
5 Formally, player i

and player j are connected if and only if ḡij = 1 or there exist q players k1 , k2 , ..., kq ∈

N such that ḡik1 = ḡk1 k2 = · · · = ḡkq kj = 1.

10

Next, we derive the properties of the subgame perfect equilibria that satisfy both
refinements, and present them in Proposition 3.1.
Proposition 3.1. Consider any subgame perfect equilibrium of the T -period repeated game,
in which players form a fixed network ḡ∗ , and x∗ = {xi∗ (t) | i ∈ N , t ∈ T } is the goods provision
amount in each period. For connected players in the formed network to have equal payoffs
across periods, there should be:
(i) If |Ni (ḡ∗ )| = |Nj (ḡ∗ )| holds for all i and j ∈ Ni (ḡ∗ ), then ∀i ∈ N and j ∈ Ni (ḡ∗ ),
c

X

xi∗ (t) − k

t∈T

X

1{xi∗ (t) = 0} = c

t∈T

X
t∈T

xj∗ (t) − k

X

1{xj∗ (t) = 0};

(3)

t∈T

(ii) Suppose the link cost is l. If there exists i and j ∈ Ni (ḡ∗ ) such that |Ni (ḡ∗ )| , |Nj (ḡ∗ )|,
then ∀i ∈ N and j ∈ Ni (ḡ∗ ),
c

X

xi∗ (t) + T l|Ni (ḡ∗ )| − k

t∈T

X

1{xi∗ (t) = 0} = c

t∈T

X
t∈T

xj∗ (t) + T l|Nj (ḡ∗ )| − k

X

1{xj∗ (t) = 0}.

t∈T

(4)
For the first type of equilibrium in Proposition 3.1, when connected players have
an equal number of neighbors, their average costs of goods provision should be equal.
Specifically, from Equation (3), we can imply that if everyone always provides a
positive amount, the total provision across periods should be equal between any two
directly linked players. If a player provides more than their neighbors in any period,
they have to provide less in other periods to achieve an equal payoff. There are two
representative types among all the possible equilibria. First, if each player provides
exactly the same amount as their neighbors in any period, then an equal payoff is
satisfied. We call this splitting. Second, given that a fixed cost is incurred when a
player provides a positive amount, in the most efficient equilibria, only one player
among the connected neighbors should contribute. An equal payoff can be achieved if
the connected players take turns to provide exactly one unit of public good. We call
this alternation.
Note that the second type of equilibrium in Proposition 3.1 allows the possibility of
compensating the asymmetric link cost by providing different amounts of goods. For
example, if the four players form a star network, it costs the core player more to form
links than his or her peripheries. The core can earn equal payoff as their neighbors
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by contributing less to goods provision than their neighbors in every period, or by
free-riding on peripheries more frequently. Compared to alternation, this significantly
increases the complexity of the strategies.
In the following sections, we focus on the two types of representative subgame
perfect equilibria mentioned above: splitting and alternation. We prove the conditions
under which they become equilibria and discuss their strategies in detail. We focus on
these two types of equilibria to illustrate their key features of the possible equilibria.
The splitting equilibria stand out because of their simplicity and because they yield
equal payoffs in every period. Alternation equilibria are worth investigating because
they are the most efficient equilibria for any network.
Before proceeding to the splitting and alternation equilibria, we first introduce
and formally define all networks that will appear later in the splitting or alternation
equilibria. The first is a complete network, in which everyone links to everyone, i.e.,
gij = 1 ∀i, j ∈ N . By contrast, empty is a network in which no one links to anyone
else, i.e., gij = 0 ∀i, j ∈ N . The third is the network of cliques, which refers to a class of
networks with non-overlapping complete subnetworks. In other words, four players
are split into smaller groups, and those who belong to the same group are linked to
each other, but there is no linkage between any two players of different groups. A realworld example of a network of cliques can be a neighborhood or community. Residents
belonging to the same community have deep connections with each other but have
much fewer interactions with people from another community. We call the complete
subnetwork containing m persons the m-clique. Therefore, a network of cliques is
composed of several complete cliques of varying sizes. An example of a network of
cliques is a separate network in which four players are divided into two small cliques
of two players each. Two other examples of clique networks are isolation and semiseparate. In the former, three players form a 3-clique and the another person forms a
single clique; in the latter, there is one 2-clique and two 1-cliques. Finally, in the circle
network, each player links only to the two closest players. Figure 1 displays each type
of network: each node represents a player and two players are neighbors if there is a
line between them.
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Figure 1: Available network
3.2.1

Splitting

In the splitting equilibria, each player provides the same quantity of public goods as all
his or her neighbors in the network. We further define m-splitting strategies as follows:
In every period of the repeated game, players form a fixed network of cliques, among
which the largest clique is a m-clique. Players belonging to each m′ -clique (m′ ≤ m)
provide a public good with an amount of

1 6
m′ .

In other words, it is as if players form

separated groups in networks, and contribute to the public goods equally with all the
other members in the group. One example of m-splitting is independence, in which
players form an empty network and provide one unit of goods independently. Another
example is 4-splitting, in which four players split within a complete group. Similarly,
when considering equal splitting in the circle network, where everyone shares

1
3

with

their two neighbors in each period, we call it 3C-splitting.
Proposition 3.2 shows all the subgame perfect splitting equilibria of the finitely
repeated game. Splitting in networks of cliques and in the circle network obviously
satisfies the equal payoff refinement because everyone shares the goods equally with
their direct neighbors in each period. As link cost increases, the set of equilibrium
networks shrinks. The intuition is that with a higher link proposal cost, a larger
number of proposals cannot be supported in equilibrium. For example, when the link
6 m-splitting

only requires the largest clique to be m-clique, but does not restrict the size of other

smaller cliques in the network. Therefore, 2-splitting includes strategies of splitting in both the separate
and semi-separate networks. This does not affect the equilibrium verification because it depends only
on the size of the largest clique.
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cost is sufficiently small, it is an equilibrium for the four players to form a complete
network and split equally among them. However, when the link cost is sufficiently
large, this is not supported in equilibrium because the benefit from sharing costs with
more neighbors cannot compensate for link costs.
Proposition 3.2. Consider all splitting equilibria of the T -period repeated game.
(i) For all ℓ ≥ 0, Independence is a subgame perfect equilibrium. If l > c, it is the unique
equilibrium.
(ii) For m = 2, 3 or 4 and 0 ≤ l ≤

c
m,

m-splitting is subgame perfect equilibrium.

(iii) If 0 ≤ l ≤ 3c , 3C-splitting is also subgame perfect equilibrium.
3.2.2

Alternation

Alternation is another set of strategies that yields equal payoffs in fixed networks.
We focus on alternation in networks of cliques, where players take turns as the sole
goods provider within their cliques across periods. In the long run, the probability of
provision is equal among the connected players; therefore, equal payoffs are achieved
by taking averages across periods.
Alternation can be supported as equilibrium in other networks as well, such as
the star and circle networks, but we will not focus on them here. This is because,
to achieve equal payoffs by alternating in such networks, the alternation patterns are
much more complex and tend to be inefficient compared to the networks of cliques.
First, we consider alternation in the star network. The only plausible way to alternate
while the public good is always provided is if the star player and all others take turns
(either the star player provides, or everyone else provides). However, this will yield
unequal payoffs between the star player and the others when the link cost is positive,
violating our assumptions.7 Next, consider the circle network, a plausible way to
alternate is that two indirectly linked players provide in each period, and take turns
across periods. Such an equilibrium is not only much more complex to coordinate but
also Pareto-dominated by alternation in a separate network. Therefore, we argue that
it is reasonable to exclude alternations in star and circle networks.
7 In

such case, equal payoffs can only be achieved if the star player provide relatively less often, but

this is much more difficult to coordinate.
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We define the strategy of m-alternation as follows. Similar to m-splitting, players
form a fixed network of cliques, with the largest clique containing m players. However,
the goods provision behaviors are different. In each clique, one player provides exactly
one unit of public goods in each period, whereas the others provide zero. Players of
the same clique alternate into goods providers. We aim to prove that m-alternation is
a subgame perfect equilibrium in the finitely repeated game.
When the link cost is zero, we can easily show that m-alternation is a subgame
perfect equilibrium, because the behavior in every single period can be supported
as a stage-game equilibrium. In contrast, when the link cost is positive, a single
player providing the goods in each period cannot be supported as equilibrium in the
stage game because the provider can be better off by not sending any link proposals.
However, in a repeated game, it is possible that a single provider can gain in the future
by providing the entire public goods now. Proposition 3.3 (ii) proves that m-alternation
can be supported as part of the subgame perfect equilibria of the finitely repeated
game as long as the repetition period T is sufficiently large.
Proposition 3.3. Consider alternation equilibria of the T -period repeated game.
(i) For l = 0 and m ≤ 4, m-alternation is a subgame perfect equilibrium of the repeated
game.
(ii) For m = 2, 3, ..., n and 0 < l ≤

c
m,

if T is sufficiently large, m-alternation can be

supported as a part of the subgame perfect equilibrium until period T − Q, where
1≤Q <T.
To illustrate, when the link cost is positive, players in these subgame perfect
equilibria form a fixed network of cliques during all T periods, alternate to provide
goods within each clique for the first T − Q periods, and then play the stage-game
equilibrium of splitting in the last Q periods. Alternation is sustained by the threat
that players who deviate will be punished by a trigger strategy that imposes the worst
stage-game equilibrium payoff for the deviator thereafter. Proofs of Proposition 3.13.3 can be found in Online Appendix A.
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4

Experimental Design, Procedures and Hypotheses

4.1

Experiment Design

In the experiment, we employ a between-subjects design to implement the three
treatments. For each treatment, we vary the link cost l to be 0, 6, or 11. We choose these
parameters because they generate contrasting theoretical predictions (see Section 4.3),
and can therefore help to investigate how link cost affects behaviors. We denote these
treatment names as L0, L6, and L11, respectively.
In all treatments, subjects repeatedly play the two-stage game described in Section
3.1 for 60 periods. At the beginning of the experiment, the subjects are randomly
assigned to a group of four players, and they play the game with the same partners
throughout the experiment. In each group of four players, each player is assigned a
player ID – A, B, C, or D, and the player ID is fixed throughout the 60 periods.
In each period, players simultaneously decide who to link to in the network
formation stage. The link cost varies across the treatments. At this stage, players can
view the history of all past periods. Next, in the goods provision stage, they observe
the formed network and choose the amount of public goods to provide. The benefit of
receiving one unit of public goods is 100. Each player can choose to provide a public
goods amount xi , which can be any number (with at most two decimals) in the range
[0, 1]. The cost function for providing public goods is 40 + 40xi . At the end of each
period, players are informed of the decisions on goods provisions and payoffs of each
player in their group in this period.
After the experiment concludes, we administer a short survey to collect the
subjects’ demographic information and 15 out of the 60 rounds are randomly selected
for payment. The subjects earn currency points in the experiment, and every point is
worth ¥0.1.

4.2

Procedures

The experiment was conducted at the Shanghai University of Finance and Economics
in 2021. Chinese participants were recruited from the subject pool of the Economic
Lab via Ancademy.8 In total 164 participants were recruited, most of whom were
8 Ancademy

is a platform for social sciences experiments.
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Table 1: Summary of participants
Treatment

No. of participants

No. of groups

No. of sessions

L0

40

10

4

L6

64

16

5

L11

60

15

3

undergraduate students of various majors. We conducted six sessions with six or seven
groups of four participants in each session. Each participant was enrolled in only
one treatment, and two treatments were conducted simultaneously in each session to
control for the session effects. Table 1 lists the number of participants, groups, and
sessions for each treatment.
The experiment was computerized using z-Tree (Fischbacher, 2007) and was
conducted in Chinese.

Experimental instructions and screenshots can be found

in Online Appendix C. Upon arrival, the participants were randomly assigned a
card indicating their table number and were seated in the corresponding cubicles.
Thereafter, they read the instructions displayed on the computer screen, and the
experiment did not start until everyone in the group correctly answered all control
questions.
After completing the experiment, the participants received their earnings privately
through the mobile payment system of Ancademy. The average earnings were ¥75
(equivalent to around 11 USD), including a show-up fee of ¥20 (around 3 USD).9 Each
session lasted 70 to 85 minutes.

4.3

Hypotheses

Following the theoretical predictions in Section 3, we derive specific hypotheses on
goods provision patterns and network structures for each treatment.
Figure 1 lists all the networks in a four-player group, that allow for equal payoffs
with splitting or alternation equilibria, including networks of cliques and the circle
network. To predict subjects’ behaviors, we further impose a behavioral assumption
9 To

compensate for the much lower earnings in L6 and L11 compared to L0, we added a fixed bonus

of ¥15 in L6 and L11 at the end of the experiment. We did not inform the participants of the bonus until
they completed the experiment.
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Table 2: Average payoffs for equilibrium strategies
Equilibrium Strategies
Treatment

4-splitting

3C-splitting

2-splitting

4-alternation

2-alternation

Independence

L0

50

46.4

40

80

60

20

L6

32

34.4

34

62

54

20

L11

-

24.4

29

-

49

20

Notes: Each cell shows the average payoff for the different equilibrium strategies per player per
period. Missing cells indicate that the strategies are in nonequilibrium conditions.

on network structures: symmetric network. That is, we assume subjects are more
likely to converge to networks where four players have the same degree (i.e., the same
number of neighbors in the network), given that the role of the subjects is ex ante
symmetric. This assumption rules out networks of isolation and semi-separate, in
which the four players have different degrees. Therefore, we only consider the four
networks presented in the first row of Figure 1: Complete, Circle, Separate and Empty.
The four networks differ in their clique sizes. There is a single 4-clique in complete
network, two 2-cliques in the separate network, and four 1-cliques in the empty
network. The circle network differs from the others because while there are no cliques,
each player has two neighbors. We list the average payoff of each equilibrium in Table
2 according to the strategies players use in the equilibrium.
The first question we want to investigate is whether people adopt the splitting
strategy, alternation strategy, or both. The advantage of the splitting strategy is that it
is simpler and guarantees equal payoffs in each period of the game. However, Table
2 shows that the average payoff of splitting is considerably lower than that of the
alternation strategies in all treatments. This indicates that the alternation strategy
stands out for its efficiency level, although it is more complex and requires more
demanding player coordination. This is more complex, because the goods provider
changes across rounds. Specifically, players must determine the first goods provider
(i.e., who takes the first turn to provide) as well as the rotation scheme (i.e., the order
of turn-taking), both of which are not pre-determined, yet critical for players to reach a
successful alternation pattern. We do not theoretically model this coordination process
because we are more interested in the selection of equilibria.10
10 Bhaskar (2000) and Lau and Mui (2008) show that, without communication or coordination devices,
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When comparing the splitting and alternation strategies, alternation could also be
easier to achieve in smaller cliques. This is because, as the clique size increases, both
the number of players who need to coordinate and the number of possible alternation
patterns increase. For example, in a 2-clique, there is a unique alternation pattern in
which each player chooses the opponent’s action in the previous period. However, with
more than two players, Kuzmics et al. (2014) argue that several patterns of rotation
are feasible, such as clockwise or anticlockwise, if they sit in a circle. People without
communication do not have common knowledge about who should be the next person
to provide, which is likely to result in coordination failure.
In our experiment, because players repeatedly play the two-stage game of network
formation and goods provision, the behaviors in the two stages are interdependent.
Therefore, according to the above comparisons between splitting and alternation
strategies, we develop hypotheses on network structures under each possible goods
provision behavior: always split; always alternate; split in larger cliques and alternate
in smaller cliques. When developing the hypotheses, we assume that participants
always form average-payoff-maximizing networks, conditioning their goods provision
behavior.

First, we consider that participants predominantly adopt the splitting

strategy. From Table 2, we know that when the link cost is zero, it is optimal to have
as many neighbors as possible to share the cost of goods provision. As the link cost
increases, the cost of having more neighbors exceeds the potential benefit. Therefore,
the optimal number of neighbors decreases when the cost of linking increases. Second,
considering that players always adopt the alternation strategy, they form a 4-clique in
both L0 and L6 and form 2-cliques when the link cost is 11. Finally, considering that
players alternate only in smaller cliques and split in larger cliques, they should form
a separate network in all three treatments. This is because alternation in a separate
network always yields a higher payoff than splitting in a complete or separate network.
In summary, we reach the following three mutually exclusive hypotheses. In Table
3, we predict the equilibrium strategies that players should adopt in each treatment
based on the hypotheses.
Hypothesis 4.1. Clique sizes depend on the link cost. Specifically,
(i) if players always adopt splitting strategies, in treatment L0, L6, and L11, they
players use randomization in the early periods to determine their turns in alternation.
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Table 3: Predicted equilibrium strategies
Treatment
Goods provision behaviors

L0

L6

L11

Always split

4-splitting

3C-splitting

2-splitting

Always alternate

4-alternation

4-alternation

2-alternation

Split in larger cliques and alternate in smaller cliques

2-alternation

2-alternation

2-alternation

Notes: Each cell shows the equilibrium strategy that yields the highest payoff given the goods
provision behaviors in the rows in each treatment.

converge to the complete, circle and separate networks, respectively;
(ii) if players always adopt alternation strategies, players converge to the complete network
in both L0 and L6, and to the separate network in L11;
(iii) if players alternate in smaller groups and split in larger groups, they converge to the
separate networks in all three treatments.

5

Results

5.1

Characterization of converged goods provision patterns

First, we check whether the behaviors converge by the repeated game’s end. We
say that the behaviors have converged if the neighbor relationship does not differ in
the last 10 periods,11 and there is a stable goods provision pattern, we disregard
inconsistencies in goods provision behaviors within two periods to allow for occasional
mistakes and final-period deviation. According to this definition, we find that 40 out
of all 41 groups have converged.12 This supports our fixed network refinement. The
only group that fails to converge occurs in treatment L6, and it forms a stable network,
but not a stable goods provision pattern.
We then examine the converged groups’ goods provision behaviors.
11 We

We find

only require neighbor relationships to be fixed but ignore changes in unilateral proposals

because unilateral proposals do not affect goods provision behaviors. We find that unilateral proposals
occur in three groups during the final period, with one in L0 and two in L6.
12 The number of converged groups remain the same if we extend our definition of convergence from
the last 10 periods to the last 15 periods.
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that subjects either adopt splitting strategies or alternation strategies, with 39 out
of 40 groups (97.5%) converging to splitting and only one group in treatment L11
converging to alternation. In other words, almost all groups converge to the splitting
equilibria.
Result 1. Subjects dominantly converge to splitting instead of alternation in all treatments.

5.2

Network structures and clique sizes

In this section, we analyze the network formation behaviors. Table 4 shows the
subjects’ average degree (i.e., the average number of neighbors) for both the first and
last 10 periods by treatment, as well as their comparison using the Mann-Whitney test.
The average degree decreases as link cost increases. In the last 10 periods, subjects
on average form 2.8 neighbors in L0, 2.0 neighbors in L6, and form 1.1 neighbors in
L11. The difference in average degrees between any two treatments is almost always
significant for both the first and last 10 periods, except for L0 and L6 in the first
10 periods. Within each treatment, we find that the average degrees do not vary
significantly over time (sign-rank tests, 2.88 > 2.66, p = 0.101, n = 10; 2.17 > 1.97,
p = 0.378, n = 16; 1.13 > 1.06, p = 0.712, n = 15).
Table 4: Average degrees of subjects by treatment and Mann-Whitney test
Treatment

First 10 periods

Final 10 periods

Mann-Whitney test (p-value)

L0

L6

L11

2.66

2.17

1.13

(0.35)

(0.80)

(0.43)

2.80

1.97

1.06

(0.63)

(0.86)

(0.46)

L0 vs. L6

L0 vs. L11

L6 vs. L11

0.168

< 0.001

< 0.001

0.011

< 0.001

< 0.001

Notes: Each cell shows the average degree of the subjects (standard deviations
in parentheses). The Mann-Whitney tests are two-sided tests performed at the
group level (n = 26 for L0 vs. L6, n = 25 for L0 vs. L6 and n = 31 for L0 vs. L6).

Given that splitting is dominantly adopted, our hypothesis (i) predicts that players
should form the complete, circle and separate networks in treatments L0, L6, and L11,
respectively. Table 5 presents the types of networks and their frequencies when they
converged. We can see that subjects converge to either a network of cliques or to the
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circle network. The first four networks in Table 5 are symmetric networks, which is
consistent with our behavioral assumptions. However, there is a significant proportion
of asymmetric networks, such as isolation networks. In the isolation network, three
players form a 3-clique, and the other player is excluded.
Table 5: Frequency of converged network structures
Network structures
Treatment

Complete

Circle

Separate

Empty

Isolation

L0

0.90

-

0.10

-

-

L6

0.37

0.06

0.25

-

0.31

L11

-

0.13

0.80

0.07

-

Notes: Each cell shows the proportion of groups that
converge to the corresponding networks in each treatment.

In treatment L0, almost all groups form the complete network, as predicted. In
L6, there are various types of networks: Complete, Separate, and Isolation, accounting
for 37%, 25%, and 31%, respectively. However, the predicted circle network is quite
rare, with a proportion of only 6%. Based on conjecture, we believe that subjects may
shy away from the circle network owing to its complexity, in which each individual’s
neighbors are different, that is, there are no complete subnetworks as in cliques.
Among the clique networks, the separate network yields the highest payoff under the
splitting strategy, but the fraction of the separate network is not greater than 25%.
In contrast, over two-thirds of the groups converge to a larger network, of Isolation
or Complete. This implies that the subjects tend to choose more neighbors, even if
they are not optimal. We call this phenomenon over-link, which means that subjects
form too many links at the cost of their welfare. Interestingly, the asymmetric isolation
network occurs only in L6, and we investigate its formation in the next section. Finally,
in treatment L11, most groups converge to the separate network, as predicted. We also
observe the over-link phenomenon in L11, although they are less prevalent compared
to L6: Approximately 10% of the groups converge to the circle network, which is less
efficient compared to Separate. Overall, we find that as the link cost increases from
zero to a relatively high level, subjects tend to move from a larger complete network
to a smaller separate network.
We propose two potential reasons for why subjects tend to build more neighbors
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at a cost. The first is the strategic substitution nature of our public goods game.
Because the strategies of neighbors are strategic substitutes, having more neighbors
implies that one can obtain the same unit of goods by providing less oneself. With this
intuition, if subjects also underestimate the link cost by having more neighbors, then
an over-link can occur easily. This explains why over-link is most prevalent when the
link cost is moderate in L6 but much less frequent when the link cost is too high to be
ignored in L11. The second reason is that the complete network may stand out because
of its simplicity; only in the complete network, subjects do not need to actively choose
their neighbors among all the other players. For example, in a separate network,
players have to pick exactly one player as their neighbor, risking the possibility of
failing to achieve mutual consent.
Result 2. Subjects tend to form smaller cliques as link cost increases. They also tend to have
a higher number of neighbors than predicted, especially in L6.

5.3

Behavior evolution and player isolation with alternation attempt

In this section, we discuss the evolution of behaviors and investigate why the isolation
network occurs in L6. Table 6 shows the proportion of converged behaviors and Figure
2 shows the distribution of behaviors over time.13
Consistent with the findings in the previous section, we find that most groups
converge to splitting in networks of cliques and in the circle network, except for one
group in L11, which converges to alternation in the separate network. In treatment
L0, the subjects converge to 4-splitting very quickly. Almost all subjects perform 4splitting from the game’s beginning, and all groups’ strategy patterns stabilize after 20
13 In

Table 6 and Figure 2, we categorize converged behaviors using the equilibrium strategies

presented in Section 3, but not strictly. That is, the behaviors of a few groups differ slightly from the
equilibrium. To illustrate, first, 7.5% of groups have unilateral proposals in convergence, which should
not exist in any equilibrium. Unilateral proposals are ignored because they do not affect neighbor
relationships. Second, in the two groups of L6 that converge to the isolation network, the isolated person
does not provide the equilibrium level of one unit good in the final period. However, the other three
players in the group behave exactly the same as 3-splitting, so we still categorize them as 3-splitting.
All other groups strictly converge to the equilibrium strategies, and we graph the evolution of such only
equilibrium strategies in Figure 6 in Online Appendix B. Overall, the patterns are very similar.
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Table 6: Fraction of converged behaviors for each treatment
Converged behaviors

Not converged

Treatment

4S

3S

3CS

2S

2A

I

L0

0.9

-

-

0.1

-

-

-

L6

0.31

0.31

0.06

0.25

-

-

0.06

L11

-

-

0.13

0.73

0.07

0.07

-

Notes: Each cell shows the proportion of groups that converge
to the corresponding strategy. The underlined cells indicate
the predicted equilibria, where ‘S’ stands for splitting, ‘A’ for
alternating, and ‘I’ for independence.

periods. In treatment L6, we find that there are different behaviors from the beginning
of the game. Over 50% of groups adopt 4-splitting at the beginning, but the proportion
decreases over time and decreases to 31% by the end. Instead, 3-splitting is rare at the
beginning, but grows over time to 31% at the end. The proportion of groups playing
2-splitting increases slowly over time and converges to 25% after 30 periods. By the
middle of the 60 periods, 3C-splitting behaviors begin to appear, and the rate is stable
in the remaining periods. In treatment L11, over 70% of the groups adopt 2-splitting,
but the convergence rate appears slower compared to L0. A potential reason could be
that it takes more time for the subjects to form a separate network than a complete
network. 3C-splitting occurs much later, similar to treatment L6. For one alternation
group in L11, the two-player alternation is successfully achieved at the very beginning,
and they manage to alternate until the end. We also observe a small fraction of nonequilibrium 4-splitting for over 20 periods, which supports our finding that subjects
have a tendency to overlink.
Next, we investigate the isolation network that occurs only in L6, which does not fit
our behavioral assumption of symmetric networks. In total, the five groups converge
to 3-splitting. Among them, only one group is a subject isolated because of his or her
frequent free-riding behaviors. In the other four groups, there is a similar dynamic: at
first, the four players within a group coordinate on 4-splitting for several periods, and
then one player breaks the 4-splitting pattern by changing his or her link proposals
or amount provided. As a result, this player is excluded by the other players in
the network until the end of the game. We find evidence that all the subjects who
deviate in these four groups do so to pursue a more efficient strategy compared to 424
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Figure 2: Dynamics of strategies for each treatment. ‘Others’ contain groups that do
not converge.
splitting. Among them, one subject wants to pursue 3-splitting by disconnecting from
one neighbors.14 The other three subjects deviate to try alternation.15 However, in all
the cases, the other players in the group punish the deviation behavior by exclusion.
Result 3. (1) Consistent with hypothesis 4.1 (i), in treatment L0 and L11, most group
converge to 4-splitting and 2-splitting, respectively. In treatment L6, there are various
behaviors, including 4-splitting, 3-splitting, 2-splitting and 3C−splitting. (2) Subjects with
alternation attempts are punished by isolation in L6.
5.3.1

Why is alternation so rare?

Alternations have been observed quite frequently in finite repeated 2 × 2 games (i.e.,
with two players and two discrete actions) in the laboratory (Lau and Mui, 2012),
even when more complex strategies are required to achieve equal payoffs (Romero and
14 When

ℓ = 6, 3-splitting yields a higher average payoff (34.4) than 4-splitting (32), but we rule it out

in the hypothesis because of its network asymmetry.
15 In Figure 7 of Online Appendix B, we show examples of the dynamics of alternation attempts in the
group. As can be seen in Figure 7, they either propose a link to only one neighbor, hoping to achieve 2alternation; or stay in the complete network, and alternating between providing 1 and 0 units of public
goods, hoping to achieve 4-alternation.
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Zhang, 2020) or when other simpler strategies with equal payoffs are available (He and
Wu, 2020). Therefore, it is worth investigating why alternation rarely occurs in our
experiment. Comparing our experiments with those in the literature, we can find two
potential reasons for this. First, our public goods game in networks is more complex, as
it has a continuous strategy space instead of a discrete one, and it demands subjects to
understand the inefficient nature of splitting given the concave cost function. Second,
as suggested by Result 3, given that players choose their neighbors endogenously in
our game, initiating an alternation strategy may risk being isolated by others.
To investigate which of the above reasons is more critical in explaining our results,
we run an exogenous treatment. In this treatment, subjects play the same game as in
the endogenous treatments L0, L6, and L11, except that they are assigned to a separate
network, which is exogenously determined and fixed throughout the experiment. We
only adopt a separate network because it is the easiest to achieve alternation. The
goal of this treatment is to create an exogenous network in which players feel safe in
trying the alternation strategy without the fear of being excluded by other players.
This design enables us to determine whether subjects can achieve alternation when
the second factor is absent.
In the exogenous treatment, subjects are randomly assigned to a group of four with
a fixed separate network; that is, each subject has one fixed neighbor. A total of ten
independent groups of four subjects are included in the study. The game parameters
and experimental procedures of the exogenous treatment are the same as those of the
endogenous treatment.16
We first examine the alternation rate in the exogenous treatment. Among the
10 groups, only two converge to alternation, one has alternation attempts but fails
to converge, and seven converge to splitting. The alternation rate in the exogenous
treatment is not significantly different from that of treatments L0, L6 and L11 (20%
vs. 5.9%, p = 0.269, two-sided Mann-Whitney test).17

Therefore, there is weak

evidence that endogenous network formation hinders alternation. This indicates that
16 To

maintain a similar earnings level, we adjust the worth of the experimental currency point in the

exogenous treatment from ¥0.1 to ¥0.05. The sessions lasted 40 minutes on average, and the average
earnings were ¥44 (around 7 USD).
17 17 groups converge to the separate network in treatments L0, L6 and L11, and only one group
(5.9%) converges to alternation.

26

alternation is not a salient strategy in our public goods game because of its complexity,
although it yields a higher payoff than splitting does.
Figure 3 presents the goods provision behaviors over time of groups that converge
to a separate network in the endogenous treatments (left panel) and groups in the
exogenous treatment (right panel). We can see that, the frequency of alternation in the
exogenous treatment is only slightly higher than in the endogenous ones. Compared to
the endogenous treatments, subjects in the exogenous treatment converge much more
quickly to either splitting or alternation, which could be because they do not need to

Endogenous

0% 25% 50% 75%100%

Frequency of provision patterns

explore how to form the network.

Exogenous

Others
Alternation
Splitting

0

20

40

60

0

20

40

60

Period

Graphs by exo

Figure 3: Evolution of provision patterns
Notes: The two 2-cliques of each Separate network are counted as two different observations because
they may adopt different strategies. The left panel includes groups that converge to the separate
networks in L0, L6, and L11. ‘Others’ means that a 2-clique fails to converge to alternation or splitting,
or if the group has not yet converged to the Separate network in the endogenous treatment.

In a similar experiment by He and Wu (2020), there exists a compromise strategy
that yields equal payoff in every period but is inefficient compared to alternation.
This compromise strategy is similar to our splitting strategy, except that splitting is
chosen much more frequently in our exogenous treatment. Therefore, we argue that
the alternation strategy is much more complex in our network game, as players have
to choose between a continuous action space, and they must understand the inefficient
nature of cost-sharing between multiple players with our cost function.
To conclude, providing public goods through turn-taking is rarely observed in
both endogenous and exogenous networks. This is mainly because sharing cost every
period is a much more intuitive and focal strategy, although it is much less efficient
than alternation. Moreover, the possibility of choosing one’s own neighbors makes
27

alternation even harder to achieve, as people shy away from complex strategies to
avoid exclusion by others who prefer simpler strategies.
Result 4. Alternation happens rarely in our game mainly because the strategy is too
complex, and only weakly caused by fear of exclusion.

5.4

Payoffs and efficiency

In this section, we investigate the effect of link costs on welfare across the treatments.
Figure 4 shows the average payoffs for the last ten periods by treatment. Subjects
earn an average of 47.77 in each period in L0, and earn 31.14 in L6 and 28.88 in
L11. Overall, the average payoff decreases as the link cost increases, and the twosided Mann-Whitney tests show that the differences between any two treatments are
highly significant (47.77 > 31.14, p < 0.001, n = 26; 31.14 > 28.88, p = 0.003, n = 31;

47.77

40

50

47.77 > 28.88, p < 0.001, n = 25).

28.88

0
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Average payoff
20
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31.14
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L6
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Figure 4: Average payoff in the final ten periods for each treatment
Next, we investigate the relationship between link cost and the number of links
that subjects send. Figure 5 presents the evolution of the subjects’ average payoffs (left
panel) and the group’s average total proposals (right panel). Although there is a large
decline in the average payoff from L0 to L6, the total number of proposals does not
differ so much between L0 and L6. Therefore, the payoff difference can be explained
by the difference in link costs, and subjects tend to adopt more efficient strategies in
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L0. In contrast, the payoff difference between L6 and L11 is rather small, especially
in the second half of the experiment. This can be explained by subjects proposing
fewer links in L11 than in L6. Overall, although a higher link cost tends to yield a
lower average payoff, this effect becomes rather limited when the cost is sufficiently
high because subjects choose their number of proposals more carefully as the link cost
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Figure 5: Dynamics of average payoffs and total proposals. Left panel: The average
payoff per subject per period in each treatment. Right panel: The number of total
proposals of each four-player group per period.

Finally, we examine the evolution of the average payoffs and the number of
proposals over time. Table 7 presents the average payoffs of the first and last ten
periods by treatment. In all treatments, the average payoff is significantly lower in
the first 10 periods than in the last 10 periods, especially for L6 and L11. This is
because subjects learn to use better strategies and propose fewer proposals, the latter
of which can be observed in the right panel of Figure 5.
Result 5. The average payoff is lower when the link cost increases. The difference is large
between L0 to L6, but small between L6 and L11. There is evidence of learning in L6 and
L11, where subjects send fewer proposals and earn a higher payoff over time.
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Table 7: Average payoffs of the first and final 10 periods across treatments
Treatment

First 10 periods

Final 10 periods
p-value (Signed-rank test)

L0

L6

L11

37.79

19.35

11.87

(12.41)

(11.74)

(10.98)

47.78

31.14

28.88

(4.82)

(2.95)

(6.27)

0.016

< 0.001

< 0.001

Notes: Each cell shows the average payoffs (standard deviations in
parentheses). Two-sided sign-rank tests are performed at the group
level (n = 10 for L0, n = 16 for L6, n = 15 for L11).

6

Conclusion

In this study, we examine a finitely repeated goods provision game in endogenous
networks. We investigate the effect of link cost on network formation and how network
structures further affect goods provision behavior.

Theoretically, both splitting

and alternation are subgame perfect equilibria that satisfy the game’s assumptions.
Splitting is a simple and focal strategy that guarantees equal payoffs in every period.
However, alternation stands out, because it is the most efficient equilibrium.
We vary the link cost from zero to higher in laboratory experiments. We find that
the subjects dominantly converge to splitting, and they form smaller cliques as the
link cost increases. Subjects tend to form a network that maximizes their payoffs when
the link cost is zero or when it is very high. However, when subjects deviate from
the optimal networks, they tend to have too many neighbors. Alternations are rarely
observed, and other group members tend to exclude subjects who try to alternate.
With exogenous treatment, we find that alternation is difficult to achieve because of its
complexity.
This study examines how subjects behave in a local goods provision game when
they can choose whom to form a network with. Our study is one of the first to examine
the effect of network formation on the equilibrium selection between the focal strategy
and the efficient but complex strategy. Our findings reveal that people may not be able
to find an efficient way to share costs when such a game is played tacitly.
A possible direction for future research is to allow communication between the
30

players. Communication may facilitate the coordination of more efficient equilibria. It
is also interesting to see what network structures people form, given that everyone can
communicate and share goods only with neighbors.
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Online Appendices
Online Appendix A

Proofs

Proof of proposition 3.1. First note that in any equilibrium no unilateral proposal exists,
P
since it is wasteful. Therefore we have j,i gij = |Ni (ḡ∗ )|. Given the network ḡ∗ and
provision x∗ , the sum of payoffs across T periods should be equal between any player i
and i’s neighbor j ∈ Ni (ḡ∗ ):
f (1)T − kT −

X

xi∗ (t) + k 1{xi∗ (t) = 0} − T l|Ni (ḡ∗ )|

t∈T

= f (1)T − kT −

X

xj∗ (t) + k 1{xj (t) = 0} − T l|Nj (ḡ∗ )|,

(5)

t∈T

This directly implies Equation (4). The term f (1)T comes from the fact that in any
equilibrium each individual must own one unit goods because of f (1) > c(1), and if
neighbors’ provision is less than one, one’s best response is to provide till one unit
good is provided. If |Ni (ḡ∗ )| = |Nj (ḡ∗ )| further holds for all i and j ∈ Ni (ḡ∗ ), Equation
(5) can be reduced to Equation (3):
X

xi∗ (t) − k 1{xi∗ (t) = 0} =

t∈T

X

xj∗ (t) − k 1{xj∗ (t) = 0}.

t∈T

Proof of proposition 3.2. In splitting equilibria players’ strategies do not change during
periods, so we only need to prove splitting is equilibrium in every period, then we can
directly imply that it is equilibrium of the repeated game. We prove the stage-game
equilibrium by backward induction. Given any networks, a player’s best response in
the second stage is to provide until she own exactly one unit good. If the sum of
neighbors’ provision equals to or greater than one, one does not provide. Back to the
first stage, a player would not propose a new link to those who do not propose to her,
because link formation is two-sided and unilateral proposals are wasteful. Therefore,
we only need to assure that no player in splitting equilibria has incentive to unilaterally
severe established links.
(i) For all l Independence is an equilibrium strategy since any unilateral proposal
is wasteful given others do not propose links. We prove its uniqueness when
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l > c. Suppose in some equilibrium player i has 1 ≤ r ≤ 4 neighbors and provides
0 < x ≤ 1, i’s payoff is f (1) − k − c · x − lr (x , 0, otherwise no player will link to i).
Player i can earn a higher payoff of f (1) − k − c by severing all links and provides
one good. So Independence is the unique equilibrium when l > c.
(ii) Next we consider the m-splitting strategy. Suppose player i in the m-clique
deviates by severing r links (0 < r ≤ m − 1), and best responds by providing
x′ =

1+r
m

goods in the second stage. When l ≤
f (1) − c(

c
m

we have

1
1+t
) − (m − 1 − r)l ≤ f (1) − c( ) − (m − 1)l.
m
m

Therefore, deviation yields no benefit. Note that

c
m

is decreasing in m, thus if no

player deviates in m-clique, it will also hold for all smaller cliques.
(iii) The payoff in 3C-splitting is the same as that of splitting in 3-clique. So 3Csplitting is equilibrium iff the equilibrium condition for 3-splitting holds.

Proof of proposition 3.3 (ii). We follow the trigger strategy equilibrium in finitely repeated game proposed by Friedman (1985). Consider the strategy sN = (x, g), where
each player’s strategy sN
i adheres to:
(i) In every period of T , players maintain a fixed network of cliques ḡ, with the
largest clique being the m-clique. In the first T − Q periods, players play malternation, then turn to m-splitting in the final Q periods.
(ii) If some player i deviates from (i) in period t < T , i will be punished in period
t + 1 to T by repeatedly playing the stage-game equilibrium that gives the lowest
payoff to i.
We denote the equilibrium history path in period t by hN (t). If in period t a
deviation of i is observed, i.e. if h(t) , hN (t), player i will be punished by the worst
stage-game equilibrium. We denote i’s punished payoff as wi . In fact, the worst stagegame equilibrium is the same for all players, in which one is being isolated by all others
and provides the goods oneself. We therefore ignore i in wi and replace wi by w. We
can compute w = f (1) − c − k.
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To ensure that sN is subgame perfect, it must hold that no player would like
to deviate on the subgame perfect equilibrium path of sN , i.e., no deviation after
observing h(t) = hN (t). First, when ℓ ≤

c
m,

players in the final Q periods repeat the

two-stage game equilibrium. Obviously no player will deviate. For the first T − Q
periods, as stated in the proof of Proposition 3.2, we only show that no player deviates
by unilaterally severing links in ḡ. Consider any r-clique in the network where r ≤ m.
Denote π1A (r) = f (1) − c(1) − (r − 1)l and π0A (r) = f (1) − (r − 1)l as the one-period payoff
for the player in r-clique who provides one unit goods and zero, respectively. Denote
πS (r) = f (1) − c( 1r ) − (r − 1)l as the one-period payoff of splitting in r-clique. For
all t ≤ T − Q, the following inequality should hold for the player in r-clique who is
supposed to choose 1 in period t
π1A (r)t1A + π0A (r)t0A + QπS (r) ≥ π1A (r) + (r − 1)l + (T − t)w

(6)

where t1A and t0A are respectively the remaining turns of providing 1 and 0 in
alternation and t1A + t0A = T − Q − t + 1. The inequality means that the current provider
in r-clique (who should provide 1 in period t) cannot be better off by severing all links
because of the forever isolation thereafter. For the non-providers in r-clique (who
provide zero in period t), they also have no incentive to deviate by severing all links
except the goods provider. So, the following inequality should hold for all t ≤ T − Q.
A
′A
S
A
π1A (r)t ′ A
1 + π0 (r)t 0 + Qπ (r) ≥ π0 (r) + (r − 2)l + (T − t)w

(7)

′A
where t ′ A
1 and t 0 are respectively remaining periods of providing 1 and 0 as well.

We state that if (6) holds at t = T − Q, it will also hold for any t < T − Q. The reason
is as follows. If (6) holds at t = T − Q, it obviously holds for all T − Q − r + 1 < t < T − Q.
From l ≤

c(1)
m

we have π0A (r − 1) + π1A > rw. Therefore, (6) holds at t = T − Q − r. We can

then induce that it holds for all t < T − Q by induction. Hence, we only need to solve
(6) with t = T − Q, t1A = 1 and t0A = 0, and it equals to
Q≥

c
r

l
.
−l

(8)

Similarly, (7) will hold for all t ≤ T −Q if it holds for the non-provider at t = T −Q−1
who is supposed to provide 1 in the next period. That is, we let t = T − Q − 1, t ′ A
1 =1
and t ′ A
0 = 1, then (7) equals to
Q≥

(2r − 3)l
.
(r − 1)( rc − l)
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(9)

Since both the RHS of (6) and (7) are increasing with r, sN is subgame perfect as long
as Q ≥

l

c
m −l

and Q ≥

(2m−3)l
.
(m−1)( mc −l)

Since

(2m−3)l
(m−1)( mc −l)

Q≥

≥

l

c
m −l

, then we have

(2m − 3)l
(m − 1)( mc − l).

That is, the final periods of splitting should be long enough thus the repeated periods
T should sufficient large.
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Figure 7: Examples of alternation attempt
Notes: In Figure 7 we select three groups in L6 (with group number 1, 4 and 7) to explain subjects’
alternation attempt in the lab. Players’ goods provision amount are shown inside the dot, and the
number of periods is shown below each graph. All three groups originally play 4-splitting, then one
player deviates. The darker color dot represents the person who deviates in each group. Basically, there
are two types of alternation attempt which lead to different outcomes. Group 1 illustrates the first type
of deviation. The upper right-hand player in Group 1 maintained 3 neighbors while kept choosing 1
to signal others of higher efficient actions, but no player responded, then the deviator came back to 4splitting. Group 4 and 7 represent the second type of deviation. The bottom right-hand player in Group
4 and 7 proposed link to a single person and chose 1/0 for several periods, but the opponent player did
not respond. Instead, they were either excluded by all others very quickly and the equilibrium turned
to 3-splitting (Group 4) or group members forgave the deviation and came back to 4-splitting (Group
7). Moreover, all deviators in these groups explicitly explain their alternation attempt when they are
asked to write their provision strategy in the questionnaire.

Online Appendix C

Experimental Instructions and Screenshots

Instruction for endogenous networks: treatments L0, L6, and L11
(Notes: The text in [italic type] is treatment specific and they are distinguished by
<L0>, <L6> and <L11>, respectively. )
Welcome to this experiment on decision-making. Please read following instructions carefully. During the experiment, do not communicate with other participants
in any means. If you have any question at any time, please raise your hand, and an
experimenter will come and assist you privately. This experiment will last about 90
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minutes. You are going to take part in an experiment together with other participants
in this room. Each participant seats behind a private computer, and no one can ever
know the identity of another. All decisions are made on the computer screen.
It is an anonymous experiment. Experimenters and other participants cannot link
your name to your desk number, and thus will not know the identity of you or of
other participants who made the specific decisions. Your earnings in the experiment
are denoted in points. Your earnings depend on your own choices and the choices of
other participants. At the end of the experiment, your earnings will be converted to
RMB at the rate: 1 point = ¥0.1. In addition, you will receive ¥20 show-up fee. This
show-up fee is added to your earnings in the experiment. Your total earnings will be
paid to you privately via Ancademy right after the experiment.
Please read the following instructions carefully. After reading the instructions we
will ask you several questions to test whether you understand the experiment. The
experiment will continue after you answer all questions correctly.
In this experiment, you will be randomly matched with three other people in the
room. Participants in your group will not change during the experiment. The four
of you will be randomly assigned a player ID, which is either A, B, C or D. The ID will
not change during the experiment as well. The four of you are going to repeatedly
play a game for 60 rounds.
The game consists of two stages. In the first stage, the four of you will simultaneously decide whether to propose interaction to other three players respectively. You
can make any proposals as you want. (You can propose interaction to all players, and
you can also decide not to make any proposal.) The cost of proposing interaction with
any player is [<L0> zero] [<L6> 6] [<L11> 11] points. If you make a proposal to one
player, it is a one-way interaction. If this player also proposes to interact with you, the
two of you will form a two-way interaction. Note that, since four players in the group
make proposal decisions simultaneously, you do not know whether the others propose
interaction to you when you make your decisions. Specifically,
• If two players both propose interaction to each other, they form the two-way
interaction. We call the players who form the two-way interaction with you
as your neighbors. That is to say, mutual consent is needed for neighborhood
establishment.
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• Two persons will not form the two-way interaction and therefore are not
neighbors if at least one of them does not propose interaction to the other.
The result of interaction proposals will be displayed as a network graph to
everyone after all players in the group make their proposals in the first stage. Each
player is represented as a gray dot with the identity ID (A, B, C and D) marked next to
the dot. A thick complete line between two persons indicates that they have formed
a two-way interaction and they are neighbors. If only one of the two players has
proposed the interaction, there is a thin incomplete line between them indicating
that they are not neighbors. Such a line starts from the side of the person that propose
to interact, and stop just before the dot of the person who does not propose. No line
between two players indicates neither of them has proposed to interact to each other
and they are not neighbors as well.
For example, in the following network, there is a thick complete line between A
and B indicating that both A and B have proposed interaction to each other, thus they
are neighbors. The thin incomplete line from A to D indicates that A has proposed
interaction to D but D has not proposed to A, so they are not neighbors. None of
others has proposed any interaction thus no more neighbors in this network.

After observing the neighborhood network formed in the first stage, you come to
the second stage of the game. You can earn 100 points by owning one-unit good.
The four of you should simultaneously decide the amount of good you will buy. You
can own both the goods bought by yourself and by your neighbors. Whether you own
one-unit good depends on your and your neighbors’ choices:
• If the sum of goods bought by you and your neighbors is equal to or greater than
1, the one-unit good is successfully provided and you can earn 100 points. (Note
that, no matter the sum of goods bought by you and your neighbors is equal to
or greater than 1, the points you earn is fixed at 100 points.)
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• If the sum of goods bought by you and your neighbors is less than 1, the good
cannot be provided and you earn 0 point.
If you choose to buy positive amount of goods, your purchasing cost contains
two parts. The first part is a fixed cost, which equals to 40 points, and it does
not vary as the amount of goods you buy. Once a person buys some goods, he
needs to pay this 40-point fixed cost. The second part is the variable cost, which
equals to “40 points times the amount of goods you buy”. The variable cost increases
proportionally as the increase of the amount of goods you buy. If you choose not to
buy goods, you do not need to pay the fixed cost nor variable cost.
Specifically, in the second stage, you can choose any amount of the goods to buy
between 0 and 1. Your revenue is computed as follows:
• If you choose 0 (not buying), and the sum of goods bought by your neighbors is
equal or greater than 1, you receive 100 points (100 points gain – 0 point cost);
• If you choose 0 (not buying), and the sum of goods bought by your neighbors is
less than 1, you receive 0 point (0 point gain – 0 point cost);
• If you choose to buy positive amount goods, a (> 0), and the sum of goods bought
by you and your neighbors is at least 1 unit, you receive 60-40a points (100 points
gain – 40 points fixed cost – 40a points variable cost);
• If you choose to buy positive amount goods, a (> 0), and the sum of goods bought
by you and your neighbors is less than 1 unit, you receive -40-40a points (0 point
gain – 40 points fixed cost – 40a points variable cost).
Note that, your earned points depend only on your own choice and your neighbors’
choice, but not on choices of persons who are not your neighbors. When two stages
end, your total earning is:
Gain from the goods - Purchasing cost of the goods - Link cost.
The payoff table is presented below. Each cell shows the points you will receive in
different situations.
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Next, we present the screen that you will see during the experiment. Below is the
screenshot of the first stage. In the left you can view all previous outcomes by pressing
the button “Previous Round”, “Most Recent Round” and “Next Round”. You decide
your proposals in the right-hand side.

Below presents the screenshot in the second stage. In the left you can see the
neighbors’ network formed in the first stage. In the right you decide the amount of
goods to buy. (The number can have at most two decimals. )
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In the end of every round, you will see the outcome display screen below. You can
see the neighborhood relationship in this round as well as all players’ decisions and
payoffs. Take player D for example, D proposes two links to A and B but successfully
forms neighbor with only A. The sum of goods provided by A and D is 1.1, therefore
D earns [<L0> 36] [<L6> 24] [<L11> 14] points in this round.

You will play this game with the same group of persons repeatedly for 60 rounds.
Please note that there will be 1 unpaid trail period for you to familiarize the
experiment. In each round, you have to decide the amount of goods to buy. At the
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end of each round, you learn the choice and payoff of all players in your group in this
round. We will randomly select 15 rounds among 60 rounds and your earnings is the
sum of the points you earn in selected rounds.

Control questions
1. Suppose in one round, players form a network displayed below. Who are A’s
neighbors?
2. Given this network, if the amount of goods bought by players A, B, C and D are
0, 0.8, 1 and 0.3 respectively, what is A’s payoff?
3. What is B’s payoff?
4. What is C’s payoff?
5. What is D’s payoff?
6. How many rounds will you play in this experiment? (excluding the trail round)
7. Which of the following statements is true?
(i) I will play with the same persons in all the rounds.
(ii) I will never play with the same persons for more than one round.
(iii) I might play with the same persons for more than one round.

Instruction for the exogenous treatment
Welcome to this experiment on decision-making. Please read following instructions
carefully. During the experiment, do not communicate with other participants in
any means. If you have any question at any time, please raise your hand, and an
experimenter will come and assist you privately. This experiment will last about 30
minutes. You are going to take part in an experiment together with other participants
in this room. Each participant seats behind a private computer, and no one can ever
know the identity of another. All decisions are made on the computer screen.
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It is an anonymous experiment. Experimenters and other participants cannot link
your name to your desk number, and thus will not know the identity of you or of
other participants who made the specific decisions. Your earnings in the experiment
are denoted in points. Your earnings depend on your own choices and the choices of
other participants. At the end of the experiment, your earnings will be converted to
RMB at the rate: 1 point = ¥0.05. In addition, you will receive ¥15 show-up fee. This
show-up fee is added to your earnings in the experiment. Your total earnings will be
paid to you privately via Ancademy right after the experiment.
Please read the following instructions carefully. After reading the instructions we
will ask you several questions to test whether you understand the experiment. The
experiment will continue after you answer all questions correctly.
In this experiment, you will be randomly matched with three other people in the
room. Participants in your group will not change during the experiment. The four
of you will be randomly assigned a player ID, which is either A, B, C or D. The ID will
not change during the experiment as well. The four of you are going to repeatedly
play a game for 60 rounds.
In the experiment, you will be assigned into the following network graph which
indicates your neighborhoods relationship. Each player is represented as a gray dot
with the identity ID (A, B, C and D) marked next to the dot. A line between two
persons indicates that they are “neighbors”. Therefore, in the experiment, A and B are
neighbors, while C and D are neighbors. The neighbors’ network is fixed during the
experiment.

The four of you are going to play a game. You can earn 100 points by owning oneunit good. The four of you should simultaneously decide the amount of good you will
buy. You can own both the goods bought by yourself and by your neighbors. Whether
you own one-unit good depends on your and your neighbors’ choices:
• If the sum of goods bought by you and your neighbors is equal to or greater than
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1, the one-unit good is successfully provided and you can earn 100 points. (Note
that, no matter the sum of goods bought by you and your neighbors is equal to
or greater than 1, the points you earn is fixed at 100 points.)
• If the sum of goods bought by you and your neighbors is less than 1, the good
cannot be provided and you earn 0 point.
If you choose to buy positive amount of goods, your purchasing cost contains
two parts. The first part is a fixed cost, which equals to 40 points, and it does
not vary as the amount of goods you buy. Once a person buys some goods, he
needs to pay this 40-point fixed cost. The second part is the variable cost, which
equals to “40 points times the amount of goods you buy”. The variable cost increases
proportionally as the increase of the amount of goods you buy. If you choose not to
buy goods, you do not need to pay the fixed cost nor variable cost.
Specifically, in the second stage, you can choose any amount of the goods to buy
between 0 and 1. Your revenue is computed as follows:
• If you choose 0 (not buying), and the sum of goods bought by your neighbors is
equal or greater than 1, you receive 100 points (100 points gain – 0 point cost);
• If you choose 0 (not buying), and the sum of goods bought by your neighbors is
less than 1, you receive 0 point (0 point gain – 0 point cost);
• If you choose to buy positive amount goods, a (> 0), and the sum of goods bought
by you and your neighbors is at least 1 unit, you receive 60-40a points (100 points
gain – 40 points fixed cost – 40a points variable cost);
• If you choose to buy positive amount goods, a (> 0), and the sum of goods bought
by you and your neighbors is less than 1 unit, you receive -40-40a points (0 point
gain – 40 points fixed cost – 40a points variable cost).
Note that, your earned points depend only on your own choice and your neighbors’
choice, but not on choices of persons who are not your neighbors. The payoff table is
presented below. Each cell shows the points you will receive in different situations.
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Next, we present the screen that you will see during the experiment. Below is the
screenshot of the decision stage. In the left you can view all previous outcomes by
pressing the button “Previous Round”, “Most Recent Round” and “Next Round”. In
the right you make your decision of the amount of goods you buy. (The number can
have at most two decimals.)

After everyone in the group have made decisions, you will see the outcome display
screen below. You can see all players’ decisions and payoffs in this round. Take B for
example. B buys 0.9 unit of goods and his only neighbor, A, buys 0.2 unit of goods,
and the summation is 1.1. Therefore, D owns one unit of goods successfully and D’s
revenue is 24 points (100 gain in the goods -40 fixed cost of goods −40 ∗ 0.9 variable
cost of goods).
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You will play this game with the same group of persons repeatedly for 60 rounds.
Please note that there will be 1 unpaid trail period for you to familiarize the
experiment. In each round, you have to decide the amount of goods to buy. At the
end of each round, you learn the choice and payoff of all players in your group. We
will randomly select 7 rounds among 60 rounds and your earnings is the sum of the
points you earn in selected rounds.
(Notes: the control questions are the same as in the L0, L6 and L11. )
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