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Abstract

We experimentally explore public good production levels, and the endogenous
formation of network structures to facilitate output sharing, among agents with
heterogeneous production costs or valuations. Results corroborate the key the-
oretical insights of Kinateder & Merlino (2017) characterizing how agents form
core-periphery networks. However, subjects often produce more and form denser
networks than predicted, which sometimes reduces efficiency. There is some ten-
dency for behaviour to converge towards the theoretical equilibrium over repeated
play. Our results help us understand the emergence of the ‘law of the few’ in real-
world networks, and suggest it is driven by endogenous sorting of heterogeneous
agents.
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1 Introduction
A large body of literature studies the context of public good provision in
which those public goods are produced and obtained through networks
(see, e.g., Jackson, 2010). An oft-cited example is the production and
consumption of knowledge, which can be obtained either by generating it
oneself or by connecting to others in possession of it. One key observation
in the literature is that the structure of such networks, in the real world,
often resembles a star, consisting of one or few key contributors located in
the core and lots of other agents located on the periphery (see, e.g., Ch’ng,
2015; Goyal et al., 2006). Another empirical finding is that contributions
to the public good often roughly follow the “80-20” rule: a large fraction
of the content (e.g., 80%) is provided by a few agents (e.g., 20%) (see, e.g.,
Wang et al., 2013; Yang et al., 2008). If we assume that these few highly
productive contributors also occupy the core position of the network, these
two regularities can be combined to represent the law of the few. This
law, first coined by Galeotti & Goyal (2010), refers to the large majority of
agents, positioned in the periphery, obtaining most of their consumption
from a small minority located in the core.

A distinct possibility is that these network patterns occur at least partly
as a result of agent heterogeneities – that is, some members of the network
are either better than others at producing the good, or have particularly
strong preferences for consuming it. In this paper we empirically explore
how the structure of public good provision networks, and the contribution
patterns of the individuals located within, take form in the presence of such
heterogeneities in production costs and valuations. Such circumstances
have been considered theoretically by Kinateder & Merlino (2017) (hence-
forth, KM), whose model demonstrates the law of the few holds with agent
heterogeneities and indeed is specifically shaped by them. In extending
Galeotti & Goyal’s framework (which itself also predicts the endogenous
emergence of the law of the few) to allow for agent heterogeneities, KM
yielded the additional prediction that it will be those agents with lowest
production costs or highest consumption valuations positioned in the core
of the network.1

1These papers fall within a wider stream of recent theoretical literature, which has
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Our paper provides a direct test of key aspects of the KM model. We
present a laboratory experiment with a payoff structure based on KM, in
which each subject is asked to decide how much she would like to produce,
and with whom she would like to share output by initiating costly links. We
test the prediction that differences in individual types lead to differences
in their choices leading to network position, i.e., that economic agents tend
to rely more on themselves if producing on their own is relatively low cost,
or yields relatively high individual benefits. To model this, our experiment
introduces two types of scenario, each of which features a different kind of
heterogeneity. In scenarios with cost heterogeneity, we vary the cost of con-
tributing a unit of production so that agents can be ranked in terms of their
relative productive efficiency. In scenarios with valuation heterogeneity, we
let the returns from the public good strictly decrease from the “best” to
“worst” agent. In doing this, we want to understand how cost heterogeneity
and valuation heterogeneity shape agents’ decisions and whether and why
some group members will choose to contribute more and others less. We
also aim to gain insight into why networks tend to have a “star” structure,
where most individuals are peripheral to a few core members and how and
why individuals are sorted into the core and periphery.

Our results confirm that participants behave differently from each other
when perfect heterogeneities exist in their group. In both of our scenario
types, participants who are assigned a better role (lower cost or higher
benefit) decide to produce higher quantities of the public good and pay less
to create links to others, while those who are assigned a worse role decide to
produce little and rely on better types’ production by initiating many links.
Therefore, better roles become the centre of the network and worse roles
are positioned on the edge of the network. This emerges endogenously, and

made significant progress in embedding network formation into the study of public goods
provision, either with exogenously imposed or endogenously formed networks. Galeotti
& Goyal (2010) built upon Bramoullé & Kranton (2007), the first model to show star
networks lead to specialisation in the provision of public goods. Cho (2010) and Cabrales
et al. (2011) also theoretically study public good provision with endogenously formed
networks. Baetz (2015) and Hiller (2017), while still studying endogenous networks, are
different in that they both focus on a version of the public good game where contribution
actions are strategic complements rather than strategic substitutes. In the literature
on public good provision under exogenous networks, important works include Allouch
(2015, 2017), Boncinelli & Pin (2012), Bramoullé et al. (2014), Elliott & Golub (2019),
and Galeotti et al. (2010).
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supports the theoretical predictions of KM. We therefore experimentally
validate that the relative centrality of network members and the level of
their personal contributions depend on the personal attributes of these
individuals.

However, we find that participants are quite willing to pay for the costly
links to build connections with each other, and thus often form denser net-
works than the model predicts. This result is in line with other experimen-
tal studies of endogenous network formation (Falk & Kosfeld, 2012; Goyal
et al., 2017; He & Zou, 2022), while we additionally show that such over-
linking behaviour depends on types and scenarios. Moreover, most types
are willing to incur production costs to contribute at a level higher than
predicted in KM. This excessive production and linking behaviour leads
earnings under valuation heterogeneity to be less than under equilibrium.
This is because both producing and linking incur costs, and participants
suffer in a dense network by producing too much when they should have
instead relied more on their neighbours’ production. We observe, how-
ever, some tendency for behaviour to more closely approach the theoretical
equilibrium as the game is played repeatedly.

Our paper builds upon earlier laboratory experimental literature which
showed that contributions in local public goods games are sensitive to one’s
position in an exogenously fixed network structure (Rosenkranz & Weitzel,
2012).2 Other than our paper, we are aware of only four laboratory ex-
perimental studies that allow endogenous network formation in such set-
tings, and thus study both contribution levels and linking decisions.3 van
Leeuwen et al. (2020) and Rong & Houser (2015) focus on identifying mech-
anisms that can increase the probability of star networks occurring, a mat-
ter of interest because the star network is the most efficient structure based
on Galeotti & Goyal (2010)’s law of the few. van Leeuwen et al. (2020) find
that introducing status rents, by rewarding players for receiving in-links,

2Other representative experimental studies of public goods provision under fixed
networks include Choi et al. (2011), in which a binary-choice action profile is considered,
while Gallo & Yan (2015) provide an extension with strategic complements. A good
review is available in Choi et al. (2015).

3Here we mainly focus on experimental settings in which subjects are asked to make
the two decisions simultaneously. We are aware of recent studies, such as He & Zou
(2022), using two-stage games in which the first stage only consists of network formation
decisions and the second stage solely of public good provision.
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can facilitate the emergence of star networks because it makes the core a
more attractive position. Rong & Houser (2015) find that more star net-
works are generated when each participant is restricted to either making
contributions or initiating links, and when at most one player in each group
can choose to contribute. Choi et al. (2019) focus on the effect of group
size. Specifically, they examine groups with 100 agents and find that the
law of the few exists in such substantial networks.

The paper most similar to ours is Goyal et al. (2017), which focuses on
studying the effects of linking costs and contribution costs on contribution
behaviour, finding it to be sensitive to both, with an increase in linking
costs leading to higher contributions by the hub players and fewer links in
the formed network. Like our experiment, Goyal et al. (2017) also allow
for individual heterogeneities. They verify the proposition in Galeotti &
Goyal (2010) that if an agent has a lower production cost than her group
members, this agent is more likely to stay in the core. Our experiment is
different in that we explore heterogeneities in valuations as well as costs.
Furthermore, while Goyal et al. (2017) modelled cost heterogeneities such
that costs were uniform across the network except for one low-cost agent,
we follow KM in devising perfect heterogeneities, where all players differ
from one another. Particularly since we are not only interested in who
self-selects into the core but also into the periphery, this approach helps
us to investigate in greater depth whether differences in individual traits
contribute towards the law of the few. Our results suggest they do, and
therefore provide a suggestive explanation for why this pattern emerges so
frequently in real-world networks.

The remainder of the paper is structured as follows. In Section 2, we
present the experimental design. In Section 3, we outline and explain our
hypotheses. We then present our results and draw conclusions in Sections 4
and 5 respectively.
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2 Experimental design

2.1 The task

In our experiment, we confronted subjects with a task based closely on
the setup of the local public goods game in the KM model.4 The task
required each participant to simultaneously (1) choose her neighbours, and
(2) select a level of contribution, which would yield returns for herself as
well as bringing positive externalities to her neighbours. At the start of the
game, participants were told that they could earn experimental currency
units (ECUs) by collecting tokens, and that there were two ways they
could do this: either by producing the tokens themselves or by connecting
to other participants to gain access to duplicates of those produced by the
others.

B

A

C

(a) Links.

XB

XA

XC

(b) Contributions.

XB+XA

XA+XB+XC

XC+XA

(c) Returns.

Figure 1: Simplified task example with n = 3.
Note: Suppose there are three agents, A, B and C. Agent A initiates a

link to agent B, and agents A and C initiate links to each other
(panel (a)). This results in A and B becoming neighbours, and A and C

becoming neighbours. B and C are not neighbours. Simultaneously,
agents A, B and C decide to produce xA, xB, and xC tokens, respectively

(panel (b)). Panel (c) presents the agents’ consumption: each agent
consumes her own production and that of her neighbours.

Figure 1 provides a simplified illustration of the game’s decision and
earning structures (for ease of exposition we use an example with three
players, although in the experiment groups were actually of size six). Each
player decides with whom to connect, as illustrated in panel (a). It depicts
the case where agent A initiates a link to agent B, and agents A and C both

4See Appendix A1 for an overview of the model.

5



initiate links to each other, while there is no connection between agents B
and C. Therefore, agents A and B become neighbours, as do agents A
and C, while agents B and C do not. They also decide how many tokens
to produce by themselves. Panel (b) shows that agent A, B and C decide
to produce xA, xB, and xC tokens, respectively. Agents share their tokens
with their neighbours, as shown in panel (c). Note that the links have a
two-way flow feature; each neighbour obtains the other’s output, regardless
of who initiated a link. Note also that when an agent’s production xi is
shared with a neighbour, the form this takes is that both agents obtain
this full amount xi. This sharing payoff structure resembles the case for a
public good such as information.

More specifically, each individual’s net earnings – after the exchange
of tokens – depend on her consumption resulting from her own efforts and
those of her neighbours, and the costs incurred by her two decisions, as
represented by the following payoff function:

Ui(x, g)︸ ︷︷ ︸
net

earnings

=



Vi −

xi +
∑

j∈Ni(ḡ)

xj

xi +
∑

j∈Ni(ḡ)

xj


︸ ︷︷ ︸

revenue

− cixi︸︷︷︸
cost of

contribution

− kηOUT
i︸ ︷︷ ︸

cost of
initiating links

, if xi +
∑

j∈Ni(ḡ)

xj ≤ Vi

2
;

V 2
i

4
, if xi +

∑
j∈Ni(ḡ)

xj >
Vi

2
.

(1)

In this function, xi represents each participant i’s level of production,
and

∑
j∈Ni(ḡ)

xj represents the total production of the neighbours with
whom she is linked in the network. Ni(ḡ) represents the set of neighbours of
participant i, in which ḡ is an adjacency matrix representing the undirected
network formed by participant i and her neighbours. Each participant i’s
revenue is therefore quadratic in the sum of her own and her neighbours’
efforts,

[
Vi −

(
xi +

∑
j∈Ni(ḡ)

xj

)](
xi +

∑
j∈Ni(ḡ)

xj

)
. Each participant i’s

cost is linear in her own contribution, xi, and the number of links she has
initiated, ηOUT

i . Participants do not have to pay for links initiated to them
by others. Participants may differ in the level of personal returns they de-
rive from the public good, determined by the value of Vi, or in the marginal
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cost of own contribution, ci. The cost of sponsoring a link, k, is identical
for all. A participant’s net earnings from the task, Ui(x, g), therefore is
obtained by subtracting both kinds of cost from the revenue.

We highlight three features of this task implied by equation (1). First,
this task is different from other public goods games in the sense that there
is no initial endowment but rather players produce, at cost, each unit of
their own output. It is important to note that there is no free lunch; if
a participant chooses to produce noting, and she does not have any con-
nections at all, then her earnings will be zero. Additionally, each token
produced by participants exerts positive externalities on their neighbours.
Equation (1) tells us that the marginal revenue from own production and
neighbours’ production is the same; the two ways of obtaining tokens are
perfect substitutes. Finally, in order to follow KM in keeping marginal
revenue non-negative, we adjust the rule of calculating payoffs as follows.
In equation (1), if the sum of their own effort and their neighbours’ ef-
fort, xi +

∑
j∈Ni(ḡ)

xj, is greater than Vi

2
, then the marginal revenue be-

comes negative. To avoid this situation, we tell participant that, once it
happens, the revenue is simply fixed at V 2

i

4
(which is the revenue when

xi +
∑

j∈Ni(ḡ)
xj =

Vi

2
). In other words, we set the marginal revenue to be

zero when xi +
∑

j∈Ni(ḡ)
xj >

Vi

2
.

2.2 Heterogeneities and treatments

Subjects played the game in groups of six.5 Within each group, individuals
are randomly assigned to a type, which is common knowledge to all group
members. Types are unique, so that the number of types in each group is
six. Types are labelled from Role A to Role F. Role A is always the “best”
type and Role F the “worst”, as defined below.6

Roles are determined according to the source of heterogeneity employed
5We ran some additional treatments where the group size was instead eight. These

are covered only in Appendix A2.
6In the experimental instructions, we use “Role + English Alphabet” to name and

introduce each type. This is because in Mandarin (the language the experiment was
conducted in), “Role A (角色 A)”is neutral while “Type 1 (第 1 类)” implies “the best
condition”. We used “Role A” instead of “Type 1” because we wanted participants to
infer the differences between types from the cost or valuation parameters associated with
them, rather than from the labels themselves. In the paper, we hereon also use “Role”
as a replacement for “Type”.
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in the experimental treatment in question. There are two kinds of hetero-
geneities, of which only one features in a given treatment. Under hetero-
geneity in production cost, the production cost ci of each role is given as
follows: cA < cB < cC < cD < cE < cF . Other parameters are all kept
identical. Therefore, Role A is the “best” role because it has the small-
est cost of production, cA. Under heterogeneity in valuation of the good,
we vary Vi (but hold the production cost and other parameters constant)
within each group. The “best” role has the largest marginal revenue from
obtaining one extra token either by contributing herself or by obtaining
linked output, i.e., VA > VB > VC > VD > VE > VF .

Table 1: Treatments.

Treatment Cost (c) by role
k VA B C D E F

T1 8 72 76 80 84 88 1500

240

T2 8 80 84 88 92 96
Cost T3 20 32 64 68 73 96 2000heterogeneity T4 20 34 80 84 88 92

T5 34 70 74 86 90 94 1500T6 34 68 72 84 88 92

Treatment Valuation (V ) by role
k cA B C D E F

T7 252 188 184 180 176 172 300
20Valuation T8 252 180 176 172 168 164

heterogeneity T9 252 200 176 172 168 144 620T10 252 200 172 168 164 140

We created six treatments with cost heterogeneity and four treatments
with valuation heterogeneity. The treatments, displayed in Table 1, vary
according to the precise distribution of values for the variable subject to
heterogeneity. An equilibrium prediction exists for each treatment, spec-
ifying the contribution level for each role, and also who initiate links to
whom. Although in KM it is possible to have more than one equilibrium
for a given set of parameters, the parameters selected in our design en-
sure that each treatment has a unique one, thus enabling the evaluation
of whether our participants’ behaviour is consistent with the predictions in
KM. The equilibrium of each treatment is presented in Table 2.

Note that, for each type of heterogeneity, we have some treatments
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Table 2: Theoretical equilibria.

Equilibrium contribution
Treatment in tokens by role Equilibrium graph

A B C D E F
T1 71 13 11 8 7 5 graph (a)T2 66 14 11 10 8 6

Cost T3 34 32 22 20 18 16 graph (b)heterogeneity T4 30 28 22 20 18 16
T5 23 20 18 16 14 12 graph (d)T6 24 20 18 16 14 12

Equilibrium contribution
Treatment in tokens by role Equilibrium graph

A B C D E F
T7 71 13 11 9 7 6 graph (a)Valuation T8 66 14 12 10 8 6

heterogeneity T9 36 33 9 7 5 26 graph (c)T10 34 32 10 8 6 26

A

B

C

D

E

F

E

C
A

D

B
F

E

C
A

D

B
F

A

D

B
E

C

F

Equilibrium
graph

(a) (b) (c) (d)

where equilibrium play would generate a simple star network structure
(graph (a)), while in other treatments it would create rather more complex
linking structures. In devising multiple treatments, it is not our primary in-
terest to compare outcomes between them by measuring treatment effects.
Instead, our interest is, within each treatment, to compare the observed be-
haviour against the theoretical prediction. Our reason for including many
different treatments is to evaluate the KM theory extensively, across a wide
range of different circumstances.

2.3 Procedure

We used z-Tree to conduct the experiment (Fischbacher, 2007). In each
round, subjects made their two decisions on the screen shown in Figure 2(a).
All group members made their decisions simultaneously without any com-
munication. When the whole group finished inputting its decisions, the

9



result was reported to all group members, as shown in Figure 2(b). We re-
ported the following information by role: tokens produced, all connections
made, tokens obtained from neighbours, revenue, total cost of contribution,
total cost of initiating links, and finally the earnings which are defined by
revenue minus the two kinds of cost.

(a) An example of the decision screen (Part 1 of Treatment 1).

(b) An example of the result screen (Part 1 of Treatment 1).

Figure 2: z-Tree screenshot.
Note: the red English translations are overlaid above the original

Mandarin text.
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In addition to the experimental instructions, each participant was given
a booklet, which displayed, for each role, what the payoffs would be for
different combinations of possible actions. When a specific role was assigned
to a participant, she could turn to the page for that role, using the listed
payoffs and associated actions to help make decisions. We expected this
booklet to reduce the calculation load in the experiment. The instructions
in English and the corresponding payoff booklet of Treatments 1 and 7 are
available in Appendix A3. The experimenter read aloud the instructions
and the notes on the first page of the payoff booklet introducing how to
use it.

Each session had two parts. In Part 1, participants were randomly
partitioned into groups and performed the task for one round. We included
this one-shot game in order to be consistent with the KM model, which
itself only has one round. Not until Part 2 started would the participants
become informed of its content. In this part, participants performed the
same task for another 19 rounds. They were told they would keep the same
matching group from Part 1, while the six roles would be randomly assigned
at the start of each round. Each group maintained the same treatment as
in Part 1. At the end of each round, the results of the current round were
reported. Our reason for including this repeated game in addition to the
earlier one-shot game is to provide the KM model with a fair chance of
success in reality: while repeated interactions are not technically part of
the model, we considered learning effects to be an empirical possibility,
which in practice could potentially push subjects either closer to or further
away from equilibrium behaviour.

After we introduced the experimental instructions in Part 1, partici-
pants needed to pass tests of understanding and play a mock round of the
task before starting the formal task. The aim of the tests was to train par-
ticipants to familiarize themselves about how their earnings in ECUs were
calculated. In each test, participants were asked to calculate the earnings
of certain roles, based on the levels of production and network graph in the
example given. To avoid nudging participants into particular contribution
or linking behaviour, different subjects in a given session were assigned dif-
ferent tests, and the tests also differed across sessions. The mock round
was identical in procedure to the formal task of Part 1 except participants

11



were told this was not a paid round. The purpose of the mock round was
for participants to familiarize themselves with the screen and software.7

Before the start of Part 1, participants were told their final payment
would consist of their show up fee and their earnings from either Part 1 or
Part 2 with equal probability, to be determined at the end of the experi-
ment. In Part 1, when the one-round task was introduced, subjects were
told that if Part 1 was randomly selected to be the incentivised part, their
payment from this part would comprise their earnings from its (formal)
one-shot game. In Part 2, when they were introduced to the repeated task,
they were told that if Part 2 was selected, then one of these 19 rounds
would later be selected with equal probability to determine their earnings
from this part. The show up fee was 40 Chinese Yuan per participant.
This amount is higher than standard levels to avoid the possibility of any
subject achieving a negative overall payoff. The ECUs earned in the task
were transferred to Yuan at the exchange rate of 150 ECUs = 1 Yuan.

The experiment was conducted at the CeDEx China laboratory of the
University of Nottingham Ningbo China, and the Economics Experimen-
tal Laboratory (NEXL) of Nanjing Audit University, between March and
June 2021. We conducted two sessions for each treatment, one in Ningbo
and the other in Nanjing. In Ningbo, participants were selected and invited
at random via ORSEE (Greiner, 2015). In Nanjing, they were recruited
by Sona Systems.8 Detailed background information on the subjects, sum-
marised in Table 3, was collected via a post-experimental questionnaire.
The majority were undergraduate students majoring in Economics and

7Participants received feedback on the outcome of the mock round, since we wanted
to familiarize them with the way the results would be presented. In principle, one might
wonder if behaviour in the formal round of Part 1 was influenced by learning effects
from the mock round, but we find little evidence of this. We ran Mann-Whitney U tests
to compare the production levels and number of links initiated between the mock round
and formal round (of Part 1), separately for the combined data collected under cost
heterogeneity and valuation heterogeneity. We find only that production behaviour un-
der cost heterogeneity is just barely significantly different between the mock and formal
rounds at the 10% level (z = 1.667, p = 0.0096). There is an insignificant difference in
the number of initiated links under cost heterogeneity, and there are insignificant dif-
ferences in both production levels and quantity of links under valuation heterogeneity.
Assignment to groups was shuffled between the mock and formal rounds (and subjects
were informed of this).

8Sona Systems is a cloud-based participant management platform. The functions
Sona Systems has are almost the same as ORSEE. For more information, see https:
//web.sona-systems.com/default.aspx.
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Business, and 75% were female. This is consistent with the gender ra-
tios within the registered participant pools of both universities. 81.58% of
the participants reported that they understood the concept of “marginal
benefit”, which reflects their academic background; and 41.45% of them
reported that this was their first time participating in an economics lab
experiment.

Table 3: Background information about participants.

Ningbo Nanjing Total
N = 152 N = 152 N = 304

Mean age 19.94 21.00 20.47 (SD = 1.66)
Female 107 121 228 (75.00%)
UG-Year 1 to Year 4 144 134 278 (91.45%)
Area of study

Social Science–Economics 32 35 67 (22.04%)
Social Science–Other 14 3 17 (5.59%)
Business 61 102 163 (53.62%)
Science 45 12 57 (18.75%)

Have experiment experiences 44 134 178 (58.55%)
Have ever heard of “marginal benefit” 105 144 248 (81.58%)
Mean number of friends in the lab 0.34 0.89 0.62 (SD = 1.76)

Participants were paid at the end of the session using WeChat Pay.
This type of electronic method is used for almost all payments in China
nowadays, and the money transfer is immediate. Earnings per participant,
including the show-up fee, took a mean value of 98.32 Yuan, with a range
of 42.11-143.15. Since each session lasted for about 100 minutes, the aver-
age hourly rate in this experiment reached 58.99 Yuan (equivalent to 8.02
Euros), thus the incentive level was sufficient.9

3 Hypotheses
We will evaluate whether participants’ behaviour is affected by their role,
and to what extent it is consistent with that predicted by the KM model.
KM characterise equilibria under scenarios of cost and valuation hetero-
geneity in Theorem 1 and Theorem 2 of their paper, respectively. They
point out that different roles have different behaviour in equilibrium, and

9The mean hourly earnings were three times higher than for a part-time job on
either campus, e.g., working as a student administrative assistant at the front desk of
the university library.
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that these constitute the ‘law of the few’. Our hypotheses correspond to
these theorems, and are based on predicted equilibrium behaviour in the
treatments we consider (see Table 2). In both Hypothesis 1 and Hypoth-
esis 2, we consider two things. First, we consider which roles receive rel-
atively more or less links. In graph theory, the links received by a node
are called “in-links”. We use this concept to define which role is positioned
into the centre of the network.10 Secondly, we consider the relative pro-
duction levels among the different roles. Hypothesis 1 below relates to the
within-group differences under cost heterogeneity scenarios.

Hypothesis 1 In scenarios of cost heterogeneity, behaviour exhibits the
following two patterns:

Hypothesis 1.1 Any better role receives weakly more in-links than any
worse role, i.e., ηINA (g) ≥ ηINB (g) ≥ ηINC (g) ≥ ηIND (g) ≥ ηINE (g) ≥
ηINF (g).
Hypothesis 1.2 Any better role produces more than any worse role,
i.e., xA > xB > xC > xD > xE > xF .

Hypothesis 2 relates to scenarios of valuation heterogeneity. Note that
in these scenarios, for production behaviour the KM model only makes
predictions about the roles which are positioned in the core of the network
in equilibrium. Correspondingly, our Hypothesis 2.2 applies only to the
core roles rather than all roles. To verify Hypothesis 2.2, we will only use
Treatments 9 and 10. This is because the equilibrium graph in Treatments 7
and 8 only contains one role in the core, so there is no way to make within-
core comparisons. Moreover, we will firstly need to verify that Role A and
Role B are – as predicted – positioned as core players in Treatment 9 and
Treatment 10, before we use their decisions to test the hypothesis.

Hypothesis 2 In scenarios of valuation heterogeneity, behaviour exhibits
the following two patterns:

Hypothesis 2.1 Any better role receives weakly more in-links than any
worse role, i.e., ηINA (g) ≥ ηINB (g) ≥ ηINC (g) ≥ ηIND (g) ≥ ηINE (g) ≥

10The degree centrality of a node is measured as this node’s number of inlinks
total number of nodes−1 , and ranges

from 0 to 1. In other words, a larger number of in-links also indicates a more central
position in a network. In a directed graph, we can also consider the links initiated by a
node, which are called “out-links”.
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ηINF (g).
Hypothesis 2.2 For roles in the core, better roles produce more than
worse roles, i.e., xA > xB.

We also want to assess the extent to which the equilibrium can be
reached. Since each treatment has only one equilibrium, we will evaluate
whether the behaviour in each treatment is close to this predicted state.
To do so, one statistic we will use is the network density ratio, defined
as the total number of links initiated within an entire group divided by
number of links of that group’s equilibrium graph. If it is larger or smaller
than one, it means this group forms a network which is denser or sparser
than the equilibrium graph, respectively. In such cases, we can conclude
the group deviates from the predicted linking behaviour. To evaluate the
closeness of participants’ contributions to the equilibrium level, we further
define the production ratio of a participant as her tokens produced divided
by her predicted equilibrium contribution, given her role. If this ratio is
above or below one, then actual contributions exceed or fall short of the
hypothesised level, respectively. Hypothesis 3 below applies both to cost
and valuation heterogeneity scenarios.

Hypothesis 3 Under both cost and valuation heterogeneity, participants’
behaviour is consistent with the equilibrium predictions for their assigned
roles.

Hypothesis 3.1 Linking behaviour is consistent with the equilibrium:
the mean network density ratio is statistically indifferent from 1.
Hypothesis 3.2 Production behaviour is consistent with the equilibrium:
the mean production ratio is statistically indifferent from 1.

Note that, although Hypothesis 3.1 relates to the network density ratio,
even if we were to identify a value equal to one, this would not necessarily
indicate the emergent network is the same as the equilibrium graph. This
is because, although the total number of initiated links are the same, who
links with whom could be different. We will therefore also explore the
extent to which the links actually initiated are the same as those predicted
by the model.
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4 Results
The analysis is structured in three sub-sections. We firstly discuss be-
haviour by role in Section 4.1, as these correspond to Hypothesis 1 and
Hypothesis 2. Next, we evaluate the extent to which the results are close
to the equilibrium predictions in Section 4.2, thereby testing Hypothesis 3.
In Section 4.3, we consider the payoff consequences of choices in the ex-
periment. Since we are specifically interested in the two types of scenarios
considered in the experiment, we will analyse data under the cost hetero-
geneity and valuation heterogeneity scenarios separately. In our data set,
an observation consists of one subject in one round, which means it doc-
uments a subject’s decisions about how many tokens to produce and to
whom to link to in a certain round. For cost heterogeneity, we use data
from Treatments 1 to 6, which consists of 2,880 observations.11 For valua-
tion heterogeneity, we use data from Treatments 7 to 10, which consists of
1,920 observations.12

4.1 Behaviour by role

4.1.1 Part 1 results

We first analyse behaviour under cost heterogeneity. Figure 3(a) displays
the average number of links initiated by each role. A Kruskal-Wallis test
confirms that the mean level of out-links differs across the six roles (χ2(5) =

53.695, p < 0.001). We further conduct pairwise comparisons between roles
using Dunn’s test.13 We find the only significant difference between roles
is that Role A rarely initiates links compared with the other five (largest
p-value = 0.031). The average number of links received by each role are
shown in Figure 3(b). We find that in-links are highly concentrated on
Roles A and B, while for Roles C to F the mean number is close to zero.

112,880 observations = 6 treatments * 4 matching groups per treatment * 6 group
members per matching group * 20 rounds (excluding the mock round).

121,920 observations = 4 treatments * 4 matching groups per treatment * 6 group
members per matching group * 20 rounds (excluding the mock round).

13The significance reported by a Kruskal-Wallis test only shows differences among the
six roles exist, while it cannot tell which roles differ. Dunn’s test therefore is used as a
post hoc procedure to determine which roles are significantly different from each other
by providing pairwise analysis (Dinno, 2015).
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Following a Kruskal-Wallis test confirming the significance of differences in
mean number of in-links across role types (χ2(5) = 110.039, p < 0.001),
the Dunn’s test shows this number does not significantly differ between
Roles A and B, while both roles receive significantly more than each of
Roles D to F (largest p-value < 0.001). Number of in-links also does not
significantly differ across Roles C to F (smallest p-value = 0.290).

Result 1.1 Under cost heterogeneity, better roles receive weakly more in-
links than worse roles. Hypothesis 1.1 is supported.
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Figure 3: Behaviour by role, Part 1, Cost Heterogeneity.
Note: Error bars represent 95% confidence intervals

Figure 3(c) displays the average number of tokens produced by each
role. It can be observed that the amounts decrease in the cost parameter.
Again, a Kruskal-Wallis test confirms that the mean level of production
differs across the six roles (χ2(5) = 66.260, p < 0.001). Using Dunn’s tests,
it is found that Role A produces significantly more than any other role
(largest p-value = 0.042). Role B does not differ significantly from Role C,
while it produces significantly more than each of Roles D to F (largest p-
value = 0.042). Role C does not differ significantly from Role D or Role E,
while it produces significantly more than Role F (p-value = 0.039). Role E
to Role F cannot be distinguished (smallest p-value = 1.000). In summary,
while all roles produce more than those with higher costs, the differences
are not always significant. Nevertheless, results are generally consistent
with our theoretical expectations.
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Result 1.2 Under cost heterogeneity, better roles produce more tokens than
worse roles, although not all strict inequalities are established (because it is
not the case that every pairwise comparison is significant). Hypothesis 1.2
is partially supported.

Results 1.1 and 1.2 together show the ‘law of the few’. When we vary
production costs among group members, better roles endowed with lower
costs produce more by themselves and initiate less links; worse roles pro-
duce less and initiate more links. Better roles are positioned in the centre
of the network by receiving more in-links from worse roles, and worse roles
are positioned on the periphery of the network.
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Figure 4: Behaviour by role, Part 1, Valuation Heterogeneity.
Note: Error bars represent 95% confidence intervals

Regarding scenarios of valuation heterogeneity, Figure 4(a) displays the
average number of links initiated by each role. A Kruskal-Wallis test shows
that there are no differences with respect to link initiating behaviour among
these roles (χ2(5) = 8.084, p = 0.152).14 Figure 4(b) shows that in-links
are concentrated on Roles A and B. A Kruskal-Wallis test finds number of
in-links differs across role types (χ2(5) = 62.732, p < 0.001). Dunn’s tests
show that Role A and Role B receive significantly more links than each
of the other roles (largest p-value= 0.016), while there are no significant
differences between them (p-value = 1.000). All differences among Roles C
to F are also insignificant (smallest p-value = 0.316).

14We therefore do not report the results of pairwise Dunn’s tests here, since these are
follow-up tests we employ only when the Kruskal-Wallis test identifies differences exist
across role types.
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Result 2.1 Under valuation heterogeneity, better roles receive weakly more
links than worse roles. Hypothesis 2.1 is supported.

As discussed above, the prediction in Hypothesis 2.2 on producing be-
haviour is restricted to the core players in Treatments 9 and 10. Therefore,
we need to show that Roles A and B are indeed core players in these
two treatments, in line with our prediction. Figure 5(b) shows that sim-
ilar with the whole sample under valuation heterogeneity (Treatment 7
to 10), in Treatments 9 and 10 in-links are concentrated on Roles A and B
as well. Kruskal-Wallis test confirms that differences across roles exist
(χ2(5) = 29.417, p < 0.001), and Dunn’s tests show Result 2.1 satisfies
this restricted sample, albeit with some differences in the precise results.
Role A and Role B are not significantly different with each other (p-value
= 1.000), while Role B is different from Role A in that it does not receive
significantly more links than Role D (p-value = 0.104). Therefore, Roles A
and B are confirmed to be positioned in the centre of the network, with
Role B less central than Role A.
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Figure 5: Behaviour by role, Part 1, Valuation Heterogeneity, Treatments
9 and 10.

Note: Error bars represent 95% confidence intervals

Therefore, we can turn to verifying Hypothesis 2.2. Figure 5(c) displays
the mean amount of tokens produced by each role in Treatments 9 and 10.
It shows that Role A contributes more than Role B. However, the core
players Role A and Role B do not significantly differ in production levels
(Kruskal-Wallis test, χ2(5) = 0.625, p = 0.429).
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Result 2.2 Under valuation heterogeneity, better roles produce more than
worse roles, but the difference in production between players in the core is
not significant. Hypothesis 2.2 is not supported.

Result 2.2 does not necessarily mean Hypothesis 2.2 is not supported
at all. We will return to this point in Section 4.1.2 when multiple-round
outcomes are discussed.

Although Result 2.1 is not fully consistent with our predictions, we still
argue our findings are consistent with the ‘law of the few’, at least based
on a looser definition. The reason is that from the data of Treatments 7
to 10, we still can find evidence that better roles contribute more. Consider
the mean amount of tokens produced by roles across Treatments 7 to 10,
which is displayed in Figure 4(c). The general pattern is that the mean
number of tokens produced increases in the valuation parameter, with the
slight exception of Role D. A Kruskal-Wallis test shows roles are different
in the level of contribution (χ2(5) = 23.190, p < 0.001). Dunn’s tests
further tell us this is because Role A contributes significantly more than
Role C to F (largest p = 0.011). However, there are differences in linking
behaviour compared with scenarios of cost heterogeneity. Although better
roles are again positioned in the centre because they receive more in-links,
our evidence shows that these in-links come from both better roles and
worse roles in scenarios of valuation heterogeneity.15

4.1.2 Part 2 results

In Part 2, participants performed the same task for another 19 rounds,
kept in the same matching groups with roles shuffled in each round, and
with feedback delivered at the end of each round. Our interest in Part 2
is in the form behaviour takes after multiple rounds have been played and
subjects have had the opportunity to learn about the game. Therefore, we
will focus primarily on the last round of Part 2.

Figures 6 and 7 show the mean numbers of out-links and in-links, as
well as the mean production levels of the six roles, in the last round of

15In the restricted sample (Treatments 9 and 10), Figure 5(a) also shows on average
each role initiates about one link. A Kruskal-Wallis test shows linking behaviour does
not significantly different across roles (χ2(5) = 0.430, p = 0.995). Thus, all roles initiate
links.
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Figure 6: Behaviour by role, last round of Part 2, Cost Heterogeneity.
Note: Error bars represent 95% confidence intervals
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Figure 7: Behaviour by role, last round of Part 2, Valuation
Heterogeneity.

Note: Error bars represent 95% confidence intervals

Part 2. From casual inspection of the graphs, it can clearly be seen that
the patterns of behaviour look qualitatively similar to those from Part 1.
To the data from this round, we apply the same formal methods of analysis
we reported above for Part 1, to check whether the patterns of behaviour
we identified there remain true. We find the results of the last round of the
experiment, under both scenarios of cost and valuation heterogeneity, still
generally support ‘the law of the few’, although there are some changes.
The final round data still leads to Results 1.1 and 1.2 under scenarios of
cost heterogeneity. There are some differences under scenarios of valuation
heterogeneity. Regarding linking behaviour, in the last round, only Role A
is in the core; and the production of Role A is only significantly greater than
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that of Roles C, D and F. Appendix A5 contains the relevant statistical
tests.

The similarity of outcomes between the first and last rounds of the
experiment demonstrate the impact of heterogeneity is enduring; it was
formed in Part 1 when participants performed the one-shot game and
maintained in Part 2 when they played it repeatedly. InAppendix A6,
we provide graphs to show the evolution of levels of production, number of
out-links and number of in-links. These demonstrate that, not only was be-
haviour similar between the first and last rounds, but the patterns are also
replicated for middle rounds. As a further exploration, we also provide, in
Appendix A4, an analysis of the data combined across all 20 rounds. This
takes the form of OLS regressions with categorical variables capturing the
different roles, as well as dummies representing the stage of the experiment
and treatment. The results yield qualitatively similar findings to those
observed separately from the first or last round of the experiment.

Recall that in Section 4.1.1 we find the data cannot support Hypoth-
esis 2.2. However, this might be due to the small amount of data under
valuation heterogeneity: we only focus on Roles A and B, and each role
only contains eight observations when we restrict the sample to the first
round of Treatments 9 and 10. As an alternative analysis, we also run a
regression analysis using all 20 rounds of Roles A and B’s decisions from
Treatments 9 and 10 in column (3) of Table A.1 (Appendix A4). The result
shows that when there are more data points included, Role A contributes
significantly more than Role B, supporting our hypothesis (the Restricted
F Test of coefficient on Role A and B, p < 0.001).

4.2 Equilibrium analysis

In this subsection we first evaluate the extent to which behaviour is close
to the equilibrium in the one-shot game. Thus, we report the results of
Part 1. We then report the results of Part 2 to identify the closeness to
equilibrium in a repeated game setting.
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4.2.1 Part 1 results

We first check the number of participants making the equilibrium choices
that are predicted given their assigned role and treatment. There are 57
participants (39.583%) participants making the linking decisions that are
identical to those in their treatment’s equilibrium graph in cost heterogene-
ity scenarios, and 23 (23.958%) doing so under valuation heterogeneity. As
each participant needs to make five linking decisions, we further check how
many of these on average correspond to those in their equilibrium graph.
We find that in the first round the model predicts quite well because on av-
erage each participant makes 4.115 (SD = 1.034) and 3.854 (SD = 0.917)
decisions corresponding to the equilibrium prediction in scenarios of cost
heterogeneity and valuation heterogeneity, respectively.16 With regards to
production decisions, there are two participants (1.389%) choosing the ex-
act equilibrium level of their assigned role as their actual production level
in scenarios of cost heterogeneity, and one participant (1.042%) does so
under valuation heterogeneity. We further find that no participant makes
linking and production decisions which both correspond to the equilibrium
behaviour. Therefore, in the one-shot game setting, the exact equilibrium
does not occur. Our next step is to check how subjects deviate from it.

The mean network density ratio in scenarios of cost heterogeneity is
1.139 (SD = 0.444), although this is not significantly different from one
(Two-tailed Wilcoxon Single Sample T-test, z = 0.992, p = 0.331). In sce-
narios of valuation heterogeneity, the mean network density ratio is 1.432
(SD = 0.661), which is significantly greater than one (Two-tailed Wilcoxon
Single Sample T-test, z = 4.741, p < 0.001). Table 4 below shows on aver-
age which roles initiate more or less links than equilibrium, by subtracting
their equilibrium number of out-links from their actual numbers. This table
shows that in both types of scenario, this statistic is significantly positive
for better roles (Role A and Role B), indicating they initiate more links
than predicted by the model.17 Worse roles in general initiate insignifi-

16Details can be retrieved from Appendix A7.
17Note that the comparisons here are against zero (rather than against one, like other

comparisons in this paper) since here the measurement is the actual number of out-links
minus the equilibrium, rather than a division. We cannot use a division because for
some roles the equilibrium number of out-links is 0.
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cantly fewer links than in equilibrium in scenarios of cost heterogeneity,
and do not deviate too much from equilibrium in scenarios of valuation
heterogeneity.

Result 3.1 (a) Under cost heterogeneity, in one shot games participants
form a network that is equally dense as the equilibrium prediction. Under
valuation heterogeneity, participants form a denser than equilibrium net-
work in one shot games. Therefore, Hypothesis 3.1 is not fully supported
for one shot games. In both type of scenarios, better roles initiate more
links than predicted.

Table 4: Average number of out-links compared to the equilibrium by role.

Role A Role B Role C Role D Role E Role F
Cost heterogeneity
Round 1 -0.333** -0.458*** -0.375** -0.208 -0.333 -0.333

(0.637) (0.588) (0.770) (1.102) (0.917) (1.167)
Round 20 -0.083 -0.125 -0.083 -0.625*** -0.458*** -0.417**

(0.282) (0.448) (0.584) (0.770) (0.721) (0.929)
Valuation heterogeneity
Round 1 -0.875*** -0.938*** -0.250 -0.125 -0.125 -0.688**

(0.806) (0.929) (1.238) (1.147) (0.957) (1.195)
Round 20 -0.625** -0.563*** -0.313 -0.188 -0.500 -0.063

(1.408) (0.629) (0.873) (1.223) (1.211) (0.680)
Note: Standard deviation in parentheses. Two-tailed Wilcoxon Single Sample
T-test against zero. Number highlighted in green and in red when it is signifi-
cantly greater than and less than zero, respectively.
**p < 0.01, ∗ ∗ p < 0.05, ∗p < 0.1.

In both types of scenario, participants produce more than the predicted
levels. The mean production ratio in the scenario of cost heterogeneity is
1.323 (SD = 1.336), which is significantly greater than one (Two-tailed
Wilcoxon Single Sample T-test, z = 1.895, p = 0.058). Table 5 displays
the ratio by roles. It shows that better roles produce over the predicted
level and the production ratios of worse roles are either not significantly
different from one or significantly less than one. In the scenario of valuation
heterogeneity, the mean production ratio is 2.387 (SD = 2.449) and it is
significantly greater than one (Two-tailed Wilcoxon Single Sample T-test,
z = 5.681, p < 0.001). When the result is separated by roles in Table 5, all
roles produce more than their own predicted equilibrium levels even if not
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all of them pass Two-tailed Wilcoxon Single Sample T-tests (largest p =

0.342). Moreover, worse roles have higher production ratios than better
roles. These patterns, combined with Result 3.1, show that in a one-shot
game participants tend to produce more, and form a denser network, than
in equilibrium.

Result 3.2 (a) In both types of scenario, participants overproduce in one
shot games. There is overproduction by better and worse roles under valu-
ation heterogeneity, while only better roles overproduce in scenarios of cost
heterogeneity. Hypothesis 3.2 is not supported for one shot games.

Table 5: Average production ratio by role.

Role A Role B Role C Role D Role E Role F
Cost heterogeneity
Round 1 -1.787*** -1.607*** -1.267* -1.083 -0.920* -1.277

(0.959) (0.938) (0.667) (1.041) (0.971) (2.507)
Round 20 -1.675*** -1.135 -0.656*** -0.773* -0.602*** -0.570***

(0.964) (1.086) (0.550) (0.888) (0.989) (1.424)
Valuation heterogeneity
Round 1 -1.247 -1.789** -2.251*** -3.222*** -3.707** -2.108

(0.616) (1.447) (1.035) (2.789) (4.001) (2.481)
Round 20 -1.388 -1.293 -1.917 -2.816** -4.620** -3.165

(1.135) (1.065) (1.948) (2.862) (4.694) (4.644)
Note: Standard deviation in parentheses. Two-tailed Wilcoxon Single Sample
T-test against one. Number highlighted in green and in red when it is signifi-
cantly greater than and less than one, respectively.
**p < 0.01, ∗ ∗ p < 0.05, ∗p < 0.1.

4.2.2 Part 2 results

In the repeated game, we again find little evidence of behaviour coming
very close to the predicted equilibrium. We first summarize the results of
the final round of the experiment. In scenarios of cost heterogeneity, 89
participants (61.806%) make linking decisions identical to those in their
treatment’s equilibrium graph, with one participant (0.694%) choosing the
equilibrium amount as their production level (this participant also made
equilibrium linking decisions, and therefore played perfectly in accordance
to the model). In scenarios of valuation heterogeneity, 34 participants
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(35.417%) make linking decisions identical to their treatment’s equilibrium
graph, and no participant chooses the equilibrium amount as their produc-
tion level. We find that in the last round participants on average make
4.423 (SD = 0.993) and 3.979 (SD = 1.056) predicted decisions out of the
total of five linking decisions in cost heterogeneity and valuation hetero-
geneity scenarios, respectively. A Wilcoxon Signed-Rank test shows that
participants make more predicted linking decisions in round 20 than in
round 1 in scenarios of cost heterogeneity (z = 3.231, p = 0.001). Under
valuation heterogeneity, a Wilcoxon Signed-Rank test shows that partic-
ipants do not make more predicted linking decisions in the final round
compared with round 1 (z = 1.061, p = 0.290). Therefore, while the prob-
ability of reaching the exact equilibria is still very low, there is clearly some
movement towards it over the course of the experiment, at least in terms
of linking behaviour.

Under cost heterogeneity, the network density ratio is 0.912 (SD =

0.322), which shows a significant decrease compared with Part 1 (Wilcoxon
Signed-Rank test, z = -2.465, p = 0.012). While this is weakly significantly
less than 1 (Two-tailed Wilcoxon Single Sample T-test, z = -1.912, p =

0.055), it is qualitatively not far away from it. Thus, participants form a
slightly sparser network than the equilibrium graph after multiple rounds.
The production ratio is 0.902 (SD = 1.074), which is significantly differ-
ent from the ratio in Part 1 (Wilcoxon Signed-Rank test, z = -3.562, p <

0.001). The production ratio is also significantly less than 1 (Two-tailed
Wilcoxon Single Sample T-test, z = -3.035, p = 0.002) but the value itself
is not far away from 1. It indicates that in the repeated game setting, both
linking decisions and production do not converge to the equilibrium, but
instead to a below-equilibrium level. Tables 4 and 5 show that both de-
clines are mainly caused by worse roles as they initiate links and contribute
under the equilibrium level. For linking behaviour, Roles D, E and F have
average numbers of links below the equilibrium predictions. For contribu-
tion behaviour, Role A significantly overproduces in the last round, while
Roles C, D, E and F significantly underproduce. Such a decline in contri-
butions after repeated play is consistent with experimental observations of
standard public good games (see, e.g., Chaudhuri, 2011).

In the scenarios of valuation heterogeneity, the network density ratio
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is 1.100 (SD = 0.772). It is not significantly different from 1 (Two-tailed
Wilcoxon Single Sample T-test, z = 0.078, p = 0.950). A significant de-
crease of this ratio from Part 1 to Part 2 is detected (Wilcoxon Signed-
Rank test, z = - 1.813, p = 0.071). As before, better types link more than
predicted. The mean production ratio in the scenarios of valuation het-
erogeneity is 2.533 (SD = 3.243), which is significantly greater than one
(Two-tailed Wilcoxon Single Sample T-test, z = 3.590, p < 0.001), and
not significantly different from Part 1 (Wilcoxon Signed-Rank test, z =

-0.771, p = 0.444). Therefore, while linking decisions are somewhat closer
to equilibrium, the general patterns from round 1 are replicated and, in
particular, production levels are still a long way above equilibrium.

Result 3.1 (b) Under cost heterogeneity, in repeated game settings, partic-
ipants form a network sparser than the equilibrium prediction since worse
roles initiate less links. Under valuation heterogeneity, participants form a
network of equivalent density to the equilibrium, while better roles initiating
more links than predicted. Hypothesis 3.1 is not fully supported for repeated
games settings.

Result 3.2 (b) Under cost heterogeneity, in repeated game settings, par-
ticipants underproduce and this is mainly caused by worse roles. Under
valuation heterogeneity, participants overproduce, and all roles contribute
to this even if not significantly. Hypothesis 3.2 is not supported for repeated
games settings.

Overall, although we find evidence that participants are making more
predicted linking decisions in repeated game settings, there is only lim-
ited evidence that they are converging to the predicted equilibrium when
we consider both linking and production behaviour. The equilibrium con-
vergence situation also differs between cost and valuation heterogeneity
scenarios. In Appendix A8, we provide graphs to show the how the linking
and producing behaviour converges or deviate from equilibrium across all
rounds.
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4.2.3 What graph emerges in the experiment?

Given that we have established above that subjects’ linking decisions often
deviate from the theoretical predictions, we are interested in what shape the
network graphs form in reality. First, we note that the precise equilibrium
graphs do occur occasionally. Recall (from Table 1.2) that, under both
cost heterogeneity and valuation heterogeneity scenarios, we have pairs
of treatments with different sets of parameters but the same equilibrium
graph. We therefore combine each pair of treatments in our analysis. Under
cost heterogeneity, aggregating across all rounds, the predicted equilibrium
graph emerges 34.38% of the time in Treatments 1 and 2, 6.25% of the
time in Treatments 3 and 4, but never in Treatments 5 and 6. Under
valuation heterogeneity, the predicted equilibrium graph emerges in 11.88%
of all rounds in Treatments 7 and 8, but never in Treatments 9 and 10.
One observation arising from these results is that the equilibrium graph
occurs more often when it involves simpler relationships among agents.
Note that graph (a), the equilibrium graph in Treatments 1, 2, 7 and 8, is
a simple “star” network, with only one agent in the core. Other equilibrium
graphs have greater complexity, especially graph (d), the equilibrium from
Treatments 5 and 6, which has a two-level periphery and never occurs in
reality. Another observation is that graph (a) even occurs with moderate
frequency in treatments where it is not the equilibrium graph. Moreover,
the frequency of the appearance of graph (a) increases in later rounds.
These findings are presented in more detail in Appendix A9.

In Figures 8 and 9, we present the graphs from the final round of Part 2
from all matching groups, for scenarios of cost heterogeneity and valuation
heterogeneity respectively. Under cost heterogeneity, the graphs show a
clear core-periphery structure, because the initiated links are mostly con-
centrated towards Role A or Role B. Some graphs are exactly at equilib-
rium, e.g., Group 1, Treatment 1, and Group 2, Treatment 3. Furthermore,
other graphs are only slightly different from equilibrium, e.g., the graph of
Group 1, Treatment 3, would be in equilibrium if links BC and BE were
to exist. Under valuation heterogeneity, the graphs also show a clear core-
periphery structure, but there are some differences from under cost het-
erogeneity. With valuation heterogeneity, in-links are not concentrated on
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the best roles in some groups, e.g., Group 1, Treatment 8.
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Figure 8: Graph of Round 20, Cost Heterogeneity.

Overall, we observe that participants in our experiment form networks
containing core-periphery structures. While in shape they clearly do not
match the exact predictions of KM, we argue that they tend to be a qual-
itative nature broadly consistent with the theory. We do note, however,
that the observed networks do not generally belong to the two specific cat-
egories of core-periphery graph – complete multipartite graph and nested
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Figure 9: Graph of Round 20, Valuation Heterogeneity.

split graph – that are predicted by the KM model.18

4.3 Analysis of earnings

Finally, we consider the implications of the patterns of behaviour identified
for the networks’ efficiency and the payoffs accruing to their members. We
present in Table 6 the ratio of each role’s average earnings to the predicted
equilibrium value, as well as their absolute earnings counted by ECUs.
In scenarios of cost heterogeneity, aggregating across all roles, the overall
mean earnings ratio is 0.999 (SD = 0.284) in Part 1 and 1.094 (SD =

0.277) in the last round of Part 2. This demonstrates the overall efficiency
of networks is very similar to that predicted in theory, although the ratio is
significantly greater than one in the last round (Two-tailed Wilcoxon Single

18The KM model predicts that under cost heterogeneity the network graph will be
a complete multipartite graph, and under valuation heterogeneity it will be a nested
split graph. These two kinds of graphs both have a core-periphery structure, but they
are different in the core. In a complete multipartite graph, the core players do not
connect with each other; in a nested split graph, they do. More discussion can be seen
in Appendices A1.2 and A1.3.
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Sample T-test, z = 3.596, p < 0.001), indicating overall payoffs are slightly
better than expected.19 However, when we break down the analysis by
role, we find that better roles earn significantly less than their equilibrium
amounts and worse roles earn above equilibrium. This result is mainly
caused by those in better roles over-producing: this increases their costs,
and also benefits worse roles who link with them. As such, the networks
exhibit lower inequality than predicted in theory, as the more able agents
support the lesser so.

Table 6: : Average earnings (in ECUs) and average earnings ratio by role.

Role A Role B Role C Role D Role E Role F
Cost heterogeneity
Round 1 average earnings 12267.17 9922.58 8595.08 8495.46 8976.67 8538.71

average earnings ratio -0.905*** -0.878*** -0.939 -1.055 -1.128** -1.088
(0.114) (0.141) (0.273) (0.279) (0.258) (0.437)

Round 20 average earnings 12231.08 10793.17 9789.17 9617.92 9457.96 9983.67
average earnings ratio -0.901*** -0.962 -1.072 -1.189*** -1.175*** -1.265***

(0.082) (0.184) (0.318) (0.274) (0.282) (0.277)
Valuation heterogeneity
Round 1 average earnings 13777.94 7708.63 6122.06 6070.94 5963.75 4657.81

average earnings ratio -0.926*** -0.937*** -0.905*** -0.948** -0.976* -1.020
(0.065) (0.069) (0.139) (0.120) (0.062) (0.267)

Round 20 average earnings 13833.50 7502.50 6572.75 6191.75 5854.19 4569.50
average earnings ratio -0.930** -0.916** -0.976 -0.970 -0.958 -0.965

(0.086) (0.174) (0.077) (0.120) (0.092) (0.300)
Note: Standard deviation in parentheses. Two-tailed Wilcoxon Single Sample
T-test against one. Number highlighted in green and in red when it is signifi-
cantly greater than and less than one, respectively.
**p < 0.01, ∗ ∗ p < 0.05, ∗p < 0.1.

Under valuation heterogeneity, aggregating across roles, the mean earn-
ings ratio is 0.976 (SD = 0.251) in Part 1 and 0.988 (SD = 0.246) in the
last round of Part 2. Both values are significantly less than one (Two-tailed
Wilcoxon Single Sample T-test, largest p < 0.001). A Wilcoxon Signed-
rank test shows that the last round of Part 2 did not improve relative to
Part 1 (z = 0.862, p = 0.391).20 When split by roles, in Table 6 we find
that almost all roles have earnings below their equilibrium level in Part 1
while this only happens for better roles in the last round of Part 2. This
is because those roles over-produce and initiate excess links, both of which
damage earnings as extra costs are incurred.

19A Two-tailed Wilcoxon Single Sample T-test shows that the overall mean earnings
ratio is not significantly different from 1 (z = -0.744, p = 0.458). A Wilcoxon Signed-
rank test shows that the last round of Part 2 is better than Part 1 (z = 3.456, p <
0.001).

20Appendix A10 shows the changes of earnings ratio in all rounds.
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5 Conclusion
Our experimental results show that, when heterogeneity becomes common
knowledge, it determines the behaviour of network members. When hetero-
geneity is exogenously introduced into a group by assigning agents different
roles from best to worst, these roles heavily impact their decisions about
the amount to produce and to whom to link. Better roles and worse roles
have different choices. The minority of relatively better roles produce the
majority of output and are central to the network, with the majority of rel-
atively worse roles forming the network’s periphery. Heterogeneity induces
specializations to appear in Part 1, when participants are asked to perform
the production task for only one round and when the only information they
obtain about each other is their different roles. Then this specialization is
sustained in later rounds even when we allow participants to observe his-
torical levels of production and every round’s linking decisions. Therefore,
as predicted in the KM model, heterogeneous costs or valuations of the
public good determine an agent’s position in the network, and associated
production behaviour. In general, the networks are formed with a core-
periphery structure, and the ‘law of the few’ emerges. We argue that the
key insights of the model are empirically supported.

The KM model, and its empirical validation provided by our experi-
ment, can help explain features of network public goods provision observed
in reality. Real networks exhibit the 80-20 rule, where a small minority
of agents produce the majority of output and are linked to by the low-
producing majority who lie at the periphery of the network. In reality, it
is likely that there will often be substantial variation between agents in
the extent to which they value and are able to easily produce output, as
assumed in the KM model and implemented in our experiment. Our study
validates the insight of KM that this heterogeneity contributes in a large
way to the formation of the ‘law of the few’, with the network endoge-
nously sorting itself according to the preferences and abilities its members
are endowed with.

On the other hand, our experimental results also identify some system-
atic deviations from the model’s predictions. Participants tend to over-
produce and groups tend to form networks that are denser than the equi-
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librium structure, especially under conditions of valuation heterogeneity.
In such treatments, the deviation of production and linking decisions from
equilibrium result in aggregate efficiency losses. Under cost heterogene-
ity, meanwhile, deviations from predicted strategies lead if anything to
efficiency gains, and a reduction in payoff inequality.

We note some tendency for outcomes to move closer to the theoretical
predictions as the game is played repeatedly. Both production and initiated
links decline over the course of the experiment. This may partly represent
a learning effect as subjects grasp towards an understanding of the rather
complex game environment. However, it may also reflect a breakdown of
cooperation analogous to that observed in standard public goods games,
as conditional cooperators react with disappointment to the self-regarding
behaviour of others (Fischbacher et al., 2001). It is important to note,
though, that in our setting, the reduction in production and linking can
actually have positive aggregate effects, as levels of production and linkage
fall from inefficiently high levels. A particularly interesting element of our
results is that, under cost heterogeneity, the tendency for over-production
and excessive link formation is specific to the low-cost players; this may
be driven by the social preferences of the advantaged players, indicating
their willingness to subsidise the disadvantaged. A deeper understanding
of the patterns of behaviour observed is left as a promising question for
future research. In particular, future designs could consider (1) re-shuffling
the matching groups in each round, rather than keeping subjects in the
same groups throughout, or (2) cementing the stability of groups even
further than done in our experiment, by keeping each player in the same
role throughout. A further interesting extension would involve replacing
the perfect availability of information about other agents’ parameters with
a setting in which these parameters are private information which can only
be deduced by interacting with one another. This would complicate the
experiment and move it away from the assumptions of the KM model, but
would bring the setting closer to reality.
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A1 Theoretical appendix

A1.1 The model of Kinateder & Merlino (2017)

There is a set of agents N = {i : i = 1, 2,…, n}. These agents constitute
the nodes of network. Each agent has two decisions: they decide on the
amount that they will contribute to the production of the public good and
with whom to connect. Each agent can consume both the contribution of
herself, and the contribution of her contacts within the network.

The game concerns the process of network formation in a directed net-
work, in which the link initiator is distinguished from the link receiver. We
denote the directed network by an adjacency matrix g, in which each entry
gij in this matrix equals to one when i initiates a link to j and equals to
zero otherwise. Let NOUT

i (g) = {j ∈ Ni : gij = 1} be the set of agents
to which i links to in g, and let ηOUT

i (g) = |NOUT
i (g)| be the number of

out-links that i forms.
The game concerns the exchange of contribution in an undirected net-

work, in which who initiates the link does not affect the result of the
consumption. To this purpose, we define ḡ to be the undirected net-
work of g, in which each entry ḡij equals to one once i and j are con-
nected regardless of who is the link initiator, and equals to zero other-
wise. Let Ni(ḡ) = {j ∈ N : ḡij = 1} be the set of agents to which i is
connected no matter whether the links are initiated by i or not, and let
Ni(ḡ) = {j ∈ N : ḡij = 1} be the number of i’s neighbours. We further
denote i’s number of in-links as ηINi (g), which is defined as the number of
links directed to i.

Let xi ∈ Xi, Xi = [0,∞) be i’s contribution and gi ∈ Gi be i’s
link decision. Note that Gi is the set of i’s link decisions in which each
gi = (gi1, . . . , gii−1, gii+1, . . . , gin) is a vector documenting one of the pos-
sible plans about how i links to all agents except herself, thus gi ∈ Gi =

{0, 1}n−1. Thus, i’s set of strategies is Si = Xi ×Gi, in which xi ∈ Xi and
gi ∈ Gi. The set of all agents’ strategy profiles is S = S1 × · · · × Sn. A
strategy profile is defined as s = (x, g) ∈ S, in which x = (x1, . . . , xn) and
g = (g1, . . . , gn). Given a strategy profile s = (x, g), each player gains a
payoff
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Ui(x, g) = fi

xi +
∑

j∈Ni(ḡ)

xj

− cixi − kηOUT
i , (A1)

which depends on the revenue, fi(x) and the two kinds of cost, cixi and
kηOUT

i . If gij = 1, i gets a copy of j’s contribution, xj, to be part of her
consumption, and j gets a copy of i’s contribution, while both of their
initial contributions are unaffected by any copying behaviour. Therefore,
the revenue depends on i’s level of consumption, consisting of her own
contribution and the contribution of her neighbours. As for the cost, each
unit of contribution by i costs ci, each out-link costs k and each in-link has
zero cost.

There are three characteristics on this payoff function. First, the rev-
enue function fi(x) is strictly concave and increasing at a diminishing
marginal rate in x for all i, and f ′

i(0) > ci. Second, for any two agents
i and j, their contributions xi and xj are perfect substitutes. Third, re-
garding the decision on xi, contributing nothing neither gains revenue nor
incurs cost (cixi), and contributing something leads to a positive payoff.
Furthermore, if an agent i neither initiates links to her group members nor
accepts links from her group members (i.e., being isolated from the net-
work), her optimal contribution is defined as ai = argmaxxi∈Xi

fi(xi)−cixi.
We call ai the optimal contribution in isolation.

Individual heterogeneity is embedded into this payoff function, and
characterized as below. KM define the lowest index (which is i = 1) as
the best type, the second lowest index as the second-best type, so on and
so forth, and finally the highest index as the worst type among the set of
agents N . Then the two kinds of ex ante heterogeneity are introduced as
follows.

1. Differences in the cost, ci. Given fi = f , defining c1 < c2 < · · · < cn

with strict inequality, we say that better types have higher efficiency
of contributing an extra unit of the local public good than worse
types.

2. Differences in the valuation of the public good, f ′
i(x). Given ci = c,

defining f ′
1(x) > f ′

2(x) > · · · > f ′
n(x) with strict inequality, we say

that better types have higher marginal revenue of obtaining an extra
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unit of the local public good than worse types.

The two sources of heterogeneity bring two implications. First, best
types have a higher contribution to the public good. This applies to both
sources of heterogeneity. This is because both the cost and valuation het-
erogeneity lead ai, to decrease in i when holding everything else constant,
such that a1 > a2 > · · · > an. Second, depending on the sources of
heterogeneity, best types hold different attitudes toward initiating links.
To explain this, KM defines a concept called gain from connection. Sup-
pose i have already contributed xi and obtained y from his or her neigh-
bours, and now i decides whether to link to agent z whose contribution
is xz. Thus, i’s gain from a connection (henceforth CGi) to agent z is
CGi = [fi(x

′
i + xz + y) − cix

′
i] − [fi(xi + y) + cixi], in which x′

i is the up-
dated optimal contribution after her neighbours’ contribution increases by
xz.21 The gain from a connection can be used to determine the willingness
to initiate an extra link.22 It varies among types in the two sources of
heterogeneity as summarized below.

1. Under cost heterogeneity, keeping fi as constant leads the CGi to
increase in i, such that CG1 < CG2 < · · · < CGn. Better types have
lower gains from a connection than worse types.

2. Under valuation heterogeneity, keeping ci as constant leads the CGi

to decrease in i, such that CG1 > CG2 > · · · > CGn. Better types
have higher gains from a connection than worse types.

This is a one-shot game and agents choose their actions simultaneously.
The Nash equilibrium of the resulting strategic form game of complete
information is defined as s∗ = (x∗, g∗), if for all si ∈ Si and all i ∈ N ,
Ui(s

∗) ≥ Ui(si, s−i), when Ui(·, ·) is the ith agent’s payoff function. Perfect
information is required. When playing the game, each agent knows other
agents’ costs and valuations. We retrieve the equilibrium analysis under
both sources of heterogeneity here, and briefly explain the intuition of them.
Precise mathematical proof can be retrieved from KM.

The first result in equilibrium derived by KM is about the level of
contribution: x∗

i +
∑

j∈Ni(ḡ)
x∗
j ≥ ai. For active agents who contribute

21A mathematical definition of x′
i = arg  maxx�0 fi(x+ xz + y)− cix.

22Recall that the cost of a link to agent z is k. Therefore, CGi > k means i benefits
from initiating the link to z; CGi < k otherwise.
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x∗
i > 0, x∗

i+
∑

j∈Ni(ḡ)
x∗
j = ai. This means that for active agents, her optimal

contribution in equilibrium, x∗
i , plus the collection from her neighbours,∑

j∈Ni(ḡ)
x∗
j , equal to her optimal contribution in isolation, ai. This applies

under both sources of heterogeneity. Then we discuss the equilibrium in
the two heterogeneity scenarios.

Theorem 1 of KM characterize the network structure of Nash equilibria
under cost heterogeneity:

Theorem 1 Under heterogeneity in the cost of producing the public good,
if k ≤ f(a1) − f(an) + cnan, in a strict Nash equilibrium, active players
form a complete multipartite graph in which better types produce more and
are in independent sets that comprise fewer players.23

In this scenario, better types have a higher optimal contribution level
than worse types, while they gain less from a connection. It is efficient to
fulfil this high level by self-contributing rather than establishing links. As
a result, better types initiate few links, and contribute a lot. Worse types
free ride on better types’ contribution since it is inefficient to contribute by
themselves. Then the network structure of complete multipartite graph. In
the network formation process, all agents firstly link to the best type since
she contributes the most, then probably links to the second-, the third-
and the fourth-best type until the gains from connection are less than the
linking cost. Worse types would like to initiate more links since they gain
more from connections.

Theorem 2 of KM characterizes the network structure of Nash equilibria
under valuation heterogeneity:

Theorem 2 Under heterogeneity in the valuation of the public good, if
k ≤ f2(a1)− f2(a2) + ca2, in a strict Nash equilibrium, ḡ∗ is a nested split
graph in which better types have more links. Moreover, there exist ñ1 and
ñ2 , ñ1 < ñ2 ≤ n, such that

1. C(ḡ∗) = {i ∈ n : i ≤ ñ1, x
∗
i > 0} is the core of active players;

23k ≤ f(a1)− f(an) + cnan is the upper bound of linking cost to ensure the compete
multipartite graph exists. In Appendix A1.2, we provide a graphical example of a
complete multipartite graph, and explain why k is bounded given the definition of a
complete multipartite graph.
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2. P(ḡ∗) = {i ∈ n : ñ1 < i ≤ ñ2} is the periphery;
3. I(ḡ∗) = {i ∈ n : ñ2 < i} is a set of isolated players.24

In this scenario, better types have a higher optimal contribution level
than worse types and they gain more from a connection. This motivates
better types to connect with each other to satisfy this high level even if
they contribute the most. These connected better types form the core of
the network. Worse types contribute less, therefore cannot receive in-links
and form the periphery to free ride on better types’ contribution. Then the
network structure of nested split graph emerges. Agents at the periphery
firstly link to the best type in the core since she contributes the most, then
probably links to the second-, the third- or the fourth- best types in the
core until the gains from connection are less than the linking cost. In this
scenario, worse types gain less from connections, thus they are less willing
to initiate more links.

A1.2 A graphical example of complete multipartite
graph under cost heterogeneity

Under heterogeneity in the production cost of the public good, active play-
ers form a complete multipartite graph g∗ in equilibrium in which better
types produce more and are in independent sets that comprise fewer play-
ers if k ≤ f(a1) − f(an) + cnan. This is Theorem 1 of KM. The complete
multipartite graph consists of several partitioned non-empty independent
sets Hw, w = 1, . . . ,W , and every node connects with all nodes outside
its set. Each independent set can be regard as a tier. If this tier contains
more better types, we say this tier is higher than others. It is predicted
that every agent in a higher set will be of a higher type than every agent
in the next set. An example can be shown in Figure A1.

In this example, we have six agents indexed from 1 to 6 in which 1
denotes the best type and 6 denotes the worst type. There are two inde-
pendent sets, H1 = {1, 2} and H2 = {3, 4, 5, 6}. H1 is an independent set
because agents in H1 are unconnected with each other, the same for H2.

24k ≤ f2(a1) − f2(a2) + ca2 is the upper bound of linking cost to ensure the nested
split graph exists. In appendix A1.3, we also provide a graphical example of a nested
split graph as well as the reason why k is bounded by this value.
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Figure A1: A complete multipartite graph.

Since 1 and 2 are better types and 4 to 6 are worse types, H1 is called a
higher tier. Each agent in H2 (the lower tier) links to all agents in H1 (the
higher tier), thus causing each agent in higher tier to be connected to by
all agents in lower tier.

The condition k ≤ f(a1)−f(an)+cnan is to ensure the graph exists. We
can re-arrange the condition k ≤ f(a1)− f(an) + cnan into f(an)− cnan ≤
f(a1)−k, then the left-hand side f(an)−cnan represents the optimal payoff
when type n is isolated, and the right-hand side represents pure free riding
behaviour of type 1 with zero contribution. Therefore, f(a1)−f(an)+cnan

is the upper-bound of the link cost for a worse type (other than type 1) to
link with type 1. In other words, for type n, if the link cost higher than
f(a1) − f(an) + cnan, then she chooses to be isolated, because it is even
unprofitable to connect with type 1. Thus, if the link cost higher than this
borderline, then no agents connect with type 1, and the network does not
exist.

A1.3 A graphical example of nested split graph under
cost heterogeneity

Under heterogeneity in the valuation of the public good, if k ≤ f2(a1) −
f2(a2)+ ca2, g∗ is a nested split graph in equilibrium in which better types
have more links, as presented in Theorem 2 of KM. For the definition of the
nested split graph, we refer to the definition of a complete core-periphery
graph. In a complete core-periphery graph, there are two sets of active
agents, the periphery P(ḡ) and the core C(ḡ). For every i, j ∈ P(ḡ),
gij = 0. For every l, m ∈ C(ḡ), glm = 1. For any i ∈ P(ḡ), there exists
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l ∈ C(ḡ) such that gil = 1. The periphery and the core are connected such
that each i ∈ P(ḡ) connects all agents in C(ḡ) and each l ∈ C(ḡ) connect
all agents except himself or herself. The nested split graph is a complete
core-periphery graph while not all nodes in the periphery will link to every
node in the core. An example is displayed in Figure A2.

5

3
1

4

2
6

Figure A2: A nested split graph.

In this example, we have six agents indexed from 1 to 6 in which 1
denotes the best type and 6 denotes the worst type. The periphery P(ḡ) =

{3, 4, 5, 6}, which is an independent set. The core C(ḡ) = {1, 2}, these two
nodes are connected with each other. Not all nodes in P(ḡ) share the same
neighbours.

The condition k ≤ f2(a1) − f2(a2) + ca2, is to ensure the core of the
nested split graph exists. We can change the k ≤ f2(a1)− f2(a2)+ ca2 into
f2(a2)− ca2 ≤ f2(a1)− k, then the left-hand side shows the optimal payoff
of type 2 when isolated, and the right-hand side represents the payoff of an
inactive type 2 when she links to type 1. Therefore, f2(a1) − f2(a2) + ca2

is an upper-bound of the link cost for type 2 to link with type 1. The
rationale is that, if the core has at least two agents, then type 1 and type 2
must connect with each other. This condition is a necessary requirement of
the existence of a core when the core has more than 1 agent in the nested
split graph.
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A2 Larger group size
We additionally designed two treatments of larger group size, n = 8. They
are denoted as Treatments 11 and 12, under scenarios of cost heterogeneity
and valuation heterogeneity, respectively. In these two treatments, the
eight roles are labelled as A, B, C, D, E, F, G and H, in which Role A is
denoted as the best role and Role H is denoted as the worst role.

These two treatments use the payoff function in equation (1). In Treat-
ment 11, V = 240 which shares the common valuation parameter with all
other treatments of n = 6 under cost heterogeneity, and k = 1500 which
is identical specifically with Treatments 1 and 2. The cost parameter, ci,
from Roles A to H (the best to worst) is assigned as 8, 80, 84, 88, 92,
96, 100 and 104, respectively. The predicted equilibrium is reached when
(1) Roles A to H produce 67, 13, 11, 8, 7, 5, 3 and 1 tokens, respectively,
and (2) the eight roles form a “star” network such that Role B to Role H
each initiate one link to Role A, and Role A does not initiate any links (as
shown in Figure A3). In Treatment 12, c = 20 which is consistent with
all other treatments of n = 6 under valuation heterogeneity, and k = 300

which is identical with identical with Treatments 7 and 8. The valuation
parameter, Vi, from Roles A to H (the best to worst) is assigned as 252,
180, 176, 172, 168, 164, 160 and 156, respectively. The predicted equilib-
rium is reached when (1) Roles A to H produce 67, 13, 11, 8, 7, 5, 3 and
1 tokens, respectively, and (2) a “star” network presented in Figure A3 is
formed as well.

A

C

D

E

F

G

B

H

Figure A3: Equilibrium graph of Treatments 11 and 12.

Other than what is discussed above, there is no difference in the experi-
mental designs and procedures between n = 8 and n = 6 treatments. These
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two n = 8 treatments also share the same participant pool with all n = 6

treatments. We conducted two sessions for each n = 8 treatment, one in
Ningbo (UNNC) and the other in Nanjing (NAU). Each session contains
two matching groups. Therefore, each n = 8 treatment has 32 student
subjects who play the game repeatedly for 20 rounds (excluding the mock
round).

Our aim of adding one large-group size treatment under each scenario
is to investigate the effect of group size on earnings. To make relatively
fair comparisons, we will compare Treatment 11 (n = 8) with Treatments
1 and 2 (n = 6). This is because among all n = 6 treatments under
cost heterogeneity, the predicted equilibria of Treatments 1 and 2 are more
similar to Treatment 11 – in particular, all the three treatments contain a
“star” graph. We will compare Treatment 12 with Treatments 7 and 8 due
to the same reason.

We are interested in two aspects. First, we want to know whether earn-
ings inequality within the matching group will increase in group size. We
use coefficient of variance (CV ) to measure differences in earnings across
subjects in the matching group of each round. This measure for the dis-
persion of a distribution is defined as the standard deviation of earnings of
the eight group members divided by the mean. Under cost heterogeneity,
the overall mean CV = 18.064 (SD = 16.770) and 13.894 (SD = 8.946) in
treatments n = 6 and n = 8, respectively. A two-sided Wilcoxon Mann-
Whitney test shows that n = 6 and n = 8 are not significantly different
with each other (z = −0.791, p = 0.429). Therefore, an increase in group
size does not affect within-group earnings inequality in scenarios of cost het-
erogeneity. Under valuation heterogeneity, the overall mean CV = 40.333

(SD = 15.773) and 48.879 (SD = 11.758) in treatments n = 6 and n = 8,
respectively. A two-sided Wilcoxon Mann-Whitney test shows that the CV
of n = 6 is significantly less than that of n = 8 (z = 8.443, p < 0.001). We
therefore conclude that group size has an effect on the earnings gap in the
scenarios of valuation heterogeneity such that the gap increases in a larger
network.

Second, motivated by KM, we are also interested in the effect of forming
a network on within-group earnings inequality. KM discuss that forming
a network can either increase or decrease earnings inequality. They define
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such kind of inequality as “... the differences in payoffs across players in
isolation versus in a network” (see, pp.199-120). If this difference is greater
in isolation than in a network, then the inequality decreases when the
network is formed. We apply their definition in our analysis. Specifically,
for each role, in each round we define:

1. Payoff in a network of each role is simply their earnings in ECUs of
that round; we denote it as Ui(x, g).

2. Payoff in isolation is defined as follows. Suppose in a round, partic-
ipants are not allowed to obtain tokens by forming networks. Then
a natural consequence is that each participant needs to produce xi +∑

( j ∈ Ni(ḡ))xj (including
∑

( j ∈ Ni(ḡ))xj) by herself to main-
tain her earnings. We define the level of production in isolation as
xiso
i = xi +

∑
( j ∈ Ni(ḡ))xj. Therefore, payoff in isolation is calcu-

lated as U i = fi(x
iso
i )− cix

iso
i . Note that xiso

i is not directly obtained
from any of our treatments, since we do not have any treatment with-
out network formation processes. xiso

i is a hypothetical number, in
line with KM, wherein we assume when initiating links is not al-
lowed, a subject produces everything that she could have obtained
via network formation.

Next, for each pair of roles i and j in a matching group (suppose i is a
relatively better role):

1. We define inequality after forming the network as Ui(x, g)−Uj(x, g).
2. We define inequality before forming the network as U i − U j.
3. Finally, following KM, we say that the inequality between any two

roles i and j decreases after forming the network if Ūij = [Ui(x, g)−
Uj(x, g)]− [U i − U j] < 0.

Next, we report our data. We start from scenarios of cost heterogeneity.
Over all 20 rounds, there are 83.875% pairs of roles in the n = 6 treatments
for which we report a Ūij that is less than zero, and the percentage increases
to 86.384% in the n = 8 treatments. A two-sided Wilcoxon Mann-Whitney
test shows that there is a significant increase from the n = 6 treatments to
the n = 8 treatments (z = 2.403, p = 0.016). Therefore, when group size
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becomes larger, under cost heterogeneity, forming a network is inequality-
reducing, compared to being isolated. In scenarios of valuation heterogene-
ity, there are 44.208% pairs of roles in the n = 6 treatments for which
we report a Ūij that is less than zero, and this percentage decreases to
30.268% in the n = 8 treatments. A two-sided Wilcoxon Mann-Whitney
test confirms such a decline (z = −9.813, p < 0.001). Therefore, con-
trasting with the scenarios of cost heterogeneity, when group size becomes
larger, forming a network increases inequality relative to being isolated.

The above result is consistent with the Proposition 2 of KM (pp. 199),
which I quote here:

Proposition 2 Given any g∗ and any i < j which receive no in-links, as
n → ∞, under heterogeneity in production cost, the inequality between i

and j decreases, while it increases under heterogeneity in valuation.

However, our data above does not fully correspond to Proposition 2 for
two reasons. First, in Proposition 2, inequality after forming the network is
defined on the predicted equilibrium, i.e., Ui(x

∗, g∗)−Uj(x
∗, g∗); while our

data, as explained in the main text, to some extent deviates from x∗ and g∗.
Second, this proposition extends the group size to infinity; however, due to
the limitation of lab size, we only extend the group size from six to eight,
not to infinity. In conclusion, our data only elaborates that Proposition 2
tends to be established when increasing the group size from six to eight.
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A3 Experimental instructions
We present the experimental instructions for the Treatment 1 (cost hetero-
geneity with group size n = 6) and Treatment 7 (valuation heterogeneity
with group size n = 6) in Appendix A3.1 and Appendix A3.2, respectively.
Treatments 1 and 7’s payoff booklets are presented in Appendix A3.3 and
Appendix A3.4, respectively. Participants receive printed copies of the in-
structions and payoff booklets and the experimenter read the both aloud
in each session. Part 2 instruction is distributed only after the completion
of Part 1 decisions.

Each payoff booklet has seven pages. Page 2 to page 7 displays payoffs
of Role A, Role B, Role C, Role D, Role E and Role F, respectively. The
first page is identical with page 2 while containing some explanations –
it means that we use the payoff sheet of Role A as an example to assist
participants to understand how to use this booklet.

A-13



A3.1 Treatment 1 instructions

Instruction

Welcome to CeDEx. This experiment will be conducted on a PC. We kindly ask you to switch off
your cell phone and all other mobile devices throughout the whole experiment. During the experi-
ment, please do not use a cell phone or any other mobile devices, please do not communicate with
other participants, please do not focus on anything that is irrelevant to the experiment. Participants
intentionally violating the rules will result in an immediate exclusion from the experiment without
being paid. If you have any questions, please raise your hand. The experimenter will approach you to
answer your questions.

The experimenter will read the instructions page by page. Please keep up with the experimenter’s
reading, and do not skip any pages or turn to subsequent pages in advance! Sufficient time
will be given for familiarisation with the experimental materials and the computer interface before the
experiment starts.

Overview
The aim of this experiment is to study how individuals make decisions in certain contexts. You will
first receive the instructions for Part 1 of the experiment, after which you will receive the instructions
for Part 2. In the end, you will finish a questionnaire and then claim the payment.

Payment
If you follow the instructions carefully, you will earn a non-negligible amount of experimental payment.
Your experimental payment depends on both Part 1 and Part 2: there will be a 50%
of the chance that you are paid according to your performance in Part 1, and a 50% of
the chance that you are paid according to your performance in Part 2. The computer will
determine which part will be paid at the end of the experiment. Therefore, Part 1 and Part 2 should
be regarded as of the same importance during the experiment.

During the experiment, your payment will be accounted in ECUs (Experimental Currency Units). At
the end of the experiment, the total number of ECUs that you earn will be exchanged at the rate of
150 ECUs = 1 Yuan.

Your show up fee is 40 Yuan. Your final payment is a sum of the show up fee and the experimental
payment. Your payment will remain anonymous, as nobody will know other participants’ payments.

Note: Your final payment will necessarily be positive.

1

A-14



Part 1

1. In this room, there are 12 participants (including yourself). You will be randomly divided in to
2 groups, Group 1 and Group 2, each group has 6 group members. Note that each participant
is equally likely to be in your group, and you will not know the identities of any of your group
members. Your group number (Group 1 or Group 2) will be shown on the computer screen.

2. Once the group is assigned, you (and your group members) are randomly assigned to a role: A,
B, C, D, E or F. The assignment process is random: You are equally likely to be allocated to
each of the 6 roles. You will be informed of your role (A, B, C, D, E or F) on the computer
screen.

3. Knowing your roles, you will make decisions to earn ECUs. Your group members will be asked
to make the same decisions as well. All of you have to input your choices into the computer
screen. You have no chance to discuss with your group members. Once all of you are done, the
computer screen will display all choices and earnings by role.

4. Your earnings in this part depend on both your and your group members’ decisions.
(Note: Your experimental payment will be determined by either part with equal chance, which
means that there is a 50% chance that your earnings in this part will be your payment.)

The Decision You Need to Make.
You and your 5 group members are asked to contribute units in this task. However, your units of
production in the end depend on your own contribution and the contributions of your neighbours.
Your group members are not necessarily your neighbours. In detail:

1. You can make your own contribution. For this, you have to decide a number of units to con-
tribute. This can be any integer between 1 and 120. Your minimum contribution is 1 unit.

2. You can access the contributions of your neighbours. To become neighbours, you can initiate
links to connect with one or more of your group members, or they can initiate links to you. Then,
you can access your neighbours’ units of contributions, and they can access your contribution as
well. Here are 3 clarifications:

(a) Once a link is established between 2 neighbours, they both access each other’s contributions,
regardless of who initiated the link.

(b) Accessing a neighbour’s contribution does not decrease their own contributions (and vice
versa).

(c) If the link is initiated by both of them, the outcome is the same as if only one of them
initiated it.

2
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The examples then help to illustrate the above points.
Example 1 Suppose A’s contribution is 5 units and B’s contribution is 10 units.

Example 2 Suppose A’s contribution is 5 units, B’s contribution is 10 units, and C’s contribution
is 1 unit.

3
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The Revenue.
Your units of production (i.e., your contribution plus your neighbours’ contributions) determine the
revenue you can earn. Revenue is accounted in ECUs. Here is a brief overview:

You do not have to take any actions so far. Because we will provide you with payoff sheets to minimize
your calculation load in the experiment. The above table is only for you to preview the revenues. There
are 3 highlights in this table:

1. The higher the units of production, the higher the revenue. For example, if your units of
production are 1, your revenue is 239 ECUs; if your units of production are 2, your revenue is
476 ECUs.

2. The higher the units of production, the lower is revenue earned from an additional unit of
production. For example, if your units of production are increased from 1 to 2, your revenue is
increased by 237 ECUs; if your units of production are increased from 119 to 120, your revenue
is increased by 1 ECU.

3. If your units of production > 120 units, your revenue will be fixed at 14400 ECUs.

The Cost.
However, there are costs. Costs are accounted in ECUs. Although you can get revenue by
accumulating units of production, some ECUs will be deducted from this amount, depending on the
two types of decisions you make:

1. For contributions you make by yourself: every unit you contribute will cost you a given number
of ECUs; this depends on your role.

• For role A, it costs you 8 ECUs for 1 unit of contribution.

• For role B, it costs you 72 ECUs for 1 unit of contribution.

• For role C, it costs you 76 ECUs for 1 unit of contribution.

• For role D, it costs you 80 ECUs for 1 unit of contribution.

• For role E, it costs you 84 ECUs for 1 unit of contribution.

• For role F, it costs you 88 ECUs for 1 unit of contribution.

4
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2. For links you choose to initiate: every connection that you initiated yourself costs 1500 ECUs.

3. You do not have to pay for the links between you and others that are initiated by others. If
both you and another group member initiate links to each other, both of you only pay for the
link that is initiated by yourself.

The examples then help to illustrate those points.
Example 3

Example 4

5
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The Earnings and payoff sheets.
Your earnings equal to your revenue minus the cost, which are accounted in ECU:

Your earnings (in ECUs) = the revenue
the cost of your own contributions

minus (=number of units you contribute yourself ×
cost per unit (which depends on your role))

minus the cost of initiating links
(= number of links you initiated × 1500 ECUs)

We have prepared a payoff sheet, which displays each role’s earnings except the linking cost (i.e.,
the revenue - the cost of your own contributions). During the experiment, you will use these
sheets to make decisions. Please open the attachment, let us go over each of them to see how to use
these sheets.

(See attachments.)

Here are some examples on the computer screen. Could you please make use of these payoff sheets
to find how many ECUs each role can earn in these examples, and answer all the questions on the
screen?

(See the computer screen.)

Now, we are going to perform the task on the screen. In order to let you to understand the task better,
we firstly conduct a mock task. The outcome of this mock task will not be counted for experimental
payment. After that we will conduct the formal task. The outcome of the formal task will be your
earnings in this part of the experiment.

Note: Please turn to the payoff sheet that represents your role, this shows how your earnings are
determined.

Note: The two decisions, i.e. how many units to contribute, and to whom to link, have to be inputted
into the screen together. It means that you cannot make your decisions after seeing the decisions of
your other group members.

(See the mock task.)

Now we are going to perform the formal task of Part 1.

Note: In the formal task, you will be asked to answer some questions. The answer of these questions
will not affect your earnings of this part.

Note: Please raise your hand to confirm with the experimenter if your computer screen has display
errors.

6
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Part 2

1. You have already been assigned into a group in Part 1 (Group 1 or Group 2). Now in Part 2,
you will be kept in this same group until the end of the experiment. It means that, although
you do not know who your group members are, they will be your group members until the end
of the experiment.

2. Your group of 6 will perform the same task for another 19 rounds.

3. At the beginning of each round, you (and your group members) will be randomly assigned one
role: either A, B, C, D, E or F. The assignment process is random: You are equally likely to
be allocated to each of the 6 roles. Therefore, you are very likely to get different roles in each
round. And in each round, it is very likely that your group members are assigned different roles.
At the beginning of each round, your role of this round will be displayed on the
screen, thus:

• Please turn to payoff sheet that represents your current role, this shows how your earnings
are determined in this round.

• This is really important in helping you make decisions, as the costs of contribution are
different for each role.

4. Knowing your roles, you will make decisions to earn ECUs. The two decisions are the same as
before. Your group members will be asked to make the same decisions as well. All of you have
to input your choices into the computer screen. You have no chance to discuss with your group
members. Once all of you are done, the computer screen will display all choices and earnings of
the current round by role. Then the next round starts.

5. The 19 rounds are independent of each other. Your earnings in each round are solely determined
by your and your group members’ decisions in this round. Your earnings in this round will
not affect your earnings in the next round.

6. Your earnings in Part 2 depends on both you and your group members’ decisions, and some
chance. When Part 2 is finished, 1 round of the 19 rounds will be randomly selected,
the earnings of which become your earnings in Part 2. Each round will be selected
with equal chance. (Note: Your experimental payment will be determined by either part with
equal chance, which means that there is a 50% chance that your earnings of the selected round
in this part will be your experimental payment.)

Now we are going to perform the Part 2.

7
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A3.2 Treatment 7 instructions

Instruction

Welcome to CeDEx. This experiment will be conducted on a PC. We kindly ask you to switch off
your cell phone and all other mobile devices throughout the whole experiment. During the experi-
ment, please do not use a cell phone or any other mobile devices, please do not communicate with
other participants, please do not focus on anything that is irrelevant to the experiment. Participants
intentionally violating the rules will result in an immediate exclusion from the experiment without
being paid. If you have any questions, please raise your hand. The experimenter will approach you to
answer your questions.

The experimenter will read the instructions page by page. Please keep up with the experimenter’s
reading, and do not skip any pages or turn to subsequent pages in advance! Sufficient time
will be given for familiarisation with the experimental materials and the computer interface before the
experiment starts.

Overview
The aim of this experiment is to study how individuals make decisions in certain contexts. You will
first receive the instructions for Part 1 of the experiment, after which you will receive the instructions
for Part 2. In the end, you will finish a questionnaire and then claim the payment.

Payment
If you follow the instructions carefully, you will earn a non-negligible amount of experimental payment.
Your experimental payment depends on both Part 1 and Part 2: there will be a 50%
of the chance that you are paid according to your performance in Part 1, and a 50% of
the chance that you are paid according to your performance in Part 2. The computer will
determine which part will be paid at the end of the experiment. Therefore, Part 1 and Part 2 should
be regarded as of the same importance during the experiment.

During the experiment, your payment will be accounted in ECUs (Experimental Currency Units). At
the end of the experiment, the total number of ECUs that you earn will be exchanged at the rate of
150 ECUs = 1 Yuan.

Your show up fee is 40 Yuan. Your final payment is a sum of the show up fee and the experimental
payment. Your payment will remain anonymous, as nobody will know other participants’ payments.

Note: Your final payment will necessarily be positive.

1
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Part 1

1. In this room, there are 12 participants (including yourself). You will be randomly divided in to
2 groups, Group 1 and Group 2, each group has 6 group members. Note that each participant
is equally likely to be in your group, and you will not know the identities of any of your group
members. Your group number (Group 1 or Group 2) will be shown on the computer screen.

2. Once the group is assigned, you (and your group members) are randomly assigned to a role: A,
B, C, D, E or F. The assignment process is random: You are equally likely to be allocated to
each of the 6 roles. You will be informed of your role (A, B, C, D, E or F) on the computer
screen.

3. Knowing your roles, you will make decisions to earn ECUs. Your group members will be asked
to make the same decisions as well. All of you have to input your choices into the computer
screen. You have no chance to discuss with your group members. Once all of you are done, the
computer screen will display all choices and earnings by role.

4. Your earnings in this part depend on both your and your group members’ decisions.
(Note: Your experimental payment will be determined by either part with equal chance, which
means that there is a 50% chance that your earnings in this part will be your payment.)

The Decision You Need to Make.
You and your 5 group members are asked to contribute units in this task. However, your units of
production in the end depend on your own contribution and the contributions of your neighbours.
Your group members are not necessarily your neighbours. In detail:

1. You can make your own contribution. For this, you have to decide a number of units to con-
tribute. Your minimum contribution is 1 unit. The maximum units that you can contribute
depends on your role, which decreases from Role A to Role F:

• For role A, you can contribute any integer between 1 and 126 units.

• For role B, you can contribute any integer between 1 and 94 units.

• For role C, you can contribute any integer between 1 and 92 units.

• For role D, you can contribute any integer between 1 and 90 units.

• For role E, you can contribute any integer between 1 and 88 units.

• For role F, you can contribute any integer between 1 and 86 units.

2. You can access the contributions of your neighbours. To become neighbours, you can initiate
links to connect with one or more of your group members, or they can initiate links to you. Then,
you can access your neighbours’ units of contributions, and they can access your contribution as
well. Here are 3 clarifications:

(a) Once a link is established between 2 neighbours, they both access each other’s contributions,
regardless of who initiated the link.
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(b) Accessing a neighbour’s contribution does not decrease their own contributions (and vice
versa).

(c) If the link is initiated by both of them, the outcome is the same as if only one of them
initiated it.

The examples then help to illustrate the above points.
Example 1 Suppose A’s contribution is 5 units and B’s contribution is 10 units.

Example 2 Suppose A’s contribution is 5 units, B’s contribution is 10 units, and C’s contribution
is 1 unit.
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The Revenue.
Your units of production (i.e., your contribution plus your neighbours’ contributions) determine the
revenue you can earn. Revenue is accounted in ECUs. Here is a brief overview:
The revenue of Role A is:

The revenue of Role B is:

The revenue of Role C is:

The revenue of Role D is:

The revenue of Role E is:

4

A-24



The revenue of Role F is:

You do not have to take any actions so far. Because we will provide you with payoff sheets to minimize
your calculation load in the experiment. The above table is only for you to preview the revenues. There
are 4 highlights in this table:

1. The revenue is highest for Role A and decreases from Role A to Role F. For example, if the
units of production are 1, Role A’s revenue is 251 ECUs, Role B’s revenue is 187 ECUs, Role
C’s revenue is 183ECUs, Role D’s revenue is 179 ECUs, Role E’s revenue is 175 ECUs, Role F’s
revenue is 171 ECUs.

2. For each role, the higher the units of production, the higher the revenue. For example, for Role
F, if your units of production are 1, your revenue is 171 ECUs; if your units of production are
2, your revenue is 340 ECUs. So on and so forth for other roles.

3. For each role, the higher the units of production, the lower are revenue earned from an additional
unit of production. For example, for Role F, if your units of production are increased from 1 to
2, your revenue is increased by 169 ECUs; if your units of production are increased from 85 to
86, your revenue is increased by 1 ECU. So on and so forth for other roles.

4. For each role:

• For Role A, if your units of production > 126 units, your revenue will be fixed at 15876
ECUs.

• For Role B, if your units of production > 94 units, your revenue will be fixed at 8836 ECUs.

• For Role C, if your units of production > 92 units, your revenue will be fixed at 8464 ECUs.

• For Role D, if your units of production > 90 units, your revenue will be fixed at 8100 ECUs.

• For Role E, if your units of production > 88 units, your revenue will be fixed at 7744 ECUs.

• For Role F, if your units of production > 86 units, your revenue will be fixed at 7396 ECUs.
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The Cost.
However, there are costs. Costs are accounted in ECUs. Although you can get revenue by
accumulating units of production, some ECUs will be deducted from this amount, depending on the
two types of decisions you make:

1. For contributions you make by yourself: every unit of contribution will cost you 20 ECUs.

2. For links you choose to initiate: every connection that you initiated yourself costs 300 ECUs.

3. You do not have to pay for the links between you and others that are initiated by others. If
both you and another group member initiate links to each other, both of you only pay for the
link that is initiated by yourself.

The examples then help to illustrate those points.
Example 3

Example 4

6

A-26



The Earnings and payoff sheets.
Your earnings equal to your revenue minus the cost, which are accounted in ECU:

Your earnings (in ECUs) = the revenue
the cost of your own contributions

minus (=number of units you contribute yourself ×
cost per unit)

minus the cost of initiating links
(= number of links you initiated × 300 ECUs)

We have prepared a payoff sheet, which displays each role’s earnings except the linking cost (i.e.,
the revenue - the cost of your own contributions). During the experiment, you will use these
sheets to make decisions. Please open the attachment, let us go over each of them to see how to use
these sheets.

(See attachments.)

Here are some examples on the computer screen. Could you please make use of these payoff sheets
to find how many ECUs each role can earn in these examples, and answer all the questions on the
screen?

(See the computer screen.)

Now, we are going to perform the task on the screen. In order to let you to understand the task better,
we firstly conduct a mock task. The outcome of this mock task will not be counted for experimental
payment. After that we will conduct the formal task. The outcome of the formal task will be your
earnings in this part of the experiment.

Note: Please turn to the payoff sheet that represents your role, this shows how your earnings are
determined.

Note: The two decisions, i.e. how many units to contribute, and to whom to link, have to be inputted
into the screen together. It means that you cannot make your decisions after seeing the decisions of
your other group members.

(See the mock task.)

Now we are going to perform the formal task of Part 1.

Note: In the formal task, you will be asked to answer some questions. The answer of these questions
will not affect your earnings of this part.

Note: Please raise your hand to confirm with the experimenter if your computer screen has display
errors.
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Part 2

1. You have already been assigned into a group in Part 1 (Group 1 or Group 2). Now in Part 2,
you will be kept in this same group until the end of the experiment. It means that, although
you do not know who your group members are, they will be your group members until the end
of the experiment.

2. Your group of 6 will perform the same task for another 19 rounds.

3. At the beginning of each round, you (and your group members) will be randomly assigned one
role: either A, B, C, D, E or F. The assignment process is random: You are equally likely to
be allocated to each of the 6 roles. Therefore, you are very likely to get different roles in each
round. And in each round, it is very likely that your group members are assigned different roles.
At the beginning of each round, your role of this round will be displayed on the
screen, thus:

• Please turn to payoff sheet that represents your current role, this shows how your earnings
are determined in this round.

• This is really important in helping you make decisions, as the costs of contribution are
different for each role.

4. Knowing your roles, you will make decisions to earn ECUs. The two decisions are the same as
before. Your group members will be asked to make the same decisions as well. All of you have
to input your choices into the computer screen. You have no chance to discuss with your group
members. Once all of you are done, the computer screen will display all choices and earnings of
the current round by role. Then the next round starts.

5. The 19 rounds are independent of each other. Your earnings in each round are solely determined
by your and your group members’ decisions in this round. Your earnings in this round will
not affect your earnings in the next round.

6. Your earnings in Part 2 depends on both you and your group members’ decisions, and some
chance. When Part 2 is finished, 1 round of the 19 rounds will be randomly selected,
the earnings of which become your earnings in Part 2. Each round will be selected
with equal chance. (Note: Your experimental payment will be determined by either part with
equal chance, which means that there is a 50% chance that your earnings of the selected round
in this part will be your experimental payment.)

Now we are going to perform the Part 2.
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A4 OLS regression results of round 1 to 20
To better understand the two decisions when heterogeneity is assigned, we
apply OLS regressions with categorical variables capturing the different
roles, as well as part dummies and treatment dummies. We use the data of
all 20 rounds. Creftab:ols lists the regression results. In scenarios of cost
heterogeneity, the relationship between roles and the amount of production
shows that participants produce 57 tokens and 20 tokens more when they
are assigned as Role A and Role B, respectively, than when they are as-
signed Role F (the omitted category). For the number of in-links, column
(4) shows that Role A and Role B receive almost all in-links. Role C and
Role D have significant coefficients while the number is less than one. In
scenarios of valuation heterogeneity, column (2) shows that Role A and
Role B produce 38 tokens and 14 tokens more than Role F, respectively.
In-links are concentrated on Role A and Role B as well which is displayed
in column (5).

Column (3) and Column (6) restrict the sample of valuation heterogene-
ity to Treatments 9 and 10. Column (6) shows that Role A and Role B are
in the core of the network, therefore Result 2.1 is still established even if
we use data of all 20 rounds. For producing behaviour, column (3) shows
that for the two core roles, Role A contributes significantly more than Role
B (the Restricted F Test of coefficient on Role A and B, p < 0.001). There-
fore, when we include data from all rounds of Treatments 9 and 10, the
result supports Hypothesis 2.2.

All regressions in Table A1 reject the null hypothesis of a global F-test
(p < 0.001). The regressions here further confirm that, in both scenarios,
the better roles who produce more and collect most of the in-links are Role
A as well as Role B; they comprise the minority of the group but are the
main contributing force to the public good.
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Table A1: OLS regression results.

Dependent var. Number of tokens Number of in-links
Cost Valuation Cost Valuation

Heterogeneity Heterogeneity Heterogeneity Heterogeneity
T1-T6 T7-T10 T9-T10 T1-T6 T7-T10 T9-T10
(1) (2) (3) (4) (5) (6)

Role A (-57.706*** (-38.278*** (-41.550*** (-04.502*** (-03.269*** (-03.263***
(4.940) (6.209) (6.835) (0.120) (0.355) (0.316)

Role B (-20.400*** (-14.269*** (-20.394*** (-01.994*** (-01.356*** (-00.944***
(3.389) (2.485) (2.807) (0.231) (0.260) (0.183)

Role C (-07.083*** (-04.272*** (-06.963*** (-00.363*** (-00.250*** 0.119
(1.071) (1.690) (2.214) (0.091) (0.096) (0.089)

Role D (-03.933*** (-05.041*** (-09.281*** (-00.077*** 0.047 0.025
(0.935) (1.356) (1.207) (0.033) (0.050) (0.063)

Role E (-01.063*** (-03.291*** (-06.563*** 0.019 -0.009- 0.031
(0.612) (1.412) (1.801) (0.018) (0.040) (0.047)

Part dum. Yes Yes Yes Yes Yes Yes
Treatment dum. Yes Yes No Yes Yes No
Constant (-04.747*** (-11.551*** (-18.630*** (--0.152*** (-00.861*** (-00.153***

(0.950) (1.792) (2.493) (0.092) (0.134) (0.068)
# of Obs. 2,880 1,920 960 2,880 1,920 960
# of Clusters 24 16 8 24 16 8
F 108.90 13.63 34.85 266.12 83.59 467.96
R2 (adj.) 0.575 0.305 0.257 0.818 0.611 0.686
Prob.>F 0.000 0.000 0.000 0.000 0.000 0.000
Note: Multiple linear regression with role as categorical variable. Dependent variable are the number of
produced tokens and the number of links received by each observation. Role F is the reference group.
Indicator variables for the remaining roles are coded 1 for participants who are assigned that role, and
all others are coded 0.
∗∗∗p < 0.01, ∗∗p < 0.05, ∗p < 0.1.
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A5 Statistical tests on each role’s behaviour
in round 20

A5.1 Scenarios under Cost Heterogeneity

Table A2 and Table A3 report statistical test results about out-link deci-
sions and centrality, respectively, in the last round of Part 2. Table A3
shows that Result 1.1 still holds. It shows Role A receives significantly
more links than Role B. Both Role A and B receive significantly more links
than each of Roles C to F. Number of in-links also does not significantly
differ across Roles C to F.

Table A2: Test results of out-link behaviour by role, Cost Heterogeneity,
T1-6, r20.

Kruskal-Wallis equality-of-populations rank test: 2(5) = 63.151 (p < 0.001)
A B C D E F

Rank sum 448.00 1304.50 2113.00 2056.50 2248.00 2270.00
Obs. 24 24 24 24 24 24

Dunn’s Pairwise Comparison of units by role (Bonferroni)
Col Mean - Row Mean A B C D E

B -3.225*** (0.010)
C -6.269*** (0.000) -3.044*** (0.018)
D -6.056*** (0.000) -2.831*** (0.035) -0.213 (1.000)
E -6.777*** (0.000) -3.552*** (0.003) -0.508 (1.000) -0.721(1.000)
F -6.860*** (0.000) -3.635*** (0.002) -0.591 (1.000) -0.804 (1.000) -0.083 (1.000)

Note: p-values in parentheses. ∗∗∗p < 0.01, ∗∗p < 0.05, ∗p < 0.1.

Table A3: Test results of in-link behaviour by role, Cost Heterogeneity,
T1-6, r20.

Kruskal-Wallis equality-of-populations rank test: 2(5) = 71.603 (p < 0.001)
A B C D E F

Rank sum 3134.00 2161.00 1461.00 1228.00 1176.00 1280.00
Obs. 24 24 24 24 24 24

Dunn’s Pairwise Comparison of units by role (Bonferroni)
Col Mean - Row Mean A B C D E

B 4.046*** (0.000)
C 6.957*** (0.000) 2.911*** (0.027)
D 7.923*** (0.000) 3.880*** (0.001) 0.969 (1.000)
E 8.142*** (0.000) 4.096*** (0.000) 1.185 (1.000) -0.216 (1.000)
F 7.710*** (0.000) 3.664*** (0.002) 0.753 (1.000) -0.216 (1.000) -0.432 (1.000)

Note: p-values in parentheses. ∗∗∗p < 0.01, ∗∗p < 0.05, ∗p < 0.1.

Table A4 shows that Hypothesis 1.1 is partially supported in round 20
– the same result as in round 1. It reports statistical test results on levels
of contribution in the last round of Part 2. It confirms that Result 1.2
still holds. Dunn’s tests point out Role A’s contribution is significantly
greater than all other roles. Level of contribution does not significantly
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differ between Role B and C, while Role B contributes significantly more
than Role E and F. Role C’s contribution is not significantly different from
Role D and Role E, while it is significantly different from Role F. Role D,
E and F cannot be distinguished with each other.

Table A4: Test results of producing behaviour by role, Cost
Heterogeneity, T1-6, r20.

Kruskal-Wallis equality-of-populations rank test: 2(5) = 57.473 (p < 0.001)
A B C D E F

Rank sum 2903.50 2065.50 1646.50 1655.00 1266.00 903.50
Obs. 24 24 24 24 24 24

Dunn’s Pairwise Comparison of units by role (Bonferroni)
Col Mean - Row Mean A B C D E

B 2.949*** (0.023)
C 4.424*** (0.000) 1.475*** (1.000)
D 4.394*** (0.000) 1.445*** (1.000) -0.030 (1.000)
E 5.763*** (0.000) 2.814*** (0.037) -1.339* (1.000) 1.369 (1.000)
F 7.039*** (0.000) 4.090*** (0.000) -2.615* (0.067) 2.645 (0.061) 1.276 (1.000)

Note: p-values in parentheses. ∗∗∗p < 0.01, ∗∗p < 0.05, ∗p < 0.1.

A5.2 Scenarios under Valuation Heterogeneity

Table A5 and Table A6 report statistical test results about out-link deci-
sions and centrality, respectively, in the last round of Part 2. Table A6
shows that only Role A receives significantly more links than other roles,
and all other roles are not significantly different from each other. This is
different from Result 2.1, however, Hypothesis 2.1 is still holds.

Table A5: Test results of out-link behaviour by role, Valuation
Heterogeneity, T7-10, r20.

Kruskal-Wallis equality-of-populations rank test: 2(5) = 10.854 (p = 0.054)
A B C D E F

Rank sum 463.00 812.00 885.00 923.50 757.50 815.00
Obs. 16 16 16 16 16 16

Dunn’s Pairwise Comparison of units by role (Bonferroni)
Col Mean - Row Mean A B C D E

B -2.362** (0.137)
C -2.856** (0.032) -0.494 (1.000)
D -3.116** (0.014) -0.754 (1.000) -0.261 (1.000)
E -1.993** (0.347) -0.369 (1.000) -0.863 (1.000) 1.123 (1.000)
F -2.382** (0.129) -0.020 (1.000) -0.474 (1.000) 0.734 (1.000) -0.389(1.000)

Note: p-values in parentheses. ∗∗∗p < 0.01, ∗∗p < 0.05, ∗p < 0.1.
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Table A6: Test results of in-link behaviour by role, Valuation
Heterogeneity, T7-10, r20.

Kruskal-Wallis equality-of-populations rank test: 2(5) = 25.621 (p < 0.001)
A B C D E F

Rank sum 1250.50 875.50 645.00 645.00 626.00 614.00
Obs. 16 16 16 16 16 16

Dunn’s Pairwise Comparison of units by role (Bonferroni)
Col Mean - Row Mean A B C D E

B 2.652*** (0.060)
C 4.282*** (0.000) 1.629 (0.773)
D 4.282*** (0.000) 1.630 (0.773) 0.000 (1.000)
E 4.416*** (0.000) 1.764 (0.583) 0.134 (1.000) 0.134 (1.000)
F 4.501*** (0.000) 1.849 (0.483) 0.219 (1.000) 0.219 (1.000) 0.085 (1.000)

Note: p-values in parentheses. ∗∗∗p < 0.01, ∗∗p < 0.05, ∗p < 0.1.

Similarly in Table A7, when we restrict our sample down Treatments 9
and 10, only Role A in the core in the last round 20, Role B now is not a
core player.

Table A7: Test results of in-link behaviour by role, Valuation
Heterogeneity, T9-10, r20.

Kruskal-Wallis equality-of-populations rank test: 2(5) = 14.273 (p = 0.014)
A B C D E F

Rank sum 328.00 185.50 140.00 181.00 160.50 181.00
Obs. 8 8 8 8 8 8

Dunn’s Pairwise Comparison of units by role (Bonferroni)
Col Mean - Row Mean A B C D E

B 3.178*** (0.011)
C 4.193*** (0.000) 1.015 (1.000)
D 3.278*** (0.008) 0.100 (1.000) -0.914 (1.000)
E 3.736*** (0.001) 0.558 (1.000) -0.457 (1.000) 0.457 (1.000)
F 3.278*** (0.008) 0.100 (1.000) -0.914 (1.000) 0.000 (1.000) -0.457 (1.000)

Note: p-values in parentheses. ∗∗∗p < 0.01, ∗∗p < 0.05, ∗p < 0.1.

Since in round 20 only Role A is a core player, we do not provide test
results to Hypothesis 2.2 using Treatments 9 and 10. We check producing
behaviour patterns using Treatments 7 to 10. Table A8 shows that only
Role A (the core role in round 20) behaves significantly different from
some of the other roles. This is different from round 1, while still roughly
confirming the ‘law of the few’.
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Table A8: Test results of in-link behaviour by role, Valuation
Heterogeneity, T9-10, r20

Kruskal-Wallis equality-of-populations rank test: 2(5) = 12.854 (p = 0.025)
A B C D E F

Rank sum 1127.00 777.00 643.00 684.00 745.50 679.50
Obs. 16 16 16 16 16 16

Dunn’s Pairwise Comparison of units by role (Bonferroni)
Col Mean - Row Mean A B C D E

B 2.227** (0.195)
C 3.079** (0.016) 0.853 (1.000)
D 2.819** (0.036) 0.592 (1.000) -0.261 (1.000)
E 2.427** (0.114) -0.200 (1.000) -0.652 (1.000) -0.391 (1.000)
F 2.847** (0.033) 0.620 (1.000) -0.232 (1.000) -0.029 (1.000) -0.420 (1.000)

Note: p-values in parentheses. ∗∗∗p < 0.01, ∗∗p < 0.05, ∗p < 0.1.
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A6 Evolution of behaviour patterns

(a) Out-links.

(b) In-links.

(c) Production.

Figure A4: Average performance by role at round 1 to 5, round 6 to 10,
round 11 to 15 and round 16 to 20, Cost Heterogeneity.

Note: In each panel, a column represents corresponding average
performance of one of the six roles in every continuous five rounds. Error

bars represent 95% confidence intervals.
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(a) Out-links.

(b) In-links.

(c) Production.

Figure A5: Average performance by role at round 1 to 5, round 6 to 10,
round 11 to 15 and round 16 to 20, Valuation Heterogeneity.

Note: In each panel, a column represents corresponding average
performance of one of the six roles in every continuous five rounds. Error

bars represent 95% confidence intervals.
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A7 Accuracy of linking predictions
We further define the link prediction rate as the proportion of a given role’s
five linking decisions the model accurately predicts. For example, Role A
needs to decide whether initiate links to Role B, Role C, Role D, Role E
and Role F. If in Treatment 1, this Role A initiates one link to Role B and
does not link to other roles, then the model gets a prediction rate as 80%
because it predicts that Role A does not initiate any links.

In both scenarios, participants perform quite well in line with the model
when they make linking decisions. In round 1, the mean link prediction rate
in scenarios of cost heterogeneity is 82.361% (SD = 0.207), which means
that on average participants make between four and five predicted linking
decisions in the total five of them. This number is significantly different
from 0.5 (Two-tailed Wilcoxon Single Sample T-test, z = 9.650, p < 0.001).
Under valuation heterogeneity, the mean link prediction rate is 77.083%
(SD = 0.183), which is significantly different from 0.5 as well (Two-tailed
Wilcoxon Single Sample T-test, z = 8.384, p < 0.001). Therefore, the
model predicts much better than random. Table A9 shows the mean rate
separated by role. For all roles in both scenarios, the model exhibits a
prediction rate which is significantly higher than 0.5 (Two-tailed Wilcoxon
Single Sample T-test, largest p = 0.059), however, better roles have higher
prediction rates than worse roles.

Table A9: Average prediction rate by role.

Role A Role B Role C Role D Role E Role F
Cost heterogeneity
Round 1 -0.933*** -0.875*** -0.858*** - 0.808*** - 0.833*** - 0.633***

(0.127) (0.115) (0.125) (0.182) (0.174) (0.321)
Round 20 -0.983*** -0.958*** -0.933*** -0.841*** -0.891*** -0.700***

(0.056) (0.083) (0.096) (0.167) (0.132) (0.353)
Valuation heterogeneity
Round 1 -0.825*** -0.813*** -0.700*** -0.800*** -0.800*** -0.688***

(0.161) (0.171) (0. 207) (0. 146) (0.126) (0.242)
Round 20 -0.875**- -0.838*** -0.763*** -0.738*** -0.750*** -0.813***

(0.282) (0.196) (0.196) (0.175) (0.186) (0.213)
Note: Standard deviation in parentheses. Two-tailed Wilcoxon Single Sample
T-test against 0.5.
**p < 0.01, ∗ ∗ p < 0.05, ∗p < 0.1.

In round 20, the mean prediction rate in scenarios of cost heterogeneity
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is 88.472% (SD = 0.198). This is still significantly different from 0.5 (Two-
tailed Wilcoxon Single Sample T-test, z = 9.993, p < 0.001), and there
is a significant increase compared with round 1 (Wilcoxon rank sum test,
z = 3.231, p = 0.001). Table A9 shows the prediction rate increases for
all roles (but only Role B, Role C and Role F pass Wilcoxon Rank-sum
test, largest p = 0.072). In summary, playing for multiple rounds increases
the consistency of linking decisions with the model’s predictions in the
scenario of cost heterogeneity. Under valuation heterogeneity, in round 20,
the mean prediction rate is 79.583% (SD = 0.211), which is significantly
different from 0.5 (Two-tailed Wilcoxon Single Sample T-test, z = 8.101,
p < 0.001). We do not find a significant increase compared with round 1
using a Wilcoxon Rank-sum test (z = 1.061, p = 0.290).
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A8 Changes with respect to equilibrium pre-
dictions

(a) Out-links compared to the equilibrium.

(b) Production ratio.

Figure A6: Cost Heterogeneity.
Note: In each panel, a coloured dot represents corresponding average

performance of one of the six roles in every continuous two rounds. Each
black squared dot represents average performance of all six roles in every
continuous two rounds, on which the error bar represents 95% confidence

intervals. The dotted line marks where the equilibrium lies.
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(a) Out-links compared to the equilibrium.

(b) Production ratio.

Figure A7: Valuation Heterogeneity.
Note: In each panel, a coloured dot represents corresponding average

performance of one of the six roles in every continuous two rounds. Each
black squared dot represents average performance of all six roles in every
continuous two rounds, on which the error bar represents 95% confidence

intervals. The dotted line marks where the equilibrium lies.
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A9 The tendency of emergence of graph ty-
pes

Table A10 shows how many times these specified graphs emerge (as a per-
centage) in the different treatments over all 20 rounds. The superscript⋆ de-
notes the frequency of emergence of the equilibrium graph in corresponding
treatments. We therefore have two findings. First, frequency of emergence
of the equilibrium graph decreases in the complexity of the graph. We ar-
gue that graph (d) is more complex than graph (b) and (c), as well as graph
(a), because graph (d) contains more links and more hierarchies. There-
fore, for example, the frequency of emergence of the equilibrium graph
in Treatments 1 and 2 (34.375%) is higher than in Treatments 5 and 6
(0.000%), with the former containing a simple equilibrium graph. Sec-
ond, even though graph (a) is not the equilibrium graph in Treatments 3
and 4, Treatments 5 and 6, or Treatments 9 and 10, it also appears in these
treatments.

Table A10: The tendency of emergence of graphs.

A

B

C

D

E

F

E

C
A

D

B
F

E

C
A

D

B
F

A

D

B
E

C

F

graph (a) graph (b) graph (c) graph (d)

Cost T1&2 ⋆34.375%⋆ 0.000% 2.500% 0.000%

Heterogeneity T3&4 16.250% ⋆6.250%⋆ 3.125% 0.000%
T5&6 06.875% 0.000% 0.625% ⋆0.000%⋆

Valuation T7&8 ⋆11.875%⋆ 0.625% 1.875% 0.000%
Heterogeneity T9&10 10.625% 0.000% ⋆0.000%⋆ 0.000%
Note: The superscript ⋆ denotes the equilibrium graph of that treatment(s).

The other finding about graph (a) is that it appears more frequently
when more rounds were played, which can be shown in Figure A8.
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Figure A8: Frequency by rounds.
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A10 Earnings ratio and earnings in terms of
ECU

Figure A9: Mean earnings ratio, Cost Heterogeneity.
Note: Each coloured dot represents corresponding average earnings ratio

of one of the six roles in every continuous two rounds. Each black squared
dot represents average earnings ratio of all six roles in every continuous
two rounds, on which the error bar represents 95% confidence intervals.

The dotted line marks where the equilibrium lies.
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Figure A10: Mean earnings ratio, Valuation Heterogeneity.
Note: Each coloured dot represents corresponding average earnings ratio

of one of the six roles in every continuous two rounds. Each black squared
dot represents average earnings ratio of all six roles in every continuous
two rounds, on which the error bar represents 95% confidence intervals.

The dotted line marks where the equilibrium lies.
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Figure A11: Mean number of ECUs at round 1 to 5, round 6 to 10, round
11 to 15 and round 16 to 20, Cost Heterogeneity.

Note: In each panel, a column represents corresponding average
performance of one of the six roles in every continuous five rounds. Error

bars represent 95% confidence intervals.

Figure A12: Mean number of ECUs at round 1 to 5, round 6 to 10, round
11 to 15 and round 16 to 20, Valuation Heterogeneity.

Note: In each panel, a column represents corresponding average
performance of one of the six roles in every continuous five rounds. Error

bars represent 95% confidence intervals.
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