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cooperation in an Assortative 
Matching prisoners Dilemma 
experiment with pro-Social 
Dummies
chun-Lei Yang1 & ching-Syang Jack Yue2

Assortative matching (AM) can be theoretically an effective means to facilitate cooperation. We 
designed a controlled lab experiment with three treatments on multi-round prisoner’s dilemma. 
With matching based on weighted history (WH) as surrogate for AM, we show that adding pro-social 
dummies to the WH treatment may significantly improve cooperation, compared to both the random 
matching and the WH treatment. In society where assortative matching is effective and promoted by 
the underlying culture, institutional promotion of virtue role models can be interpreted as generating 
additional pro-social dummies, so as to move the initial state of cooperators into the basin of attraction 
for a highly cooperative polymorphic equilibrium.

Cooperation in social dilemma games has attracted the attention of many scientific disciplines. Various settings 
have been investigated that induce significantly higher level of cooperation than the baseline of random matching 
one-shot encounters without community information. Models of repeated partnership resort to trigger and other 
strategies (direct reciprocity) to achieve full cooperation1–3; and recent studies offer various approaches to esti-
mate strategy distributions based on experimental data4–7. Indirect reciprocity may be of positive impact, both in 
theory and experiments8–14. Options of punishment15–20 and reward21–23 may also greatly improve cooperation in 
experimental and theoretical studies, amidst the strong reciprocity debate24,25. We study the issue of cooperation 
using prisoner’s dilemma (PD) as the basic game within the general assortative matching (AM) framework, as 
e.g. studied in26–29. Note that30 allows for type recognition to generate AM effect, and public goods games with 
endogenous group formation may induce assortative outcomes in favor of cooperation31,32.

Assortative matching has been identified as a universal principle in human and non-human ecologies as a 
mechanism for promotion of pro-social behavior. Ref.28 illustrates stylized facts and anecdotal stories in human 
societies and points out characteristic behavioral features underneath a functioning condition of assortative 
matching. In general, honest and trustworthy persons often display non-imitable behavioral and biological traits 
or labels, which enable people to be selective in partner choice for joint endeavor such as the PD game, resulting 
in like-minded people to be more likely matched that it would be random that reflects the saying “birds of a 
feather flock together”. In this environment, cooperation has a chance to proliferate for the betterment of society.

References33,34 provide a thorough discussion of the common evolutionary models of assortative matching. 
Consider the generic PD game with T > R > P > S, where one player’s payoff is R, P, T, or S, if both cooperate (C), 
both defect (D), the player is the exploiter, or he the sucker, respectively. Consider a population of x ∈ [0, 1] coop-
erators and 1 − x defectors. Define = | − |a x P C C P C D( ) ( ) ( ) as the index of assortativity, where P(X|Y) denotes 
the conditional probability that a type-Y player expects to be matched with a type-X player. Assume replicator 
dynamics for population change x, it is perfectly aligned with the sign of fitness difference between C and D types, 
δ π π= −x x x( ) ( ) ( )C D , given the population state x and the index ⋅a( ).

Depending on application environments, various forms of index of assortativity are conceivable as detailed 
in34. For the most simple case, it can be constant with a(x) = a. The equilibrium analysis is straightforward in this 
case. With a sufficiently high, cooperation may survive in the long run, either in form of a stable mixed popu-
lation equilibrium or as one of the stable pure population equilibria. However, envision the physical realization 
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of a real-world sorting mechanism, it is reasonable to assume that individuals need to spend some small but 
positive search cost in pursuit of a proper match. In fact, the existence of such cost is exactly the very reason for 
the reasonable assumption of imperfect assortativity a(x) < 1. This implies that in the pure population states, 
the matching result must be equivalent to random matching due to zero likelihood to meet the lacking type, i.e. 
a(0) = a(1) = 0, where only defection prevails in the long run.

Fortunately,34 demonstrates that non-constant AM that satisfies a(0) = a(1) = 0 exists, such as in the so-called 
stranger-in-the-night model, where cooperation survives in form of a locally stable mixed population equilibrium.

Stranger-In-The-Night Model: Imagine each of two different types has distinctive appearance 
characteristics that are not perfectly recognizable in the night when strangers are supposed meet 
and decide whether go home with each other. Let s and m with m s0 1< < ≤  denote the match 
success rates if the randomly encountered counterpart is of the same and different type, respec-
tively, then the resulting index of assortativity is
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Straightforward calculation yields a(0) =  a(1) =  0. Note that = =a x amax ( ) (1/2)x  
− +s m s m( )/( ), i.e. the assortativity effect is strongest when C and D have equal shares in the 

population. With δ(x) properly spelled out, it is obvious that δ(1/2) > 0 with m sufficiently small.

In this specific model, δ(x) = 0 has three solutions x x{0, , }min max , < < <x x0 1min max , where 0 and xmax are 
locally stable equilibria with respective basins of attraction (0, xmin) and (xmin, 1]. The general insight from this 
theoretical discussion is as follows. While pure defection is the only stable population equilibrium in RM, AM 
potentially may admit additional stable equilibria with a higher share of cooperators, depending on the specifics 
of the mechanism. Moreover, in the latter case, the initial state of population is crucial at determining whether the 
dynamics converges to the bad pure defectors equilibrium of x* = 0 or some better ones such as x* = xmax. This, 
henceforth, opens up the gate for culture, social conventions or state actions to be shaped and constructed in a 
way so as to positively affect either the effectiveness of AM mechanism, for example by increasing s or decreasing 
m in the strangers-in-the-night model above; or the initial state of aggregate pro-social propensity, for the 
long-term proliferation of cooperation.

The main objective of the study is to design an experiment with an AM setup to investigate the effect of exog-
enous shocks to the initial population state of cooperation in PD.

Methods
Experimental design. References35,36 and most intriguingly37,38 show experimental evidence that human 
subjects recognize others’ behavior types with substantial accuracy. When playing the PD game, the aggregate 
effect of such recognition on the outcome is significantly positive and displays the AM property. We believe one 
way to describe the situation is the saying, “you are what you do”. As argued by28, physiological cues or reac-
tion-circuits get hard-wired for repeatedly practicing certain behavior, so that imitation is hard to do. In words by 
Confucius, pretenders always get exposed, and thus it is a better strategy to be consistently pro-social even when 
nobody is watching, as in the following quote.

“There is no evil to which the mean man, dwelling retired, will not proceed, but when he sees 
a superior man, he instantly tries to disguise himself, concealing his evil, and displaying what 
is good. Yet, the other beholds him, as if he saw his heart and reins;–of what use is his disguise! 
This is an instance of the saying–‘What truly is within will be manifested without.’ Therefore, the 
superior man must be watchful over himself when he is alone.”–Great Learning 6:239.

Based on this, we ask the question that, suppose the type recognition part for assortative matching is solved 
exogenously, would human subjects indeed make use of it so as to improve the general level of cooperation in PD?

We have three treatments. Every treatment has 5 groups of 14 real subjects. A typical session consists of 2 or 3 
separate games. The treatments differ in Game 2 where subjects play 25 rounds of a given PD game. As a control, 
we did a random-matching treatment (RM) with 25 rounds and information about subjects’ personal experience. 
With (T, R, P, S) = (12, 8, 3, 1), we use a PD game that makes defection very attractive, i.e. it is submodular40.

In the treatment called weighted-history (WH), subjects know they will be assigned a T-score according to 
their behavior in the past 5 rounds, which is calculated by first identifying decisions {C, D} as {1, 0} respectively 
and weighting the history with the Fibonacci numbers (5, 3, 2, 1, 1) that favors the nearer past. This makes T-score 
a number between 0 and 12 for our purpose. Ties are randomly broken. The partner’s T-score is not known, but 
the matching principle is where all people in the group are first sorted by their current T-score, with ties broken 
randomly, and players are matched pair-wise according to their ranks from low to high. So, they know that their 
new partner is a neighbor with regard to this ranking, potentially with similar behavior in the past 5 rounds. As 
to available information, subjects have only on record their own personal experience, from which the T-score is 
calculated. This basic treatment is called WH. (More discussion of T-score and WH treatment can be found in41) 
Note that our design meets the sensible condition a(0) = a(1) = 0 for AM. With WH as surrogate for AM now, our 
motivating questions can be summarized in the following hypothesis.
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Hypothesis. First, the WH setup is strong enough to generate significantly higher level of cooperation than 
RM does. Second, by adding cooperative dummies, cooperation may prevail in more groups and at an even 
higher level.

References41,42 offered an initial answer to the first question. WH had certain level of success in some socie-
ties compared to RM. But in some others, the group dynamic led to almost all subjects into pure defectors, with 
even higher speed. How to get people out of the dreaded absorbing state of pure defection? For this purpose, 
we modify the initial WH treatment with the following feature: Subjects are aware that there are 14 real players 
and 2 computer dummies in the society, with exactly the same rules as under WH applied now to a 16-people 
society; subjects are informed that the dummies are programmed to play one action persistently through all 25 
rounds, either C or D, without being aware that only C-dummies are employed. (We design this uncertainty to 
avoid the objection of too strong experimenter-suggestive framing towards cooperation. The possibility of “bad” 
dummies may induce some repelling effect to keep people away from always-defection, in WH. But our dummies 
are always-C in implementation. So, in some way, this design induces both sticks and carrots to attract people 
away from defection and towards cooperation.) We label this treatment WHc. For real world motivation, the 
presence of pro-social dummies can be motivated by any political and social system that promotes virtue such as 
via religion or state propaganda, as long as we expect them to be effective at raising the initial stock of pro-social 
inclination in society.

In Game 1 of each session, they first play the same PD game 5 rounds with random matching, but with-
out feedbacks. Here, subjects are virtually asked to reveal their (mixed strategy) inclination to cooperation in 
a one-shot PD game, which can be later linked to their subsequent treatment behavior. Besides, it serves as a 
sampling-bias test, to ensure comparability of data across treatments. Subjects did not get any information about 
the next game that came after the end of the current one.

One justified concern against the design is whether subjects’ behavior is already stable in merely 25 rounds 
of play. Though, for reasons of subjects’ fatigues and boredom, the length of experiment as well as the number of 
rounds should be kept limited, we have repeated WHc with a clean slate, called WHc3 henceforth as Game 3 in 
the WHc sessions, to test behavior stability. In particular, it might offer insight as to the value of applying more 
complicated learning models to the available data sets.

Details of the instructions can be found in the appendix. We did many quiz to make sure that subjects under-
stand the rather complex matching scheme. For all three treatments RM, WH and WHc, we recruited a total of 
210 students of various majors at National Chengchi University in Taiwan to collect data.

Results
Data analysis. Let us start the analysis by stating that across the treatments there is no sampling bias as 
measured in cooperation rate, P(C), in Game 1. Treatment averages range from 0.36 to 0.41, without significant 
differences (Kruskal-Wallis test, p = 0.7712; more details in Table A1). Note that for a quasi one-shot PD game, 
these numbers are similar to those in the literature43,44.

Figure 1 summarizes the average rate of cooperation for the first 5 rounds and the rounds 6–23 of Game 2 in 
each treatment separately, as well as Game 3 in WHc treatment (WHc3), besides that for Game 1. The last two 
periods in Game 2 and 3 are dropped, due to end-game behavior (as discernible in Fig. A1). The first 5 rounds of 
Game 2 are treated separately, because we suspect some learning effect before the matching score T can reach the 
maximum 12 for anybody.

Although player behavior in Game 1 does not differ across treatments, their behavior is quite different in 
Game 2. For both rounds 1–5 and 6–23, the cooperation rate is the smallest for RM with slight increase to WH 
and a big jump to WHc (and WHc3). First of all, Wilcoxon test shows that RM and WH are not significantly 
different in median (p = 0.1425 and p = 0.1425), for both rounds 1–5 and rounds 6–23 respectively. However, 
Ansari-Bradley test shows that RM and WH are different regarding group variations with p = 0.011 for t = 6–23. 
In fact, the ranked session average C rates are (0.139, 0.179, 0.214, 0.218, 0.258), (0.083, 0.135, 0.333, 0.405, 
0.409), (0.377, 0.421, 0.488, 0.571, 0.615), for RM, WH, WHc respectively. Note, Ansari-Bradley-test for t = 1–5 
yields p = 0.3902. Put together, this indicates that the bifurcation effect in WH solely stems from later dynamics 
in t = 6–23This outcome bifurcation result is consistent with (the first part of) our Hypothesis that is based on a 
regular AM model.

Figure 1. Treatment–level cooperation rate in different phases. WHc has significantly higher C rate than WH 
and RM. WH bifurcates around the more homogenous group performances in RM.
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Second, WHc displays higher cooperation level than both RM (p = 0.0079 and p = 0.0079) and WH 
(p = 0.0119 and p = 0.0318). Thus, the insertion of dummies is highly effective, confirming (the second part of) 
our Hypothesis. In Appendix, Table A2 shows more group-level numbers in Game 2 (t = 6–23), while Fig. A1 
shows the time trend of p(C) for another visual display of treatment difference.

So far, the analysis is on group level. What kind of changes do treatment variations bring to the individual level 
of behavior? Looking at the cumulative distribution functions (cdf) of individuals’ cooperation rate over rounds 
6–23 in Game 2, as illustrated in Fig. A2 based on Table A3 with 70 samples for each treatment, it is visible that the 
cdf curve of RM is always on the top of, i.e. stochastically dominates, WH, and that of WH is on the top of WHc/
WHc3. Figure 2 shows the corresponding density function (pdf), based on kernel smoothing45. RM and WH 
both have two peaks, for strong inclination of playing either cooperation or defection. The pdf curves of WHc 
and WHc3 apparently shift to the right, with much reduced probability in choosing all defection and much higher 
probability in choosing all cooperation. This can be also seen in Table A4.1, where the number of players choosing 

Figure 2. Smoothing Distribution of Individual Cooperation Rate p(C) for Game 2, t = 6–23. 
WHc > WH > RM on population share around the high peak. In addition, WHc repositions the lower peak to 
the right, which reflects the repelling effect expected from the design. (Created using the freeware “R”, with the 
command “kernel” at the default setting).

Figure 3. Scatter plots: Payoff vs. cooperation rate. AM induces positive correlation between cooperation and 
payoff.
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C 12–15 and 16–18 times is obviously higher for WHc and WHc3. Note also that WHc3 seems to move the peaks 
in WHc further apart, which indicates minor learning effect towards more behavior bifurcation. Keep in mind 
that individual level behavior in Game 1 is not significantly different across treatment (χ2-test, p = 0.2704; see 
Table A6.2), which further confirms the fact of no sampling bias in our study.

Figure 3 is a scatter plot that illustrates how individual C-rate is related to one’s avg. payoff, t = 6–23. We see 
that it is clearly negatively correlated in RM, as expected, but positively correlated in WH and WHc, with correla-
tion coefficient being −0.5834, 0.7752 and 0.6582 respectively.

All in all, we conclude that WHc moves all people in society to be more cooperative! Given the dummies, the 
always-D state appears more repelling while the always-C state more attracting, as predicted in the design discus-
sion. WH, in comparison, seems less effective at rattling people from lethargy. At times it generates faster decline 
towards the all-D state than even in RM, among a sub population. In other words, evolution of cooperation a la 
cultural evolution mechanisms in WH as argued in41 might take extremely long to reach a satisfactory level of 
cooperation, in comparison to WHc.

Assortative matching effect. Real subjects often change behavior during the course of experiment, so 
that the binary type assumption in the theory model is too coarse. An approximate measure for assortativity 
can be obtained by looking at the frequency of realized outcomes, CC CD (or DC) and DD within the matched 
pairs, in comparison with the hypothetical random-matching distribution that can be straightforwardly calcu-
lated using the observed cooperation rate P(C). In RM, they are identical, meaning there is no assortativity effect 
as predicted. In WH and WHc, on the other hand, the observed CC and DD frequencies are much larger, in other 
words CD much smaller, than the hypothetical random matching values. We separate the match outcomes into 
CD vs. non-CD (i.e., CC & DD) and use χ2 test to check if they fit random matching. The p-values for RM, WH, 
and WHc are 0.5636, 0.0000, and 0.0000, where p-value < 0.05 indicates non-random matching (also see Table A5 
and Fig. A3).

Micro-level behavior determinants. Without information feedback, Game-1 behavior indicates one’s ini-
tial propensity to cooperation in a one-shot PG game. How would mature individual treatment responses (rounds 
6–23 behavior) depend on their Game-1 behavior? Also, though maybe still in a phase of testing the field, subjects 
may reveal their understanding of the game rule in their initial actions in the first 5 rounds in Game 2. Table A6.1 
summarizes all relevant correlation coefficients for this consideration, which are significant and positive in all 
treatments, indicating general behavior inertia.

Figure 4 shows the boxplots of P(C) in Game 2, given the choices of Game 1. Apparently, more cooperative 
Game-1 players are also more cooperative in Game 2. Most noteworthy is however that for each level of Game-1 
cooperation, the associated Game-2 level of cooperation is much higher in WHc than in both RM and WH, 
which is significantly so for players with #C < 4 in Game 1 (p = 0.0086, 0.0101, 0.0019, and 0.0071 for the groups 
of #C = 0, 1, 2, and 3 players; Kruskal-Wallis test). Note that, in RM, individuals with #C ≥ 4 in Game 1 still played 
very cooperatively in Game 2, which simply reflects their initial inclination to cooperation. (The Wilcoxon-test 

Figure 4. Cooperation rate, Game 1 vs. Game 2 (t = 6–23). WHc > WH/RM for all initial individual propensity 
to cooperation, i.e., the attracting effects towards more cooperation uniformly affect all initial types of one-shot 
PD.
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yields p = 0.0040 and p = 0.4821 comparing WHC with RM and WH, respectively.) For these initially strong 
cooperators, the bifurcating dynamics in WH in fact made some of them more opportunistic, while in WHc they 
remained the same good people throughout.

Thus, we conclude that the total positive effect for WHc can be found in the push-and-pull mechanics: repelled 
by the sticks of being stuck with bad dummies and attracted by the prospect of more likely matched with the good 
dummies as well as other real subjects that strive for the same.

Figure A4 in Appendix reveals how the initial treatment responses in t = 1–5 affect the mature responses in 
t = 6–23 within Game 2. For all treatments, the correlation coefficients between t = 1–5 and t = 6–23 in Game 2 
are all larger than those between Game 1 and t = 6–23 in Game 2 (Table A6.1). This suggests that many players’ 
behavior likely became stable already at the very beginning of Game 2.

Conspicuously, WHc exerted a strong effect on the initially pure defectors (#C = 0, t = 1–5), and made them 
cooperate at the 40% rate later in t = 6–23. This seems again to be the speculated “repelling” effect due to uncer-
tainty about dummy types. Subjects conceivably may falsely attribute their frequent encounters with defection as 
being constantly matched with the bad dummies, and grudgingly yield to the reality of no other choice but joining 
the more cooperative fellows in the society.

Regression analysis. As Fig. A5 illustrates, past aggregate actions are highly correlated with cooperation 
rate for all treatments in this study. Following41 where the best fitting regression for P(C) in Game 2 (t = 6–23) 
for RM and WH is a 3rd-order polynomial in the matching score T, the basic regression equation we employ is as 
follows, where “other terms” vary in pursuit of best fitting.

β β β β= + + + +p C T T Tlogit( ( )) other terms0 1 2
2

3
3

Among other terms, it seems that using Game-1 C-rate as the additional determinant yield robust results 
for all treatments, where β0 is clearly higher in WHC than for RM and WH. In addition, replacing Game-1 
C-rate with #C = 1,4,5 in Game 2 (t = 1–5) yields slightly better result for WHc. That these subjects later played 
C to relatively higher rates reflects the repelling and attracting effects of the pure-action types generated by our 
dummy design. Since the regression results generally confirm the previous observations without much crucial 
new insight, we refer interested readers to the appendix for more detailed discussions. For WH and RM, we also 
did some preliminary learning model analysis. In general, aside from RM and some convergent groups in WH, 
the standard reinforcement and EWA models are rather bad, mostly outperformed by static fitting of C-rate or 
a more sophisticated variation of two-phase best fitting. And comparison between WHc and WHc3 suggests 
that the patterns of behavior are rather stable after 25 rounds. Note, we also made subjects play another game for 
25 rounds in all the treatments, but they were designed more like pilots for later treatments rather than specific 
robustness tests as in WHc sessions, and was thus omitted here.

Discussions
In society where AM is featured as a guiding behavior doctrine, state promotion of virtue role models can be 
effective at fostering cooperation. As documented by the Confucian classics39,46, the Confucian culture explicitly 
features AM. In fact, for the past 3000 years Chinese rulers of all dynasties continually implemented meticulous 
systems of honor conferring to promote virtue role models, whose selection used to be a major administrative 
task for local magistrates47. Thus, Weber’s48,49 contention that the lack of transcendence in Confucianism be pro-
hibitive to China’s modern economic prospect may have missed a salient factor that is AM, which may constitute 
an effective system alternative at promoting trust in society. The so-called Asian, and Chinese, growth miracle 
may indeed be deep rooted in the Confucian cultural heritage50,51.

Given such cultural and historical evidence for assortativity as facilitator for cooperation, the common 
two-type evolutionary model is indeed still primitive. Before more advanced models can be properly developed, 
our WH design to experimentally investigate the AM effect serves as an early attempt to find empirical evi-
dence in support of the theoretical cooperation-promoting predictions, encouraged by early findings on type 
recognition35–38.

If via state propaganda and incentivized promotion the ‘economic men’ or opportunist coopera-
tors are made aware of the existence of a small number of virtue men, i.e., unconditional cooper-
ators, we conjecture that they would be better motivated to be more cooperative in order to have 
higher chance to partner up with the virtue men as a result of the underlying AM mechanism. In 
fact, if this motivation is effective, there may be enough induced high-cooperating opportunists 
who serve as sufficiently good surrogates for the virtue men, for the purpose of meeting a person 
with high cooperation inclination. Note, however, it is theoretically also possible that the injec-
tion of exogenous virtue men like those resulting from rewarded state promotion may ex ante 
not have any effect within the remaining population. E.g., in groups in the WH treatment that 
exhibit stable bifurcation into all-C and all-D players, injecting additional all-C players will not 
change anything among the existing population. But there is hope that during the transition of 
learning how to play the field, the existence of exogenous virtue men may exert enough dynamic 
pulling effect toward more cooperation from the opportunists. In the end, our WHc with dum-
mies is successful!
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In this paper, we showed experimentally that the designed AM setup combined with exogenous 
cooperative dummies that may be interpreted as capturing the effect of institutional promotions 
of virtue role models can significantly increase the success of cooperation overall, in contrast to41 
where without such dummies success of AM occurs only in a subpart of groups. As predicted by 
the model, we observe in WHc a fundamental shift towards a population with more cooperators 
and fewer defectors compared to both WH and RM (Fig. 2). As indicated by Fig. 4, while WH’s 
relative success over RM may be tracked back to better motivating subjects with mid-level initial 
cooperativeness to not drift down to pure defectors, WHc is able to mobilize even the initially 
most defective and cooperative subjects. Data seem to suggest that under WHc pure defection 
and cooperation exert a repelling and a pulling force, respectively. Note, as implicitly in our 
stated empirical hypothesis, the effects of both WH and WHc are consistent with a theoretical 
model such as stranger-in-the-night where the initial population state is crucial.

Future research may benefit from development of more sophisticated search and matching models with assor-
tative features, such as real-world network formation. As a historical stylized fact, for example, the same-year 
entrants who passed the Chinese imperial national exam would traditionally keep a close bond the rest of 
their career, likely for both individual benefits and as means to encourage their pro-social behavior in fulfilling 
the magistrate duties. In an experiment with voluntary network choices52 observes AM property in the data. 
However, the success of cooperation there may be due to the strong scale effect via adding more connections. 
Note53, also confirm the idea of54 in a rigorous model of indirect evolution of preference and show that the index 
of assortativity determines which Kantian type survives in the stable single-type population equilibrium. Finally, 
besides assortativity and the settings mentioned in Introduction, various settings have also been discussed for 
promotion of cooperation such as in55–58, among others.

Ethics. All methods were carried out in accordance with relevant guidelines and regulations. All experimental 
protocols were approved by the ethics review board of RCHSS, Academia Sinica. Informed consent was obtained 
from all subjects upon presentations of the experiment instructions.

References
 1. Axelrod, R. & Hamilton, W. D. The Evolution of Cooperation. Science 211, 1390–1396 (1981).
 2. Fudenberg, D. & Maskin, E. Evolution and Cooperation in Noisy Repeated Games. American Economic Review 80, 274–279 (1990).
 3. Trivers, R. L. The Evolution of Reciprocal Altruism. Quarterly Review of Biology 46, 35–57 (1971).
 4. Breitmoser, Y. Cooperation, but No Reciprocity: Individual Strategies in the Repeated Prisoner’s Dilemma. American Economic 

Review 105(9), 2882–2910 (2015).
 5. Dal Bó, P. & Frechétte, G. R. The Evolution of Cooperation in Infinitely Repeated Games: Experimental Evidence. American 

Economic Review 101, 411–429 (2011).
 6. Fudenberg, D., Dreber, A. & Rand, D. G. Slow to Anger and Fast to Forgive: Cooperation in an Uncertain World. American Economic 

Review 102, 720–749 (2012).
 7. Lei, V., Vesely, F. & Yang, C.-L. Voluntary Separation as a Disciplinary Device for Long-Term Cooperation: Reconciling Theory with 

Evidence. Unpublished paper (2018).
 8. Gong, B. & Yang, C.-L. Cooperation through Indirect Reciprocity: Impact of Higher-Order History. Unpublished manuscript (2013).
 9. Kandori, M. Social Norms and Community Enforcement. Review of Economic Studies 59, 63–80 (1992).
 10. Nax, H. H., Perc, M., Szolnoki, A. & Helbing, D. Stability of cooperation under image scoring in group interactions. Sci. Rep. 5, 12145 

(2015).
 11. Nowak, M. & Sigmund, K. Evolution of indirect reciprocity. Nature 437, 1291–1298 (2005).
 12. Swakman, V., Molleman, L., Ule, A. & Egas, M. Reputation-based cooperation: Empirical evidence for behavioral strategies. 

Evolution and Human Behavior 37, 230–235 (2016).
 13. Ule, A., Schram, A., Riedl, A. & Cason, T. Indirect Punishment and Generosity Toward Strangers. Science 326, 1701–1704 (2009).
 14. Wedekind, C. & Millinski, M. Cooperation through Image Scoring in Humans. Science 288, 850–852 (2000).
 15. Fehr, E. & Gächter, S. Cooperation and Punishment. American Economic Review 90, 980–994 (2000).
 16. Fehr, E. & Gächter, S. Altruistic Punishment in Humans. Nature 145, 137–140 (2002).
 17. Gürerk, Ö., Irlenbusch, B. & Rockenbach, B. The competitive advantage of sanctioning institutions. Science 312, 108–111 (2006).
 18. Herrmann, B., Thöni, C. & Gächter, S. Antisocial Punishment Across Societies. Science 319, 1362 (2008).
 19. Li, X. et al. Punishment diminishes the benefits of network reciprocity in social dilemma experiments. PNAS 115, 30 (2018).
 20. Rockenbach, B. & Milinski, M. The Efficient Interaction of Indirect Reciprocity and Costly Punishment. Nature 444, 718–23. (2006).
 21. Szolnoki, A. & Perc, M. Evolutionary advantages of adaptive rewarding. New J. Phys. 14, 093016 (2012).
 22. Szolnoki, A. & Perc, M. Antisocial pool rewarding does not deter public cooperation. Proc. R. Soc. B 282, 20151975 (2015).
 23. Yang, C.-L., Zhang, B., Charness, G., Li, C. & Lien, J. W. Endogenous rewards promote cooperation. Proceedings of National Academy 

of Sciences USA 115(40), 9968–9973 (2018).
 24. Guala, F. Reciprocity: Weak or strong? What punishment experiments do (and do not) demonstrate. Behavioral and Brain Sciences 

35, 1–59 (2012).
 25. Szolnoki, A. & Perc, M. Second-order free-riding on antisocial punishment restores the effectiveness of prosocial punishment. Phys. 

Rev. X 7, 041027 (2017).
 26. Bergstrom, T. Evolution of Social Behavior: Individual and Group Selection. Journal of Economic Perspectives 16, 67–88 (2002).
 27. Eshel, I. & Cavalli-Sforza, L. L. Assortment of Encounters and Evolution of Cooperativeness. Proceedings of the National Academy of 

Sciences USA 79, 1331–1335 (1982).
 28. Frank, R. H. Passions within Reason: The Strategic Role of the Emotions. New York: W. W. Norton (1988).
 29. Sober, E., & Wilson, D. S. Unto Others: The Evolution and Psychology of Unselfish Behavior. Cambridge, MA: Harvard University 

Press (1998).
 30. Amann, E. & Yang, C.-L. Sophistication and the Persistence of Cooperation. Journal of Economic Behavior and Organization 37, 

91–105 (1998).
 31. Charness, G. & Yang, C.-L. Starting Small towards Voluntary Formation of Efficient Large Groups in Public Goods Provision. 

Journal of Economic Behavior and Organization 102, 119–132 (2014).
 32. Chaudhuri, A. Sustaining Cooperation in Laboratory Public Goods Games: a Selective Survey of the Literature. Experimental 

Economics 14(1), 47–83 (2011).

https://doi.org/10.1038/s41598-019-50083-6


8Scientific RepoRtS |         (2019) 9:13609  | https://doi.org/10.1038/s41598-019-50083-6

www.nature.com/scientificreportswww.nature.com/scientificreports/

 33. Bergstrom, T. The Algebra of Assortative Encounters and the Evolution of Cooperation. International Game Theory Review 5, 
211–228 (2003).

 34. Bergstrom, T. Measures of Assortativity. Bio Theory 8, 133–141 (2013).
 35. Brosig, J. Identifying cooperative behavior: some experimental results in a prisoner’s dilemma game. Journal of Economic Behavior 

and Organization 47(3), 275–290 (2002).
 36. Frank, R. H., Gilovish, T. & Regan, D. T. The evolution of one-shot cooperation: an experiment. Ethnology and Sociobiology 14, 

247–256 (1993).
 37. Orbell, J. M. & Dawes, R. M. Social Welfare, Cooperators’ Advantage, and the Option of Not Playing the Game. American Sociological 

Review 58, 787–800 (1993).
 38. Yamagishi, T., Tanida, S., Mashima, R., Shimoma, E. & Kanazawa, S. You can judge a book by its cover: Evidence that cheaters may 

look different from cooperators. Evolution and Human Behavior 24, 290–301 (2003).
 39. Legge, J. The Chinese Classics (Vol. 1 containing Confucian Analects, The Great Learning, and The Doctrine of the Mean). 2nd edition. 

Oxford: Clarendon Press (1893).
 40. Takahashi, S. Community Enforcement when Players Observe Partners’ Past Play. Journal of Economic Theory 145(1), 42–62 (2010).
 41. Yang, C.-L., Yue, J. C. & Yu, I.-T. The Rise of Cooperation in Correlated Matching Prisoners Dilemma: An Experiment. Experimental 

Economics 10, 3–20 (2007).
 42. Yang, C.-L. & Yue, J. C. Assortative Matching, Information, and Cooperation: An Experiment. Economics Bulletin 30(1), 414–420. 

(2010).
 43. Andreoni, J. & Miller, J. H. Rational Cooperation in the Finitely Repeated Prisoner’s Dilemma: Experimental Evidence. Economic 

Journal 103, 570–585 (1993).
 44. Friedman, D. Equilibrium in Evolutionary Games: Some Experimental Results. Economic Journal 106, 1–25 (1996).
 45. Silverman, B. W. Density Estimation for Statistics and Data Analysis. Chapman & Hall: CRC Monographs on Statistics & Applied 

Probability (1986).
 46. Ames, R. & Rosemont, H. The Analects of Confucius: A Philosophical Translation. Ballantine Books, New York (1998).
 47. Ch’u, T. Local Government in China under the Ch’ing. Harvard University Press (1962).
 48. Weber, M. The Protestant Ethic and the Spirit of Capitalism (1930).
 49. Weber, M. The Religion of China: Confucianism and Taoism (1951).
 50. Levy, M. Confucianism and Modernization. Society 29(4), 15–18 (1992).
 51. Yu, T., & Lee, J. S. Confucianism and Economic Development. Taipei: Chung-Hua Institution for Economic Research, 1995. (1995).
 52. Wang, J., Surib, S. & Watts, D. J. Cooperation and assortativity with dynamic partner updating. Proceedings of National Academy of 

Sciences USA 109(36), 14363–14368 (2012).
 53. Alger, I. & Weibull, J. W. Homo moralis — preference evolution under incomplete information and assortative matching. 

Econometrica 81, 2269–2302 (2013).
 54. Frank, R. H. If Homo Economicus Could Choose His Own Utility Function, Would He Want One with a Conscience? American 

Economic Review 77, 593–604 (1987).
 55. Shen, C. et al. Coevolutionary resolution of the public goods dilemma in interdependent structured populations. EPL 124, 48003 

(2018).
 56. Szolnoki, A. & Perc, M. Correlation of positive and negative reciprocity fails to confer an evolutionary advantage: Phase transitions 

to elementary strategies. Phys. Rev. X 3, 041021 (2013).
 57. Wang, Z. et al. Onymity promotes cooperation in social dilemma experiments. Sci. Adv. 3, e1601444 (2017).
 58. Wang, Z. et al. Exploiting a cognitive bias promotes cooperation in social dilemma experiments. Nature Communications 9, 2954 

(2018).

Acknowledgements
The study was supported by National Natural Science Foundation of China (71873068) and the Investigator 
Award of Academia Sinica.

Author contributions
C.-L.Y. and C.-S.J.Y. designed and conducted the study, carried out data analysis, and wrote the paper.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-50083-6.
Competing Interests: The authors declare no competing interests.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-50083-6
https://doi.org/10.1038/s41598-019-50083-6
http://creativecommons.org/licenses/by/4.0/

	Cooperation in an Assortative Matching Prisoners Dilemma Experiment with Pro-Social Dummies
	Methods
	Experimental design. 
	Hypothesis. 

	Results
	Data analysis. 
	Assortative matching effect. 
	Micro-level behavior determinants. 
	Regression analysis. 

	Discussions
	Ethics. 

	Acknowledgements
	Figure 1 Treatment–level cooperation rate in different phases.
	Figure 2 Smoothing Distribution of Individual Cooperation Rate p(C) for Game 2, t = 6–23.
	Figure 3 Scatter plots: Payoff vs.
	Figure 4 Cooperation rate, Game 1 vs.




