Chaos, Solitons and Fractals 155 (2022) 111655

Nonlinear Science, and Nonequilibrium and Complex Phenomena

Contents lists available at ScienceDirect

Chaos, Solitons and Fractals

journal homepage: www.elsevier.com/locate/chaos

Frontiers
Cooperation dynamics under pandemic risks and heterogeneous )
economic interdependence

Manuel Chica®”* Juan M. Hernandez®, Francisco C. Santos

3 Andalusian Research Institute DaSCI “Data Science and Computational Intelligence”, University of Granada, Granada 18071, Spain

bSchool of Electrical Engineering and Computing, The University of Newcastle, Callaghan NSW 2308, Australia

¢ Department of Quantitative Methods in Economics and Management, Universtiy Institute of Tourism and Sustainable Economic Development (TIDES),
University of Las Palmas de Gran Canaria, Las Palmas 35017, Spain

4 INESC-ID & Instituto Superior Técnico, Universidade de Lisboa, Porto Salvo 2744-016, Portugal

ARTICLE INFO

Article history:

Received 30 July 2021

Revised 29 October 2021

Accepted 22 November 2021
Available online 17 December 2021

Keywords:

Collective risk dilemma
Economic interdependence
Pandemic risks

COVID-19

Evolutionary game theory

ABSTRACT

The spread of COVID-19 and ensuing containment measures have accentuated the profound interdepen-
dence among nations or regions. This has been particularly evident in tourism, one of the sectors most
affected by uncoordinated mobility restrictions. The impact of this interdependence on the tendency to
adopt less or more restrictive measures is hard to evaluate, more so if diversity in economic exposures
to citizens’ mobility are considered. Here, we address this problem by developing an analytical and com-
putational game-theoretical model encompassing the conflicts arising from the need to control the eco-
nomic effects of global risks, such as in the COVID-19 pandemic. The model includes the individual costs
derived from severe restrictions imposed by governments, including the resulting economic interdepen-
dence among all the parties involved in the game. By using tourism-based data, the model is enriched
with actual heterogeneous income losses, such that every player has a different economic cost when ap-
plying restrictions. We show that economic interdependence enhances cooperation because of the decline
in the expected payoffs by free-riding parties (i.e., those neglecting the application of mobility restric-
tions). Furthermore, we show (analytically and through numerical simulations) that these cross-exposures
can transform the nature of the cooperation dilemma each region or country faces, modifying the position
of the fixed points and the size of the basins of attraction that characterize this class of games. Finally,
our results suggest that heterogeneity among regions may be used to leverage the impact of intervention
policies by ensuring an agreement among the most relevant initial set of cooperators.

© 2021 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

ity and entertainment, but also banks, stock market and education
sector [3]. Second, indirect effects, induced by trade and financial

The COVID-19 pandemic has caused the most severe global eco-
nomic breakdown of the recent history, mainly due to the mea-
sures to control the virus spread (e.g., quarantines, stay-at-home
and social distancing policies), which have produced a dramatic
shutdown of the economic activity. In this context, the coordina-
tion among countries is an essential instrument to efficiently con-
trol pandemic and enhance economic recovery [1,2].

The pandemic control measures result in two types of negative
economic effects on countries and regions. First, the direct effects,
derived from internal mobility restrictions, which seriously injure
many sectors in the country. They do not just include hospital-
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linkages among countries, which produce economic contagion of
the consequences of restrictions in a country to a foreign linked
country [3,4]. An example of an indirect effect is the travel re-
strictions in tourist dependent countries, which produce a serious
economic loss to destination countries [5]. Other pandemic con-
sequences are found in international supply chains. Thus, export-
oriented countries are influenced by demand shortfall of the im-
porting countries and, at the same time, supply disruption from
some countries such as China produces input shortages and infla-
tionary pressure in import-countries [6]. In addition, the contact
pattern in some regions are influenced by the social distancing
policies followed in others [2]. All this phenomena stem from the
economic interdependence (EI) among countries.

Furthermore, the economic impact of the pandemic control
measures is not homogeneous for all the countries and regions.
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Those service and export-oriented countries, such as those de-
pending on tourism, entertainment and transport, have been more
affected than others [7]. For example, Panama, which depends
mainly on tourism and transport services, suffered a serious GDP
decrease in 2020 (19%), and other many tourism-dependent small-
islands states, such as Maldivas, Fiji and Bahamas, experimented
similar economic consequences. In Europe, the COVID-19 pandemic
economic loss in Spain, around 10% decrease of the GDP, dupli-
cated the economic loss in Germany. These evidences show that
the economic consequences of the implementation of control mea-
sures are markedly heterogeneous.

The coordination problem of pandemic control measures can be
represented through a collective-risk dilemma (CRD) [8,9]. This is a
multiplayer public good game (PGG) where every player can con-
tribute with some amount to avoid a certain risk of failure. Nor-
mally, it is not necessary that all players contribute to achieve the
common goal and there is some space for free-riders who benefit
from the others’ contribution. Traditionally, cooperation to mitigate
climate change by cutting carbon emissions has been one of the
most important applications of CRDs [10-16]. More recently, CRDs
have been proposed for the coordination of restrictions and reopen
policies in the current context of the COVID-19 pandemic [17].

The aim of our study is to analyze the conditions for achiev-
ing coordination among countries to control pandemic situations,
taking into account the specific economic consequences of these
measures. Specifically, we propose a new CRD model where Els
among the players are considered by altering the expected prof-
its by regions given the restrictions applied by cooperating re-
gions. The proposed CRD model also incorporates the heterogene-
ity found for regions and countries with respect to their income
loss when cooperating by restricting the economic activity. Hetero-
geneity is omnipresent in reality but only few studies included het-
erogeneous features in social dilemmas [18]. In fact, recent studies
have shown that heterogeneity of the social network is less rel-
evant than the levels of cooperation in the neighborhood of the
players [19] and this is where the heterogeneous features of the
players can make a difference. Additionally, public goods might be
better off when managed from the bottom up [20] and including
the heterogeneity of the players is clearly relevant for this venue.

We fit a log-normal distribution for feeding the model with
heterogeneous economic loss values by analyzing real data from
tourism contribution to GDP of the European Union NUTS2 regions.
The experiments comprise the evaluation of the final cooperation
levels of the population with and without EI and validate them un-
der the presence of heterogeneity. Our results show that the exis-
tence of EI among countries can favor cooperation for all the tested
conditions. To understand the reason behind these observations,
we extract the stable and unstable points of the new dilemma with
and without heterogeneity. To this end, we propose a new way of
calculating the internal roots from the agent-based simulation re-
sults.

Finally, we take advantage of the reality coming from the in-
come loss heterogeneity of the model to analyze those initial con-
ditions facilitating cooperation. Three scenarios are evaluated. We
first set the initial cooperators at random but we also condition
those initial cooperators by a positive and negative bias by they in-
come losses of the regions. The reader will see how significant dif-
ferences in the final cooperation levels are achieved when choos-
ing the best initial conditions alternative. These results will help to
engineer more effective governmental policies to increase cooper-
ation.

2. Model

We present a CRD model to represent the cooperation game
among regions or countries (we call them countries from now
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on) when adopting measures to control pandemic spread hav-
ing into account their negative economic consequences. We re-
sort to evolutionary game theory and stochastic population dy-
namics [21-27] when required, combined with agent-based com-
puter simulations [28,29]. The inspiration for this model was found
in previous CRD models for cooperative actions against climate
change [9,14] and pandemic spread [17].

2.1. Game definition including economic interdependence (EI)

The model includes a finite number Z of countries or regions.
Every player i can choose two strategies s;(t) at every time step
t: cooperation (C), which means adopting measures to control the
pandemic spread and suffering income loss; and defection (D),
which means not adopting any measure, continuing with the nor-
mal economic activity and eventually free-riding the correct public
health conditions derived from others’ cooperation.

Players interact in groups of size N, representing international
or regional agreements, alliances or work-groups. By assumption,
these groups are randomly formed. Every group faces a risk r e
[0, 1] for the health care system to collapse and the resulting eco-
nomic breakdown, if the epidemic is not controlled enough inside
the group. This happens when the number of cooperators in the
group does not achieve a minimum M < N. When the number of
cooperators is equal or higher than M in a group of size N coun-
tries, the pandemic is under control and the economic breakdown
is not produced.

When a country i cooperates, economic activity critically stops
and an income loss ¢; occur in the region ought to these restric-
tions. This loss is not necessarily constant throughout the pop-
ulation, but every country has its loss value, which depends on
the specific economic structure of the country. In addition, the
economic breakdown in the cooperator i is spread to the rest
of countries due to the international economic linkages among
them. Thus, defector countries are not free of economic negative
spillovers or contagion from other countries. Instead, they are in-
fluenced by the number of cooperators in the total population. The
more the cooperator countries in the total population, the higher
the negative economic consequences in the defector country.

The conditions above are represented in the expected payoff H}'D
(l'lic) of a defector (cooperator) country i. They are:

() = (1 —cé)[@(j—M) +A-nA-0G-M)l. (1)

MEG) = () - (1 - ;)ci, @

where j is the number of cooperators in the group and k is the
number of cooperators in the total population. The variable M =
mN, where N is the group size and m is the minimum fraction of
cooperators to avoid collapse. The Heaviside step function ®(x) is
equal to 0 whenever x < 0 and equal to 1 otherwise. The initial
endowment or maximum payoff obtained in absence of any pan-
demic is normalized to 1.

The first term of Eq. (1) shows that when the number of coop-
erators in the group is above the threshold M, the expected pay-
off of a defector is not maximum, but lowers an amount due to
the economic interdependence with cooperator countries. Specifi-

cally, the loss of the defector’s income is a fraction % of its own

maximum loss ;. This term ci’z—‘ is added to the cooperator’s pay-

off (Eq. (2)) since we assume that the single cost of cooperation
¢; already includes the economic contagion derived from interna-
tional linkages. The total loss in the cooperators’ income is ¢;, as
expected. When the necessary number of cooperators in a group
is not achieved (j < M), both cooperators and defectors have a risk
r of global economic collapse and null economic activity.
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2.2. Individual update of the game strategies

After playing a game round t, players can update their strate-
gies according to the received payoffs. Here, we have considered
the Fermi function as the evolutionary update rule [30,31]. The
Fermi rule is a stochastic pairwise comparison rule in which strate-
gies that do well, are more likely to be imitated, and spread
throughout the population. In detail, at each time-step, a player
i with a payoff IT; is randomly selected from the population for
strategy revision. Player i will then randomly select another player
j from the population as a potential role model; i will imitate the
strategy of j with a probability p that increases with their payoff
difference — (IT; — I1;) — and can be written as in [24]:

1
T 11e PO (3)

The free parameter § is the intensity of selection, encoding the
chance of mistakes during the imitation process. This means that a
player i can copy another player’s strategy j despite having a lower
payoff. We set 8 =1 in all the experiments of the study. Addition-
ally, the players of the game can randomly explore other strategies,
adopting a strategy at random with probability . This mutation
(or exploration) probability (@) equals % in all experiments. This
update rule can be used in both synchronous and asynchronous
paradigm. We have confirmed via numerical simulations that our
conclusions remain valid for both cases.

p

2.3. Stochastic population dynamics

Let us start by assuming that the income loss ¢; is homoge-
neous for all players. Then we have a unique income loss c for all
countries and the payoff derived from any strategy depends on the
general parameters and the number of cooperators j in the group.
Let us also assume that all players are equally likely to interact,
a configuration known as a well-mixed population [22]. In other
words, we have a random selection of partners to form groups.
In this limit, we can analytically compute the expected payoff (or
fitness) of a cooperator/defector for a given number of coopera-
tors k in the population by using an hyper-geometric sampling
[32,33]:

-1N-1
g = (571) 2 (45 (w754 meuen.

j=

-1N=
o) — (1{,‘11) > (’;) (ﬁ";‘i)npm,

where we have removed the super-index referring to player i in
the payoff functions.

The update rule described in Section 2.2 defines a Markov pro-
cess where, at every time step, the probability to increase the
number of cooperators k in the population is [24],

- O

Z—k k 1
+ _ - _ -
) =— [(1 M e PR T “} (4)
and the probability to decrease the number of cooperators is
3 k Z—-k 1
T~k = z[(l IR A BTy = A Y HL}' )

Several tools can be used to analyze the evolutionary dynam-
ics emerging from this ergodic Markov chain. First, the gradient
of selection [9,33], G(k) = T*(k) — T~ (k), indicates the direction of
change for every cooperation level. Second, as the process includes
probabilistic mutation (i), the population does not fixate in any
stationary state. Thus, instead of computing the probability of fix-
ation in each absorbing state, we can make use of the stationary
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distribution of this Markov chain to analyze the asymptotic state
of the population, and assess the pervasiveness in time of a each
fraction of cooperators. To this end, we build the transition ma-
trix @ = (Pij) 7 1) 21y Where Peker = T(K), Pk =1~ Peryr —
Pr.x—1 and O for the rest. This is a tridiagonal matrix and the sta-
tionary distribution is the normalized eigenvector (py);_oz corre-
sponding to eigenvalue 1 of the transpose of matrix €2. Third, the
expected final number of cooperators is calculated from the sta-
tionary distribution, as n¢ = ZLO prk. We can also use the hy-
pergeometric distributions above to calculate the probability ag (k)
of having groups with M cooperators or more for every cooper-
ation level k [14,34]. This is given by n¢ = Zf:o Prac (k) indicat-
ing the average group achievement of the game in the stationary
solution.

2.4. Agent-based computer simulations

While convenient for the case with homogeneous income losses
(c), the analytical mean-field approach described above is no
longer valid in the case of heterogeneous exposures or losses.
The inclusion of regions or countries’ diversity in exposure intro-
duces a higher level of complexity may, nonetheless, be conve-
niently described through Monte-Carlo (MC) agent-based simula-
tions [28,29], performed in computer clusters and resorting to par-
allel computing architectures. Evolution proceeds in discrete steps
involving imitation and mutation, in line with the stochastic dy-
namics described above.

We fix the size of the groups N to 10 and the minimum thresh-
old m to 0.7 (i.e., M = 7) for the whole set of experiments shown
in the study. Experiments with group sizes N = {5, 10,25} and m =
{0.5,0.7} were carried out without noticing significant changes. For
the sake of numerical tractability, the size of the population in the
analytical results is Z = 200. For the agent-based simulations, the
size of the population is Z = 2.0 x 103 and we run the model for 30
independent MC realizations and a maximum number of 103 syn-
chronous time-steps, where all the realizations reach a stationary
stable state and deviation from the MC realizations is low. Finally,
all the simulation results were obtained by averaging the last 25%
of the simulation time-steps in the independent MC runs.

3. Results and discussion

In this section we analyze the results of three different ex-
periments by considering the effects of the economic interdepen-
dence (EI) in the dilemma. First, we present the analytical study
of the game when having homogeneous costs ¢ in Section 3.1. We
later apply agent-based simulations to the dilemma with costs het-
erogeneity (Section 3.2) and study the roots of the dilemma in
Section 3.3. Finally, Section 3.4 provides guidance on how to en-
gineer interventions for increasing cooperation by taking into ac-
count heterogeneity.

3.1. Analytical study of the cooperation increase when considering EI

First, we analyze the effect of the income loss on the final sta-
tionary state of the game. Fig. 1 shows the average final percent-
age of cooperators as a function of the homogeneous income loss
¢ for three risk levels. To analyze the effect of economic interde-
pendence (EI), we represent the trajectories with two models: one
adopting the payoff Egs. (1) and (2) (model with EI) and other one
using the same equations but removing the term c,-% (model with-
out EI).

As it can be observed, the income loss negatively influences on
the final number of cooperators. In general, its effect is not strong
for income loss values near zero, but up to a certain threshold,
the expected number of cooperators dramatically decreases until
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Fig. 1. Final fraction of cooperators for different values of homogeneous income
loss ¢ for the models with economic interdependence (EI) and without EI. We as-
sume three risk levels. This figure shows that EI increases the levels of cooperation
and group success for wide intervals of income losses and risk values. The parame-
ter values are: Z=200,N=10,M=7,8=1, u=1/Z.
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Fig. 2. Gradient of selection for the models with and without EI. According to the
sign of the Gradient of selection G(k), cooperators (defectors) are likely to increase
in the population whenever G(k) > 0 (G(k) < 0). We assume the same three risk
levels as in Fig. 1. El is able to transform the overall dynamics, by reducing the
coordination requirements (x;) required to reach a cooperative basin of attraction.
Similarly, EI also increases the stable fraction of cooperation (xz) reached whenever
X, is overcome. Parameter values: Z=200, N=10,M =7, B =1, u = 1/Z.

achieving almost null values. The lower the risk associated with
the game, the lower the levels of income loss where null coopera-
tion is achieved.

Moreover, Fig. 1 shows the positive effect of EI on the coop-
eration in the three risk levels shown. Therefore, the existence of
economic linkages among countries in the pandemic context favors
cooperation in the dilemma. The gap in the number of cooperators
between the two models is larger for larger risk values. This re-
sult is apparently counter-intuitive, since including new economic
costs to the players may in general deter the disposition to cooper-
ate. However, this is not the case in this context, since the income
loss due to EI reduces the overall economic benefit at stake for all
players and therefore shortens the benefit margin of being defec-
tor.

A deeper insight of the analytical solution of the model with
and without EI is presented in Fig. 2, which shows the gradient
of selection G(k) for the same three risk levels in Fig. 1, with and
without EL If the gradient of selection, G(k), is positive (negative),
the number of cooperators is likely to increase (decrease) when-
ever the population has k cooperators. The roots of G(k) offer the
finite population analogues of fixed points in infinite populations
[9,33]. Here, we can identify configurations with two internal roots
typical of this class of dilemmas: one unstable root on the left-
hand side (x;) and one stable root (xg) for higher fractions of co-
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operators, associated with two well-defined basins of attraction. It
also suggests that a critical mass of cooperators (x;) needs to be
surpassed such that the system naturally self-organizes into a co-
existence of cooperators and defectors.

Interestingly, the gradients in Fig. 2 show that stable equilibria
(xg) occur for higher levels of cooperators when EI is included. At
the same time, the coordination point (x;) tends to move towards
lower values of the fraction of cooperators k/Z when EI is in place.
This suggests that EI reduces the requirements to sway to the co-
operative basin of attraction where cooperators and defectors may
co-exist. Naturally, the position of both (x;) and xz depends on the
value of risk (r). The higher the perception of the risk, the lower
the unstable equilibrium x; and the higher the stable equilibrium
Xg, being more likely to overcome the dilemma. The position of
these roots — but also the amplitude of G(k) — determine the fi-
nal stationary distribution and the expected prevalence of cooper-
ators. Finally, the exploration (or mutation) probability () drive
the system to the center of the cooperation axis by making G(0) >
0, further favouring the shift towards the right-hand side of the
simplex.

3.2. Simulation-based results for heterogeneous income losses based
on real data

As commented in the introduction, the income loss due to
the implementation of pandemic control measures is not homo-
geneously distributed among countries. For example, tourism was
one of the most affected sectors by the COVID-19 pandemic and
tourism GDP contribution of the European regions is one example
of the heterogeneity of the players involved, as discussed in [17].
The number of regions in the EU NUTS2 classification [35] is 312
and we use real data from this classification to compute the ex-
posure of the regions to a lockdown and tourism activity halt.
The considered indicator for this contribution are the nights spend
at tourist accommodation establishments per inhabitant. Although
the averaged contribution of the regions is 0.04, we observe a clear
heterogeneity in the distribution. Fig. 3 shows the 312 data points
and two fitted log-normal and power-law distributions.

The log-normal distribution with fitted parameters p;, = —4.39
and o, = 1.63 is the one with the best fitting. Therefore, we use
this distribution to feed the costs or income loss c; for the play-
ers. Because of the heterogeneity in the costs, it is not possi-
ble to fully assess the overall dynamics through the mean-field
analysis of the previous section. Thus, in the following, we re-
sort to agent-based simulations to estimate the evolutionary dy-
namics of the model [17,29]. We have tested both log-normal and
power law distributions of potential income losses without signif-
icant changes and therefore, the same conclusions apply for both
distributions.

Fig. 4 shows the averaged final cooperation frequency for the
game with and without EI using the log-normal distribution of
income loss. To obtain each point of both curves at every risk
value, we average the simulations results from a set of suffi-
cient discrete values for the initial frequency of cooperators of the
system, n2.

We can see in this figure how the increase in cooperation is
clear for all the risk levels after averaging all the possible initial
conditions of cooperation. The inclusion of EI boosts cooperation
even for very low risk values and the positive gap in cooperation
remains practically equal for the whole range of risk values. There-
fore, we see that the main behavior of the system is the same
when injecting heterogeneity through the real distribution of in-
come loss c;. The results are in line with the homogeneous setting
of the model. The global increase in final cooperation when incor-
porating EI in the dilemma is robust, independently from the het-
erogeneity of the income loss.



M. Chica, ].M. Herndndez and F.C. Santos

Chaos, Solitons and Fractals 155 (2022) 111655

19— ¢ oo cceem  eme wm )
& e e Realdist.
r log-normal dist.
L \ Pareto dist.
0.1 4— \
22 E o\
B C :
= %
i L N
= § ‘.
et
e L .
2 B
= .
.(% = L4
H o
a .
001 4—
r .
.
0.001 4—
0.0001 0.001 0.01 0.04 0.1 1

tourism-dependence rate

Fig. 3. Cumulative distribution of the income loss for the 312 regions of the EU NUTS2 (circles). It shows that regions’ typically portray a significant heterogeneity in the
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leads to high levels of cooperation, even when regions portray a large diversity in
economic exposure to confinement measures. Results obtained via numerical simu-
lations with Z=2x 103, N=10,M =7, 8=1, and u=1/Z.

3.3. Study on the internal fixed points of the game

The adoption of a different exposure for each agent makes it
hard to assess the overall dynamics from an analytical perspec-
tive. Particularly, the inference of the effective gradient of selection
and associated equilibrium from large-scale computer simulations
is not always trivial (see, e.g.,[36]). In this section we aim at ex-
plaining why there is an increase in cooperation when simulating
the model with heterogeneous costs and estimate the roots of the
dynamics as in the analytical model. Therefore, we first propose
a methodology to estimate, from the sensitivity analysis on risk
r and initial cooperators ng, the stable and unstable equilibrium
points. Fig. 5 shows this sensitivity analysis on r and ng where each
cell is the averaged final frequency of cooperators nc from the MC
realizations of the agent-based model using the log-normal distri-
bution of income loss c;. The plot on the left represents the abso-

lute nc values of the game without EI while the plot on the right
shows the relative increase in nc of the game including EI with
respect to the traditional dilemma.

From the heatmaps in Fig. 5, we see a clear increase in coop-
eration for the majority of r values. We may also take profit from
the knowledge obtained in Fig. 2 regarding the existence of two
internal fixed points to, analogously, try to find these roots in the
heterogeneous case. As before, the heatmaps portray two basins of
attraction: one in which cooperation cannot be sustained (yellow-
ish areas) and other where cooperators and defectors co-exist (blue
areas). In order to estimate the stable and unstable points from the
heatmaps, we define the next calculation method:

» Unstable fixed points (x;): For every value of risk r, we compute
the highest increase in the final cooperation values nc in as-
cending order by initial cooperators ng. For this calculated max-
imum increase, we set the unstable point as the pair of initial
(ng) and final cooperators (n¢). To avoid small variations or nu-
merical simulation errors in the calculation process, we discard
small increases for the final cooperation values (e.g., the area
where risk is below 0.1 of the left plot of Fig. 5).

Stable fixed points (xg): For every value of risk r, we select the
lower initial cooperation value (ng) where the majority of the
players of the population are cooperators. This is done by defin-
ing a threshold for final cooperators n¢ to consider the popula-
tion as fully cooperator. We set this threshold to 0.85 for ex-
tracting the stable points of our experiments.

Fig. 6 shows fixed points for the population dynamics in both
analytical and simulation-based approaches, with and without EL
Empty circles represent unstable fixed points (x;), and full circles
represent stable fixed points (xg), coming from the simulation-
based outputs of the heterogeneous setting, following the above-
mentioned method. Lines are calculated from the analytical ap-
proach when using homogeneous costs (i.e., ¢; = 0.04, Vi € Z).

If we compare both analytical and simulation-based points, we
see results are in line even when having different heterogeneity
settings. The incorporation of EI when there are pandemic risks
that can affect the payoffs of the players by others’ flow restric-
tions clearly shifts the fixed points. Stable points are shifted to the
right and unstable points are shifted to the left when including this
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Fig. 5. Heatmaps comparing the sensitivity analysis on r and the initial fraction of cooperators when having a log-normal heterogeneous distribution. Left plot shows the
absolute nc when not considering EI while right plots shows the relative increase of the dilemma when considering EI with respect to the CRD without EI (left plot). Results

obtained numerically, with the same parameters of Fig. 4.
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Fig. 6. Analogues of unstable (empty circles) and stable (full circles) roots obtained
from computer simulations with log-normal distribution of heterogeneous costs.
Purple and orange lines show the position of the stable and unstable roots obtained
analytically for homogeneous income exposures. Purple lines and points represent
the dilemma without EI while orange colour is for the dilemma with EI. Other pa-
rameters: Z=2x 103, N=10,M=7, =1, and u=1/Z.

El effects. The increase in cooperation is given by this extension of
the internal points in the dilemma. We also show that the method
to obtain the internal points by exploiting the simulation results is
robust and the points are equivalent to the ones obtained by the
analytical approach, obtained the same conclusions. Therefore, het-
erogeneity and the use of simulation techniques are not generating
significant differences and results are solid.

3.4. Using heterogeneity to boost cooperation by fixing the initial
cooperation conditions

Given the reality is heterogeneous and the fact we were able to
incorporate this heterogeneity in the model by using simulation-
based techniques, our aim is to exploit this information to glimpse
ways of boosting cooperation. These insights can serve as a kick-off
for employing policies by institutions. In this experiment we have
fixed the initial conditions of the fraction of cooperators ng based
on the heterogeneous values of cost or income loss of the countries
or players c;.

Specifically, we have defined three main scenarios. In the first
one, the initial cooperators are selected at random from the mem-
bers of the population and there is not any initial bias. For the
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Fig. 7. Comparison on different initial conditions n2 for achieving the best final fre-
quency of cooperation n¢ in the population. Initial coordination of players with the
lowest income loss can drive the entire population to higher levels of cooperation.
On the opposite, if the initial cooperators face a significant income loss, cooperation
tends to decrease compared with the random case. This result shows that hetero-
geneity leads to different liabilities, depending on the level of exposure. Moreover, it
suggests that one may profit from heterogeneity to trigger prosociality at the global
level. Parameters: Z =2 x 103, N=10, M=7, 8 =1, and . = 1/Z.

second one, we start fixing the initial cooperators from high to low
values c;. And finally, the third scenario considers the initial coop-
erators from low to high values of ¢;. Thus, the second scenario
has a positive bias of initial cooperation with respect to coopera-
tion costs ¢; while the third scenario has a negative bias.

Fig. 7 shows the nc comparison for a sensitivity analysis on risk
r using the three scenarios for the dilemma with EI using hetero-
geneous income loss (i.e., running the agent-based simulations). In
order to get the lines of the plot we averaged a sufficient set of
values for initial frequency of cooperators ng by following each of
the three scenarios. The set of values is from ng =0 to ng =05
as policies should be focus on a reduced number of players in the
population and it is not suitable for the comparison to restrict ini-
tial cooperators to a high number.

The results of the plot are clear. When the system starts with
those players having the lowest income loss as cooperators, the
final cooperation of the population increases significantly. On the
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opposite, when we fix the initial cooperators to those having the
highest income loss, the final cooperation even decreases with re-
spect to the random initial cooperators setting. Final cooperation
increase of negative bias with respect to positive bias is between
10% and 50% depending on the risk values. Just when risk values
are below 0.1, all the scenarios have equal results as the dilemma
does not facilitate any final cooperation.

4. Conclusions

COVID-19 pandemic and other global risks have changed how
regions or countries interact concerning global failures such as eco-
nomic knockdowns. In these cases, there are economic interdepen-
dences (EIs) or spillover effects among players when facing public
goods games. For instance, economic or mobility restrictions set by
some players can affect the expected payoff by defecting ones or
free-riders. To cope with this new reality, we proposed a collective
risk dilemma (CRD) that includes EI effects among players. Real
data from the tourism contribution of the EU regions is employed
to enrich the model by setting a genuine heterogeneous distribu-
tion of cooperation costs for the players.

We show that EI robustly increases cooperation for both ho-
mogeneous and heterogeneous cases. El is able to modify the (fi-
nite population analogues of) internal fixed points when compared
with the dynamics in the absence of EI. We depart from a classic
CRD characterized by defector dominance and coexistence among
cooperators and defectors, each outcome associated with two well-
defined basins of attraction. In the absence of any additional com-
munity enforcement mechanism, EI drops the minimum number of
cooperators required to reach the cooperative basin of attraction,
and increase the prevalence of cooperators in coexistence point.
We have computed these fixed points analytically for scenarios
with homogeneous costs and through agent-based simulations in
the case of heterogeneous costs. To this end, in the latter, we pro-
posed a new method to infer these finite population analogues of
stable and unstable fixed points in infinite populations from the
simulation’s outputs.

Finally, we have discussed how biased initial conditions based
on the level of exposure may alter the final expected outcome.
Results showed that the entire population benefits from having
cooperators within the sub-group of players with lower income
loss. This result suggests that one may profit from heterogeneity in
designing effective interventions or governance policies to trigger
prosociality at the global level, a result of particular importance if
we consider that individual strategies may also depend on the per-
ceived risk by each party [37]. Interventions should focus on those
players showing a lower exposure to the economic risk.

The analysis of the effect of EI on cooperation could be ex-
tended in several ways. For example, the model assumes a well-
mixed interdependence among players that does not necessarily fit
the reality. In fact, the exposure degree for every player estimated
with the real data of the EU regions represents an aggregated value
emerging from a specific network of interdependences among re-
gions, although this information is not available. Considering a net-
work structure of interrelationships among players would enrich
the possible scenarios and solutions for cooperation. For example,
further model extensions can analyze the effects of different net-
work topologies (e.g., scale-free networks and data-generated net-
works as in [38]) as well as local and global ways of peer-influence
among players.

Additionally, future work can assess if rewarding and sanc-
tioning activities can be applied [15,34,39-42] to a specific tar-
get sub-population and the features of this subset of individuals
to target, or how positive, and negative incentives can be opti-
mally distributed among groups and actors. Moreover, reactions
to the COVID-19 pandemic have shown a wide range of (often
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polarized) responses. Recent results have shown how uncertainty
may influence how each individual perceives the dilemma [10,43-
45], potentially leading to polarized reactions [16], a development
yet to be studied in the context of cooperation dynamics related
to managing economic losses under pandemic conditions. Finally,
how leaders act and influence others by their example and reputa-
tion can affect the whole population outcome [46], and this phe-
nomenon can be studied for this dilemma. All these open ques-
tions remain critical in the current quest of understanding and
promoting human cooperation, given the difficulty in assessing the
advantages and disadvantages of each possible type of intervention
policies.
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