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Abstract This paper outlines a new agent-basedmodel that represents the dynamics
by which a society achieves and maintains prosocial equilibrium. The latter is under-
stood as a social balance involving the interplay of prosocial behavior, anxiety, envi-
ronmental threats, and religiosity in the population. Experiments showed that the
model was able to simulate the emergence of relatively large societies under the
sorts of conditions that would be expected based on the theoretical literature and
other empirical findings in the relevant fields. We conclude by describing the main
insights of the simulation experiments and pointing toward future work currently
being planned by the research team.
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1 Introduction

1.1 Theory on Prosocial Behavior and Intro to the Model

The study of the behavior of humans and other animals in the last few decades has
spent considerable efforts looking at explanations of altruistic behavior. Kin selection
and reciprocal altruism have helped to understand cooperation among other animals
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[1, 2] and in small-scale human societies, without reference to previously popular
but largely discredited group selection explanations [3]. These results have, however,
thrown into sharp contrast the situation with large-scale human societies. The issue
is that in large-scale societies, where most interactions are one-off with unrelated
individuals, the logic behind the theories used to explain animal cooperation breaks
down and the strategy of becoming a free rider appears to be much more attractive
[4]. Many solutions were suggested for this problem, but most of these were largely
concerned with altruistic punishment [5], which was odd because on the whole this
was still a form of altruistic behavior that was costly to the individual [6].

The lack of a generally accepted explanation for cooperation in large-scale
human societies motivated some researchers to look to religion for an explana-
tion. The idea that religion could play the role of motivating social cohesion and
cooperation is one that has a long history, with numerous scholars having argued
for it [7, 8]. In recent years, scholars working within cognitive science of reli-
gion have proposed several mechanisms by which religious beliefs and practices
could help tomotivate costly pro-social behavior [9, 10] as well as seeking to connect
the historical appearance of large-scale societies with changes in religious traditions
that could have played a role in making those societies possible [8, 11]. At the
same time, a range of studies also going back close to a hundred years has provided
evidence for the claim that increased levels of anxiety lead—in the short-term as well
as well in the long-term—to increased espousal of religious claims and engagement
in religious practices [12–14].

When taken together, the connection between religion and cooperation as well as
the connection between anxiety and religion potentially form two parts of a negative
feedback mechanism that could underpin a prosocial equilibrium, the connection
between cooperation and anxiety forming the final element [15, 16]. The picture is
that of environmental threats leading to increased anxiety and thereby to increased
religiosity. However, an increase in religiosity drives increased cooperation, which
helps the society deal with the threats and thereby lower anxiety. In effect, a relatively
high level of religiosity and cooperation is maintained, allowing large-scale societies
to thrive.

To test the plausibility of such a prosocial equilibrium we decided to construct an
agent-based model in which altruistic, prosocial behavior that was not motivated by
reciprocal arrangements or genetic connections would have the opportunity to allow
the growth of societies with many hundreds or even thousands of members. A key
assumption of the model was that religiosity is primarily determined by observing/
participating in religious practices during the period of socialization. The practices
focused upon in the model are forms of religiously-motivated pro-social behavior
such as participation in work for the community, tithing and other forms of religious
charity, as well as those forms of sacrifice in which the offering is made use of by
the community—which are considered to play a large role in motivating religiosity.
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2 Methods

2.1 The Model

Themodelwaswritten inAnyLogic v.8.7.9. Herewe present a brief description of the
model. A full ODD + D protocol description can be found at the github repository:
URL https://github.com/ivanpugagonzalez/Prosociality-ABM-Model

Model overview and agents. The artificial society represented in themodel is inhab-
ited by individual human agents who have eight different variables: age, gender,
marital status, religiosity, wellbeing, insecurity, sensitivity, and anxiety. On initial-
ization, 1000 adult agents are created, the age distribution follows a typical pyramid
shape (0–100 years). The initial values of religiosity, and sensitivity are drawn from a
normal distribution N (µ= 0.5, σ = 0.1) and that of insecurity is set to 0. Every year
all agents experience a given number of environmental threats of different intensity.
The number and intensity of threats are controlled by a Poisson and exponential
distribution (13–14 in Table 1). Threats increase the insecurity of agents and in turn
insecurity increases anxiety. Anxiety and religiosity may then trigger a prosocial
behavior. Prosocial behaviors increase the religiosity and decrease the insecurity of
the performing agents and that of close by neighbors (7–10 in Table 1). Prosocial
behaviors are costly and reduce the wellbeing of performing agents (11 in Table
1). Agents also increase/decrease their wellbeing according to their current age and
insecurity values (15–21 in Table 1). Agents reproduce if they are married, female,
and within the age of reproduction. Agents that are 25 y.o. or younger, reduce a
percentage of their religiosity every year (24 in Table 1). Agents die with a proba-
bility given by their wellbeing value. Figure 1 shows a summary of the model cycle
and order of processes during the simulation.

Wellbeing processes. Wellbeing (WB) determines the probability of an agent
surviving every year. A survival probability curve was mimic using data from 1950’s
in Norway. This choice was arbitrary, but it doesn’t have a major effect on the
model’s behavior. Both the reference model and the one with prosocial behavior (see
Sects. 2.2 and 2.3) use the same survival probability curve, and because we compare
one against the other the effect of the survival probability curve becomes irrelevant.

Wellbeing and age. At initialization, wellbeing is determined by a polynomial func-
tion of the agents’ age. This equation mimics the survival probability of both sexes
according to age during 1950’s in Norway. Then, after initialization, WB of agents
increases and decrease every year according to its age. The gain or loss of WB is
determined by two equations.

The gain of WB is given by equation 1:

Gain = −4C ∗
(
Age − WB_Age_Threshold
100 − WB_Age_Threshold

)Exp1

+ C (1)

https://github.com/ivanpugagonzalez/Prosociality-ABM-Model
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Table 1 Model parameters

Parameter Value Description Process

1. Rep Cost OP % of WB taken from each parent Rep

2. Rep mid threshold OP Reproduction probability is 0.5

3. Rep Curve Shape OP Parameters determining the shape of
probability of reproduction curve4. Importance Insec SA

5. Importance WB 1

6. PB threshold SA Threshold value to trigger PB PB

7. PB inc rel self SA Increase in agent’s and neighbors’
religiosity after a PB8. PB inc rel neigh SA

9. PB dec insec self SA Decrease in agent’s and neighbors’
insecurity after a PB10. PB dec insec neigh SA

11. PB wellbeing cost SA Decrease in agent’s WB after a PB

12. Neigh Benefited SA # of nearby neighbors benefited

13. Threats Rate SA Shape of the Poisson distribution Threats

14. Threats Intensity SA Shape of the exponential distribution

15. WB Age Threshold OP Parameters determining the increase/
decrease of WB according to agents’
age

WB-Age

16. WB Intercept C OP

17. WB Exp Gain eq OP

18. WB Exp Loss eq OP

19. WB Insec Threshold 0.1 Parameters determining the increase/
decrease of WB according to agents’
insecurity

WB-Insecurity

20. WB Max Inc OP

21. WB Max Dec 0.25

22. Marriage Age Diff OP Max age difference between partners Others

23. Radius Local Area 50 Radius of area of nearby neighbors

24. Rel Dec Perc SA % of religiosity decrease every year

WBwellbeing,PB prosocial behavior, Insec insecurity,Rep reproduction, inc increase, dec decrease,
rel religiosity, OP optimized parameter, SA sensitivity analysis

The loss in WB is then given by equation 2:

Loss = −4C ∗
(
Age − WB_Age_Threshold
100 − WB_Age_Threshold

)Exp2

+ C (2)

where WB Age Threshold (15 in Table 1) is the age at which the gain/loss in WB is
given by equation 2 instead of equation 1; C (16 in Table 1) is the equation intercept,
and Exp1 and Exp2 (17–18 in Table 1) determine the shape of the curve.

Wellbeing and insecurity. In addition to being affected by age,WB is also affected
by the agents’ insecurity. Depending on the insecurity value and the value of WB
Insec Threshold (19 in Table 1), wellbeing may increase or decrease every year
according to equations 3 and 4 respectively.
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Fig. 1 Model cycle and order of processes

If insecurity ≤ WB Insec Threshold:

Gain = WB.Max .I nc +
(
I ns ∗ WB.Max .I nc

W B.I nsec.T h

)
(3)
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The left-hand side term corresponds to the intercept and the fraction on the right-
hand side to the slope. Ins is the current insecurity of the agent; WB.Max.Inc repre-
sents the maximum gain in WB when insecurity equals 0; and WB.Ins.Th is the
insecurity value at which there is neither gain nor loss in WB (19–20 in Table 1).

If insecurity > WB Insec Threshold:

Loss = −WB.Max .Dec
(1 − WB.I nsec.T h)

∗ WB.I nsec.T h +
(
I ns ∗ WB.Max .Dec

(1 − WB.I nsec.T h)

)

(4)

The left-hand side term corresponds to the intercept and the fraction on the right-
hand side to the slope. Ins is the current insecurity of the agent;WB.Max.Dec repre-
sents the maximum loss in WB when insecurity equals 1; and WB.Ins.Th is the
insecurity value at which there is neither gain nor loss in WB (19–20 in Table 1).

Mortality process. As previously mentioned, WB determines the probability of
agents dying and mimics the probability of dying reported in census data during
1950’s in Norway. According to this data, the probability of dying for both sexes
increase with age (Fig. 2a). To mimic this probability, we fitted a polynomial curve
across the census data and input wellbeing instead of age. This resulted in the
probability of dying curve shown in Fig. 2b.

Marriage and Reproduction process. To marry, agents had to meet several condi-
tions: not being married, being over 15 y.o., and that the age difference between
potential partners is not higher than Marriage Age Diff (22 in Table 1). If these
conditions were met, agents were set to a married marital status.

Once married, female agents in the age of reproduction have the chance to repro-
duce every year. The probability of reproduction depends on the WB and insecurity
of the married agents, it is given by equation 5:

Prob.Rep = 1
1+ e(−b∗(x−a))

(5)

)b)a
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Fig. 2 Probability of dying according to a census data and b wellbeing
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where b is the parameter Rep curve shape (3 in Table 1) determining the shape of
the sigmoidal curve. x is a weighted average equal to:

(Average.WB.Partners) ∗ Importance.WB + (Average.I ns.Partners) ∗ Importance.I ns
Importance.WB + Importance.I ns

and represents the importance of WB and insecurity in the reproduction decision
(4–5 in Table 1), and a is the WB threshold at which reproduction probability is
equal to 0.5 (2 in Table 1).

If agents reproduce, then theirWB is decreased by a percentage given by RepCost
(1 in Table 1). The loss inWB fromboth partners is then passed into the offspring, and
this value becomes the initial WB value of the offspring. Further, offspring inherit
the religiosity, insecurity, and sensitivity values from one of their parents (this parent
is selected at random).

Threats process. Every year a certain number of threats are generated. The number
and intensity of threats is determined by drawing numbers from a Poisson distribu-
tion and an exponential distribution, respectively (13–14 in Table 1). Each year, the
intensity value of all threats is added to the current insecurity of agents (if after this
addition insecurity is > 1, insecurity is set to 1).

Prosocial behavior process. Every year, agents aged 12 y.o. or older are allowed
to perform a prosocial behavior. Prosocial behavior is triggered when the product
of the agents’ religiosity times anxiety goes above the PB threshold (8 in Table 1).
Anxiety is the product of their insecurity times their sensitivity. Prosocial behaviors
increase the religiosity and decrease the insecurity of the performing agents and
that of close by neighbors (7–10 in Table 1). Neighbors are considered those agents
within a certain radius of distance from the performing agent (24 in Table 1). If the
number of close by agents exceed the number of benefited neighbors (23 in Table
1); then, benefited neighbors are selected randomly from all close by ones. Prosocial
behaviors are costly and performing agents reduce their wellbeing every time they
perform a prosocial behavior (11 in Table 1).

2.2 Optimization Experiments and Reference Models

We created a reference model (RM) against which we could compare the effects
of environmental threats and prosocial behavior on the growth rate of the society.
The RM was needed because otherwise we would not know if societies were not
successful because rate of threats and their intensity did not trigger the appropriate
amount of prosocial behavior or because the parameters determining the mortality,
reproduction and marriage processes were not tuned accurately and thus made soci-
eties go extinct. To create aRM,we turned off the environmental threats and prosocial
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behaviors, and searched for optimal parameter values (related towellbeing,mortality,
marriage, and reproduction; OP parameters in Table 1) that allowed a society to keep
its population size constant over time.

We used the optimization engine of AnyLogic, which allows the user to obtain a
combination of parameter values that increases or decreases a specific output value
obtained from an input function. In our case, the input function calculated the residual
sumof squares (RSS) between the observed yearly growth rate (i.e., pop_sizey+1/pop_
sizey) and the expected growth rate if the population size remained constant over time
(i.e., 1). The optimization experiments found the combination of parameter values
that minimize the output value. We ran 20 different optimization experiments from
which we obtained 20 different combinations of parameters. Each simulation lasted
for 500 years. We chose the two best simulations as RM (see ODD+ D protocol for
further details on the RMs).

2.3 Sensitivity Analysis: The Role of Threats and Prosocial
Behavior

To explore the effect of threats and threats’ intensity on prosocial behavior, religiosity,
and the growth rate of societies, we did a sensitivity analysis by varying the values
of 11 parameters related to prosociality, religiosity, reproduction, and threats (SA
parameters in Table 1). During the sensitivity analysis we kept fixed the optimized
parameters found for the two best simulations during the optimization experiments.

We used latinhypercube sampling to sample the parameter space 20,000 times
per RM. For each combination of parameter values we ran one simulation. Each
simulation was run for 500 years and every 25 years we collected the population size
and average religiosity of the population. We classify as successful societies those
that at the end of the simulation (500 years), had population size greater than 2000
individuals. We choose this value because it is a value greater than the median and
the third interquartile range of population sizes of the RMs.

3 Results

3.1 Successful Societies

The percentage of simulations with successful societies (i.e., with a population size
> 2000) for RM 1 and 2 were 0.44% (n = 88) and 2.15% (n = 431) respectively.
We used the verification and validation (V&V) calculator tool (available at https://
vmasc.shinyapps.io/VandVCalculator/), whose use is illustrated in [17–19], in order
to explore the conditions leading to successful societies in our model. The Sensitivity
Assessor identified four conditions that were observed much more frequently in the

https://vmasc.shinyapps.io/VandVCalculator/
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successful societies than in all the parameter sampling. These conditions were related
to specific parameters’ values being below or above a certain threshold (Table 2). For
instance, the PB threshold below 0.2 (or 0.3) was observed in 100% of the successful
runs in RM1 (or 97% in RM2); whereas this condition was observed only in 39%
of cases in the whole parameter sampling for RM1 (or 59% for RM2; Table 2).
Similarly, the four conditions identified by the Sensitivity Assessor were observed
over 90% of the time in successful simulations, a percentage well above the value
expected from their appearance in the parameter sampling (Table 2). This suggested
that societies may be successful if the values of PB threshold, PB wellbeing cost and
the importance of insecurity in reproduction were kept below these thresholds and
the number of neighbors benefited were above or equal to 2. Note that although these
thresholds were somewhat different depending on the RM, the same parameters were
identified in both models (Table 2).

Additionally, the Sensitivity Assessor identified other conditions concerning the
value of the PB threshold and the WB cost of PB in relation to the value of other
parameters (Table 3). More specifically, it seemed like successful societies were
those where the values of both the PB threshold and WB cost of PB were lower than
the decrease of insecurity (in self and neighbors) and the increase in religiosity (in
self and neighbors) after a PB (Table 3).

To corroborate that these conditions were necessary for societies to be successful,
we resampled the parameter. We first resampled (20,000 times per reference model)
the parameter space by keeping the values of the parameters in Table 2 within the
range identified by the Sensitivity Assessor. This indeed increased the percentage of
successful societies: 12.59% (n = 2517) and 28.27% (n = 5655) for RM 1 and 2,
respectively. This was a significant increase; however, the percentage of successful
societieswas far frombeing amajority, i.e., > 50%.Therefore,wedecided to resample

Table 2 Conditions observed in successful societies

Condition # of times observed in: % Obs % Exp Obs–Exp

Successful runs All sampling

Reference model 1

PB threshold < 0.2 88 7755 100 39 61

PB wellbeing cost < 0.12 84 11,960 95 60 36

Importance Insec < 0.8 86 2500 98 13 85

# Neigh benefited > = 2 88 2500 100 88 13

Reference model 2

PB threshold < 0.3 417 11,836 97 59 38

PB wellbeing cost < 0.14 395 13,969 92 70 22

Importance Insec < 1.0 429 3333 100 17 83

# Neigh benefited > = 2 416 2500 97 88 09
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Table 3 Extra conditions observed in successful societies

Condition # of times observed in: % Obs % Exp Obs–Exp

Successful runs All sampling

Reference model 1

PB th < PB dec ins neigh 85 10,046 0.97 0.50 0.47

PB th < PB dec ins self 83 9999 0.94 0.50 0.44

PB th < PB inc rel self 85 10,025 0.97 0.50 0.47

PB th < PB inc rel neigh 77 10,065 0.88 0.50 0.38

PB WB cost < PB dec ins
neigh

82 10,014 0.93 0.50 0.43

PB WB cost < PB dec ins
self

74 10,001 0.84 0.50 0.34

PB WB cost < PB inc rel
self

81 10,000 0.92 0.50 0.42

PB WB cost < PB inc rel
neigh

72 10,007 0.82 0.50 0.32

Reference model 2

PB th < PB dec ins neigh 330 10,014 0.77 0.50 0.27

PB th < PB dec ins self 346 9964 0.80 0.50 0.30

PB th < PB inc rel self 354 10,027 0.82 0.50 0.32

PB th < PB inc rel neigh 334 10,081 0.77 0.50 0.27

PB WB cost < PB dec ins
neigh

316 10,010 0.73 0.50 0.23

PB WB cost < PB dec ins
self

329 10,004 0.76 0.50 0.26

PB WB cost < PB inc rel
self

329 10,005 0.76 0.50 0.26

PB WB cost < PB inc rel
neigh

301 9973 0.70 0.50 0.20

the parameter space by not only maintaining the conditions in Table 2 but also those
in Table 3. This resulted in the largest number of successful societies: 63.4% (n =
12,680) and 71.81% (n = 14,361) for RM 1 and 2 respectively.

3.2 The Effect of Threats’ Rate and Intensity

Surprisingly, the conditions identified by the Sensitivity Assessor (Tables 2 and 3)
did not include the rate and intensity of threats. However, we know that the rate
and intensity of threat must play a role, otherwise societies would not be different
from the RMs (i.e., without any threats). To explore this, we generated a heat map
illustrating the difference in frequency of occurrence of successful societies within
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that specific parameter range (# successful societies within parameter range/ total #
of successful societies) and the frequency expected given the number of simulations
runwithin that given parameter space (# simulations runwithin parameter range/total
# of simulations run). Every tile in Fig. 3 represents simulations within a specific
parameter space range. These ranges comprise steps of 0.5 and 1 for lambda threat
rate and lambda rate intensity respectively (12–13 in Table 1 and Fig. 3). The color
code shows the difference between observed and expected. The yellow-white areas
show that the condition was more frequent and orange-red areas that it was much
less frequent in successful societies than in the whole parameter sampling. Hence,
societies thrive in the white-yellow zone, when the rate of threats is low-medium
(i.e., 0.5–7) and the intensity of threats is low (i.e., 30–50, the higher the value of
lambda intensity, the lower the intensity of threats) (Fig. 3).

Finally, using the same parameter ranges as in Fig. 3, we generated a heatmap
plotting the average religiosity of the successful societies falling within that specific
parameter range (Fig. 4). The average religiosity of the society increases the higher
the rate (high values x-axis) and intensity (low values y-axis) of threats (Fig. 4).

)b)a

Fig. 3 Heat map of the differences between the percentage of successful societies observed and
the percentage expected given the number of simulations run within that specific parameter range
for RM a 1 and b 2. Color scale are the difference between % observed–% expected

)b)a

Fig. 4 Heat map of average religiosity of successful societies falling within a specific parameter
range for a RM 1 and b RM 2. Color scale are values of average religiosity
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4 Discussion

The simulation results presented above have shown the plausibility of the central
idea underlying the model—that large scale societies may have been made possible
by religiously-motivated pro-social behavior. In the model, societies in which the
agents readily performed pro-social behavior were able not just to survive when
facing environmental threats but even to grow many times beyond their initial size.
The relative harshness of the environments faced by the societies can be understood
when we consider that in the initial sensitivity analysis only a very small minority
of societies was successful.

The conditions that were identified as overwhelmingly present among successful
societies across the two reference models give us a lot of additional insight. In
particular, it is clear that it is important that agents be readily willing to engage
in pro-social behavior, that the behavior not be particularly costly, that it benefits
a larger number of individuals, and that insecurity plays a smaller role in whether
people have children than their wellbeing. Most significantly, it was shown that: (1)
pro-social behavior had to be efficient, i.e., its cost had to be smaller than its effect
on security and religiosity; and (2) the less effective the pro-social behavior, the
more readily the agents must be willing to engage in it. While these results are not
fundamentally surprising, they do show that the modelled societies are behaving in
ways that appear to capture important aspects of reality.

The key results for the plausibility of the model, however, were those showing the
relationship between threat levels, on the one hand, and the religiosity and success
of societies, on the other. Firstly, it was clear that the most religious societies were
those facing the most severe and most frequent threats—as has been seen in many
historical real-life cases. Interestingly, the rate of threats appears to be more signifi-
cant—showing that infrequent but large threats are not enough to maintain very high
religiosity in a society.

Secondly, the relationship between threat levels and success was more involved.
When it came to success, the pattern is similar in that the greatest number of successful
societies is to be met where neither the rate nor the severity of threats is too great.
However, an interesting difference is that very low threat rates do not lead to the
highest rates of success but, instead, seem to be connected with somewhat decreased
success. This is most probably because in the intermediate conditions, religiously-
motivated pro-social behaviors could counteract the insecuritywhile alsomaintaining
high levels of religiosity. In environmentswhere the threatsweremore intense ormore
frequent, even high levels of religiosity and resulting pro-social behavior were not
enough to keep insecurity low and allow the societies to succeed. Unlike religiosity,
success appears to be more connected to the average size of the threats—showing
that less infrequent but large threats can overwhelm a society that has not maintained
sufficiently high levels of cooperation. This is also likely to be connected to the fact
that societies facing the lowest frequency of threats were not particularly successful
even if those threats were not particularly large.
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In future work, we plan to extend the architecture of this Prosocial Equilibrium
model in order to address other research questions such as: What is the role of non-
religious central institutions (of the sort common in secular societies) in promoting
prosociality, lowering anxiety and enhancingwellbeing? These further developments
will contribute to major debates in the scientific study of religion and secularization.

Acknowledgements The research leading to these results has been funded by the Norwegian
Financial Mechanism 2014-2021 (Project number 2019/34/H/HS1/00654).

References

1. Hamilton, W.D.: The genetical evolution of social behaviour. II. J. Theor. Biol. 7(1), 17–52
(1964)

2. Trivers, R.L.: The evolution of reciprocal altruism. Q. Rev. Biol. 46(1), 35–57 (1971)
3. Williams, G.C.: Adaptation and natural selection. In: Adaptation and Natural Selection.

Princeton University Press (2018)
4. Olson, M.: The Logic of Collective Action, vol. 124. Harvard University Press (2009)
5. Fehr, E., Gächter, S.: Altruistic punishment in humans. Nature 415(6868), 137–140 (2002)
6. Heckathorn, D.D.: Collective action and the second-order free-rider problem. Ration. Soc. 1(1),

78–100 (1989)
7. Durkheim, E.: The Elementary Forms of Religious Life. Transl. by KE Fields. Free Press, New

York (1912)
8. Norenzayan, A.: Big Gods: How Religion Transformed Cooperation and Conflict, 1st edn.

Princeton University Press, Princeton (2013)
9. Bulbulia, J.: Religious costs as adaptations that signal altruistic intention. Evol. Cogn. 10(1),

19–38 (2004)
10. Bering, J., Johnson, D.: ‘O Lord… You Perceive my Thoughts from Afar’: recursiveness and

the evolution of supernatural agency. J. Cogn. Cult. 5(1–2), 118–142 (2005)
11. Shults, F.L., Wildman, W.J., Lane, J.E., Lynch, C., Diallo, S.: Multiple axialities: a computa-

tional model of the axial age. J. Cogn. Cult. 18(4), 537–564 (2018)
12. Malinowski, B.: Magic. Sci. Relig. N. Y. Doubleday (1948)
13. Norris, P., Inglehart, R.: Sacred and Secular: Religion and Politics Worldwide, 2nd edn.

Cambridge University Press, Cambridge (2011)
14. Lang, M., et al.: Moralizing gods, impartiality and religious parochialism across 15 societies.

Proc. R. Soc. B 286(1898), 20190202 (2019)
15. Talmont-Kaminski, K.: Religion as Magical Ideology: How the Supernatural Reflects Ratio-

nality. Routledge (2014)
16. Tsang, J.-A., Al-Kire, R.L., Ratchford, J.L.: Prosociality and religion. Curr. Opin. Psychol. 40,

67–72 (2021). https://doi.org/10.1016/j.copsyc.2020.08.025
17. Gore, R.J., Lynch, C.J., Kavak, H.: Applying statistical debugging for enhanced trace validation

of agent-based models. SIMULATION 93(4), 273–284 (2017)
18. Diallo, S.Y., Gore, R., Lynch, C.J., Padilla, J.J.: Formal methods, statistical debugging and

exploratory analysis in support of system development: towards a verification and validation
calculator tool. Int. J. Model. Simul. Sci. Comput. 7(01), 1641001 (2016)

19. Gore, R., Reynolds, P.F., Jr., Kamensky, D., Diallo, S., Padilla, J.: Statistical debugging for
simulations. ACM Trans. Model. Comput. Simul. TOMACS 25(3), 1–26 (2015)

https://doi.org/10.1016/j.copsyc.2020.08.025

	Committees
	Preface
	Contents
	Contributors
	 The New Frontiers of Social Simulation in the Data Science Era: An Introduction to the Proceedings
	1 The Computational Social Science Landscape
	2 The Role of Agent-Based Modeling in the Data Science Era
	3 The Book Content
	References

	Social Behaviour
	 A Cognitive Model of Epistemic Vigilance in Situations of Varying Competence, Consistency, and Utility
	1 Introduction
	2 Methods
	2.1 Model Description
	2.2 Simulations and Data Collection

	3 Results
	3.1 Scenario 1: Belief Utility Equals Belief Accuracy
	3.2 Scenario 2: Belief Utility Equal to Uniform Distribution
	3.3 Scenario 3: Belief Utility Equals 1—Belief Accuracy

	4 Discussion
	References

	 A Simple Model of Citation Cartels: When Self-interest Strikes Science
	1 Introduction
	2 Citation Cartels
	2.1 Behavioral Aspects of a Citation Cartel
	2.2 Detecting a Cartel

	3 Modeling a Citation Cartel
	3.1 Agent Characteristics
	3.2 Procedures

	4 Results
	5 Concluding Remarks
	References

	 A Study on Multi-scale Modeling in Social Simulation Focusing on Relationships Among Decision-Makers
	1 Introduction
	2 Multi-scale Modeling in Social Simulation
	2.1 Multi-scale Modeling
	2.2 Systematization of decision-makers
	2.3 Modeling of Decision-Makers and Their Integration

	3 Application to the COVID-19 Problem
	3.1 Systematization of Decision-Makers
	3.2 Modeling of Decision-Makers and Their Integration

	4 Computational Experiments
	4.1 Experimental Conditions
	4.2 Experimental Results

	5 Conclusion
	References

	 A Theoretical Agent-Based Model to Simulate the Rise of Complex Societies
	1 Introduction
	2 Methods
	2.1 General Logic of the Model
	2.2 Warfare Between Polities
	2.3 Sociocultural Dynamics: (Mutation, Ethnocide)
	2.4 Collapse

	3 Results and Discussion
	4 Conclusion
	References

	 An Agent-Based Model of Prosocial Equilibrium: The Role of Religiously Motivated Behaviour in the Formation and Maintenance of Large-Scale Societies
	1 Introduction
	1.1 Theory on Prosocial Behavior and Intro to the Model

	2 Methods
	2.1 The Model
	2.2 Optimization Experiments and Reference Models
	2.3 Sensitivity Analysis: The Role of Threats and Prosocial Behavior

	3 Results
	3.1 Successful Societies
	3.2 The Effect of Threats’ Rate and Intensity

	4 Discussion
	References

	 An Agent-Based Model of the Role of Epistemic Vigilance in Human Cooperation
	1 Introduction
	2 ABM Stag Hunting Variant
	2.1 Agent Variables
	2.2 Global Variables
	2.3 ABM Cycle (Steps)
	2.4 The Model

	3 Results
	3.1 General Model Behaviour
	3.2 Sensitivity Analysis: The Role of GA and CDE for Spontaneous Cooperation
	3.3 The Influence of Stag Beliefs and Cooperation on Utility

	4 Discussion
	References

	 Attracted to Fish: A Gravity-Based Model of Purse-Seine Vessel Behaviour
	1 The Eastern Pacific Tuna Fishery
	2 The POSEIDON EPO Model
	3 The Action Strategy
	4 The Destination Strategy
	5 FAD Sets
	6 Opportunistic FAD Sets, Non-associated Sets and Dolphin sets
	7 FAD Deployments
	8 Port Attraction
	9 Field Values Modulation
	10 Computing the Final Direction vector
	11 Empirical Calibration
	12 Conclusion
	References

	 Dynamics of Pedestrians’ Flows During Daytime
	1 Introduction
	2 Data and Model
	3 Simulation Results
	References 

	 Evacuation Simulation for Large-Scale Urban Population
	1 Introduction
	2 Evacuation Simulation
	2.1 General Description
	2.2 Households as Agents
	2.3 Roads and Evacuation Destinations
	2.4 Efficient Optimal Route Calculation

	3 Case Study—Kyiv, Ukraine
	3.1 Kyiv Simulation Data
	3.2 Analysis of Evacuation Scenarios

	4 Conclusions and Future Work
	References

	 Extending Partial-Order Planning to Account for Norms in Agent Behavior
	1 Introduction
	2 Related Works
	2.1 Norm Definition
	2.2 Model of Behavior

	3 Our Contributions
	3.1 Extending Planning Problems
	3.2 Extending POP’s Internal Structure
	3.3 Dealing with Norms
	3.4 The Domain-Specific Language

	4 Discussions
	5 Conclusion
	References

	 From Threatening Pasts to Hopeful Futures. A Review of Agent-Based Models of Anxiety
	1 Introduction
	2 Background on Anxiety
	3 Method
	4 Results
	5 Discussions, Conclusions and Way Forward
	References

	 Impact of Leader-Follower Behavior on Evacuation Performance: An Exploratory Modeling Approach
	1 Introduction
	2 Methodology
	2.1 Agent-Based Modeling
	2.2 Exploratory Modeling
	2.3 Simulation Procedure

	3 Model Representation
	3.1 Purpose of the Model
	3.2 State Variables and States
	3.3 Process Overview and Scheduling
	3.4 Leader-Follower Behavior
	3.5 Uncertainty in the Model
	3.6 Verification, Validation and Sensitivity Analysis

	4 Results
	4.1 Uncertainty Analysis
	4.2 Leader-Follower Behavior
	4.3 Multivariant Behavior Testing

	5 Discussion and Conclusion
	References

	 Relation Between the Public and the Private and Evolution of Food Sharing
	1 Introduction
	2 The Model
	3 Reference condition
	4 Storage and Sharing
	5 Costs and Sharing
	6 Theft and Sharing
	7 Split Sharing
	8 Shocks
	9 Discussion
	References

	 Towards Eusociality Using an Inverse Agent Based Model
	1 Introduction
	2 Models and Methods
	2.1 Underlying Agent Based Model with Genetic Characteristics
	2.2 Agent Programming Language and Grammar
	2.3 Methods

	3 Eusocial Behaviors
	3.1 Populations with Significant Fractions of Non-reproducing Phenotypes
	3.2 Phenotypically Driven Colony Growth Rates
	3.3 Coexistence and Competitive Exclusion

	4 Discussion and Future Work
	References

	 Utilizing the Full Potential of Norms for the Agent's Decision Process
	1 Introduction
	2 Our Approach to Normative Human Decision Making in the Context of Norms
	2.1 Perspectives on Norms
	2.2 Maintenance and Achievement Goals
	2.3 Values
	2.4 Norms
	2.5 Planning with Values

	3 The Deliberation
	3.1 The Base Level
	3.2 Simple Deliberation
	3.3 Medium Complex Deliberation
	3.4 Most Complex Deliberation

	4 Example
	5 Discussion and Related Work
	References

	 Validity Assessment of Uncertain Infection Indicators Using Virtual Artificial Society Model
	1 Introduction
	2 Methodology Proposed for Evaluation of the Validity of Indicators
	3 Overview of Virtual Artificial Society Model
	3.1 Entities, State Variables and Scales
	3.2 Process Overview

	4 Design Concepts
	4.1 Basic Principles
	4.2 Emergence, Interaction, Stochasticity
	4.3 Observation

	5 Analysis Results
	5.1 Analysis 1: Scenario Analysis for the Rate of Asymptomatically Infected People
	5.2 Analysis 2: Scenario Analysis for Human Flow

	6 Discussion
	7 Conclusion
	References

	Social Identity and Social Influence
	 First Step Towards a New Understanding of Radicalisation: Modeling Identity Fusion
	1 Introduction
	2 Related Work
	3 Process of Identity Fusion
	4 An Agent-Based Model
	4.1 Agents
	4.2 Actions
	4.3 Groups
	4.4 Model Behaviour
	4.5 Emergence of Identity Fusion

	5 Discussion and Future Work
	References

	 HUM-e: An Emotive-Socio-cognitive Agent Architecture for Representing Human Decision-Making in Anxiogenic Contexts
	1 Introduction
	2 The Need for a New Decision-Making Architecture
	3 HUM-e
	3.1 Overview
	3.2 Design Concepts
	3.3 Details

	References

	 Identity Drives Polarization: Advancing the Hegselmann-Krause Model by Identity Groups
	1 Introduction
	2 Methods (Code and Data are Available [18])
	2.1 Model Components
	2.2 Model Variants
	2.3 Variables

	3 Results
	4 Discussion and Future Work
	References

	 Influence and Similarity in Social Networks: A Study of the Opinion Dynamics Among Teenagers Through an Agent-Based Model
	1 Introduction
	1.1 Theoretical Framework
	1.2 Opinion Dynamics

	2 Method
	2.1 Web Survey
	2.2 Web Survey

	3 Results
	3.1 Empirical Analysis
	3.2 Simulative Results

	4 Conclusion
	References

	 Networked Models of Social Influence: Explaining Left-Right Political Landscapes in Europe Through Opinion Dynamics and Network Structure
	1 Introduction
	2 Methodology
	2.1 Social Influence Mechanisms
	2.2 Watts-Strogatz Networks
	2.3 Simulation Setup

	3 Results
	4 Discussion
	References

	 Observations on Modeling Social Identity: Suggestions to Address the Challenges of Social Identity
	1 Introduction to Broadening the Approach to SI Modeling
	2 Observations on the Modeling Social Identity
	2.1 SI is Fundamental to all Social Organisms, Not Just Humans
	2.2 Behavior-Changing Social Identity Can Form from Trivial Differences
	2.3 Triggers, Thresholds, and Habitual Behavior in SI Dynamics
	2.4 Emergence and Emergent Properties in SI Group Utilities

	3 Illustration of the Above Observations to ABM SI Studies
	3.1 ABM of a Comprehensive Social Identity Theory (SIT)
	3.2 ABM Study of Trust and Conformity, Using Fitness of Group Diversity
	3.3 Multipurpose SI Community Model for Large-Scale ABM Simulation

	4 Conclusions and Future Studies
	References

	 The Friendship Field - an Agent-Based Model on Dyadic Friendship Formation Driven by Social Battery
	1 Introduction
	2 Background
	3 Model Design
	3.1 Timestep Description
	3.2 Parameters, Variables and Design

	4 Model Validation and Analysis
	4.1 Simulating Real Life Batteries
	4.2 Resemblance
	4.3 Mere Exposure Friendship
	4.4 Status Importance

	5 Discussion and Conclusion
	References

	 The Importance of Dynamic Networks Within a Model of Politics
	1 Introduction
	2 A Model of Voting and Party Competition in Austria
	3 Social Influence Mechanisms
	3.1 Random Mixing (Totally Connected Network)
	3.2 Fixed Social Networks
	3.3 Dynamic Social Networks

	4 Discussion of Results
	4.1 Effect of Fixed and Dynamic Social Networks
	4.2 Sensitivity to Network Type and Dynamics

	5 Conclusion
	References

	Management and Economics
	 A Preliminary Study of Individual Based Crowd Simulation Based on Bayesian Nash Equilibrium
	1 Background
	2 Design Concept
	2.1 Theoretical Background
	2.2 Individual Decision-Making

	3 Implementation Details and Model Analysis
	3.1 Implementation Details
	3.2 Preliminary Results

	4 Conclusion and Future Work
	References

	 Agent-Based Simulations and Process Mining: A Green BPM Case Study
	1 Introduction
	2 Background
	3 Scenario Analysis
	4 Discovery Results
	4.1 Event-Log
	4.2 Control-Flow and Performance Analysis

	5 Conclusions
	References

	 Collaborative Search and Autonomous Task Allocation in Organizations of Learning Agents
	1 Introduction
	2 Model
	2.1 Task Environment and Decomposition
	2.2 Utility Functions and Search Processes
	2.3 Learning Mechanism
	2.4 Task Re-allocation Mechanism
	2.5 Parameters and Data Analysis

	3 Results
	3.1 Effects of Complexity, Time, and Collaborative Search on Performance
	3.2 Task Allocation Efficiency

	4 Conclusions
	References

	 Controlling Replication via the Belief System in Multi-unit Organizations
	1 Introduction
	2 Model
	2.1 Task Environment
	2.2 Conformity Metric
	2.3 Agents' Preferences
	2.4 Search Process
	2.5 Process Overview, Scheduling and Main Parameters

	3 Results
	3.1 Measure of Synchrony
	3.2 Findings Regarding Synchrony
	3.3 Performance Measure

	4 Conclusion
	References

	 Combining Experiments with Agent-Based Modeling: Benefits for Experimental Management Accounting Research
	1 Introduction
	2 Experiment
	2.1 Design
	2.2 Results

	3 Agent-Based Model
	3.1 Setting, Procedure, and Agents’ Decision Making
	3.2 Submodels
	3.3 Results

	4 Comparison of Simulated and Empirical Honesty Levels
	5 Conclusion
	References

	 Modelling Regional Innovation Systems in Low and Middle-Income Countries
	1 Introduction: Innovation, Economic Growth and Innovation Systems
	2 Conceptual and Methodological Limitations of Innovation Systems Approach
	3 What do we Know About Innovation in Low- and Middle-Income Countries?
	4 Agent-Based Social Simulation Models of Innovation Systems—An Overview
	5 Conclusions
	References

	 Embedding Social Simulation in the Design of Wine Pricing Policies
	1 Introduction
	2 Modeling of Wine Purchase Motivation
	3 Creation and Comparison of Wine Pricing Alternatives
	3.1 Results and Commentary

	4 Conclusions and Related Work
	References

	 Exploring Credit Relationship Dynamics in an Interbank Market Benefiting from Blockchain-Based Distributed Trust: Insights from an Agent-Based Model
	1 Introduction
	2 Related Work
	2.1 Distributed Trust
	2.2 The Selected Trust Mechanism

	3 The Model
	3.1 The Agent-Based Simulation System
	3.2 The Blockchain-Based Loan System

	4 Experimental Evaluation
	4.1 Scenarios
	4.2 Experiments

	5 Conclusion and Future Work
	References

	 Simulating Bounded Rationality in Decision-Making: An Agent-Based Choice Modelling of Vehicle Purchasing
	1 Introduction
	2 Related Works
	3 Simulating Bounded Rationalities in Agent's Decision-Making
	3.1 Agent's Decision-Making Cycle
	3.2 Perception Component
	3.3 Decision-Making Component
	3.4 Summary of the Simulated Bounded Rationality Effects

	4 Case Study
	4.1 Data Mapping and Calibration
	4.2 Evaluation of Bounded Perception

	5 Conclusion
	References

	 The Benefits of Coordination in Adaptive Virtual Teams
	1 Introduction
	2 The Model
	2.1 Initialization
	2.2 Team Composition
	2.3 Decision-Making and Coordination
	2.4 Individual Learning
	2.5 Parameters and Performance Measures

	3 Results and Discussion
	3.1 Moderating Effect of Individual Learning
	3.2 Moderating Effect of Team Composition

	4 Concluding Remarks
	References

	 The Equity Premium Puzzle: An Application of an Agent-Based Evolutionary Model
	1 Introduction
	2 The Model
	2.1 The Market
	2.2 The Agents
	2.3 Learning

	3 Results
	3.1 The Benchmark Case
	3.2 Robustness Tests

	4 Discussion and Conclusion
	References

	Energy and Climate
	 An Agent-Based Model of UK Farmers’ Decision-Making on Adoption of Agri-environment Schemes
	1 Introduction
	2 Model Design
	2.1 AES Scheme Options in the ABM
	2.2 Agents and Agent Behaviours
	2.3 Model Data Sources and Stochasticity
	2.4 The Model Implementation

	3 Preliminary Results and Discussion
	3.1 Global Sensitivity Analysis
	3.2 Experiment Design
	3.3 Results and Discussion

	4 Conclusion and Future Work
	References

	 Co-simulation of Socio-Technical Energy Systems: An Interdisciplinary Design Process
	1 Introduction
	2 Background: Co-simulation Approaches and Concepts
	3 Proposed Co-simulation Design Process and Workflow
	4 Example Scenarios
	4.1 Scenario 1: Electrification of Residential End-Users
	4.2 Scenario 2: Electrification of Industrial Prosumers

	5 Discussion and Conclusion
	References

	 Dynamics of Individual Investments in Heating Technology
	1 Motivation
	2 Modelling Approach
	2.1 Integration of ABM with Energy System Modelling
	2.2 Modelling Investment Decisions

	3 Discussion
	References

	 How Beliefs on Food and Climate Change Impact the Dietary Adoption? An Agent-Based Approach
	1 Introduction
	2 Background
	3 G-IMPACT Model
	3.1 Household Representation
	3.2 Social Interactions
	3.3 Household Cognition
	3.4 Course of the Simulation

	4 Application to Dietary Adoption
	4.1 Actions and Modalities
	4.2 Initialization of the Population and Beliefs
	4.3 Experiments

	5 Discussion
	References

	 Public Acceptance of Green Mobility Policies: An Agent-Based Model
	1 Introduction
	2 Data and Methods
	2.1 Empirical Background
	2.2 Model

	3 Setup and Simulations
	4 Results
	4.1 Acceptance of Single Policies and Policy Packages
	4.2 Differences in Satisfaction and Acceptance
	4.3 Regional Results for Districts

	5 Discussion
	6 Conclusion
	References

	Tools and Methods
	 Formalising Agent Reasoning—The Paso Doble of Data and Theory
	1 Introduction
	2 Multiple Reasoning Models Frameworks
	3 Learning to Paso Doble: Theory and Data Back and Forth, Step 1
	3.1 Description of the Empirics—Data Collection
	3.2 Looking for Clues

	4 Discussion
	References

	 Model Mechanisms and Behavioral Attractors
	1 Introduction
	2 Related Work
	3 The SCAMP Causal Modeling System
	4 Experimental Methodology
	4.1 Defining Behavior Space
	4.2 SCAMP’s Mechanisms
	4.3 Random Baseline

	5 Results
	5.1 Making Friends with the Data
	5.2 Impact of Adding Mechanisms
	5.3 A Closer Look at Overlap
	5.4 Impact of Individual Mechanisms

	6 Discussion and Future Work
	References

	 All the Right Moves? Systematically Exploring the Effects of Random Movement in Agent-Based Models
	1 Introduction
	2 Literature Review
	3 “Switchable” Models of Random Movement
	4 Discussion and Conclusions
	References

	 A Template for Transfer of NetLogo Models to High-Performance Computing Environments for Enhanced Real-World Decision-Support
	1 Background
	2 Method
	2.1 Description of the Procedure for Deploying NetLogo Models on the HPC

	3 Results
	4 Discussion
	5 Conclusions
	References

	 Assessing the Cost of Population Dynamics Design Options in a Microsimulation
	1 Demographic Statistics and Population Dynamics
	1.1 Introduction
	1.2 Demographic Statistics from the United Nations
	1.3 The “Split Fertility” Design
	1.4 Alternative Option Combinations

	2 Methods
	2.1 Data
	2.2 Model Design Options
	2.3 Analysis of Model Results

	3 Results
	4 Discussion and Conclusions
	References

	 On Social Simulation in 4D Relativistic Spacetime
	1 Introduction
	2 Definitions
	2.1 Interval and Time Delay
	2.2 Group Id
	2.3 Player Data
	2.4 Command
	2.5 Universe Data
	2.6 Mechanism

	3 Simulation Step
	3.1 Update Global Data
	3.2 Compute Time Dilation
	3.3 Process Mechanisms
	3.4 Process Command Map
	3.5 Move Players and Add Afterimages

	4 Discussion
	5 Conclusion
	References

	Author Index

