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In this study, I investigate whether people exploit the weaknesses
of their fellow humans as a source of safety when making decisions
under threat. Building on Hamilton’s selfish herd theory and other
findings in the behavioral ecology of fear, I design a naturalistic and
dynamic task environment founded on the notion of continuous de-
cisions to disambiguate between multiple decision-making strategies
using safety cues in the environment. Having deployed this task as
an internet application, I find that the evidence does not support the
hypothesis that humans willingly exploit the decreased relative fitness
of social others in their safety decisions.

Introduction

There is a well-worn joke from the American novelist Jim Butcher
about what to do in the event of a bear attack: “You don’t have to run
faster than the bear to get away. You just have to run faster than the
guy next to you.” Though just a joke, Butcher’s statement reveals that
human beings may be willing to exploit the weaknesses of others (in
the case of the joke, a slower running speed) as a strategy to ensure
their own safety.

The idea that we may view our fellow human beings as a source of
safety is not a new one, and has been most thoroughly investigated
in the literature on “social buffering”. In the social buffering phe-
nomenon, when an individual is faced with a threat, the perceived
presence of another person or cues representing another person
leads to a reduction in fear learning and threat-induced defensive
reactions. For humans, the physical presence or perception of social
support figures but not strangers prevents acquisition of fear associ-
ations1.2 When the presence of a social other during fear extinction 1 Hornstein, Fanselow, and Eisenberger

2016.
2 Hornstein and Eisenberger 2017.

is combined with exposure to a social other’s safety behavior, recov-
ery of learned fear is abolished.3 There is comparative evidence for

3 Pan, Olsson, and Golkar 2020.
similar phenomena across species; in one example in rodents, so-
cial company during fear extinction disrupts fear renewal.4 Social 4 Yuan et al. 2018.

buffering has even been shown to reduce the intensity of pain and
pain-related stress.5 5 Che et al. 2018.

The social modulation of threat responses and threat learning are
more nuanced than the mere presence or absence of a social other
attenuating fear learning. For example, the social buffering effect
varies with the physical proximity and emotional bond between in-
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dividuals.6 In one case, the presence of a caring relational partner 6 Beckes and Coan 2011.

led to more attenuated neural threat responses than the presence of
a stranger.7 Additionally, higher perceived mutuality (the propen- 7 Coan, Schaefer, and Davidson 2006.

sity of couples to view themselves as a dyad rather than distinct
individuals) corresponds with decreased self-regulatory effort and
attenuated preparatory motor activity in response to threat cues, even
in the absence of direct physical contact with social resources.8 8 Coan, Kasle, et al. 2013.

Most relevant for the present study is the idea that the compe-
tence of social others can signal safety to an individual. This has been
demonstrated in humans: if a person believes their safety depends on
the task performance of another, then perceiving that other person as
competent at the task reduces anticipations of pain.9 This result sug- 9 Tedeschi et al. 2015.

gests that inferences or perceptions of competence act as predictors
of protection. In addition to reducing anxiety and the anticipation of
pain, the perception of another’s competence (a proxy for fitness) can
bias decision making under threat.10 10 Qi et al. 2018.

The hypothesis that competence is a predictor of protection and
can act as a safety cue for conspecifics is further supported by the
comparative phenomenon of anti-predator service in primates. In
many species of primates, the males in a group tend to be more vigi-
lant and skilled at detecting predators than females11,12.13 This com- 11 Baldellou and Peter Henzi 1992.

12 C. P. v. Schaik and Hörstermann 1994.
13 C. P. Schaik et al. 2022.

petency at predator detection leads to reduced predation risk for the
entire group, so in return for this service, males are granted inclusion
into the group and all the benefits this entails (e.g. mating access to
females)14.15 Thus, the females (and to a lesser degree, other males16) 14 C. B. Stanford 2002.

15 Ribeiro da Cunha 2017.
16 C. Stanford 1998.

seek out competent males as a source of safety.
However, the opposite possibility suggested by Butcher’s joke -

that individuals might exploit the weaknesses of social others they
perceive as incompetent for safety - has heretofore not been explored.
In this study, I investigate whether and how human individuals
might exploit a social others’ decreased fitness relative to their own
as a safety-seeking strategy. Theoretical work in behavioral ecology
provides a foundation from which to develop explicit hypotheses
regarding exploitative behavioral strategies as well as design experi-
ments to test those hypotheses.

Hamilton’s “selfish herd” theory17,18 and its empirical validations 17 Hamilton 1971.
18 Eshel, Sansone, and Shaked 2011.enable baseline predictions about how humans will behave when

making decisions under threat in a social context. Selfish herd the-
ory stipulates that when threatened by a predator, each individual
in a group of organisms will move towards other individuals in the
group so as to minimize their “domain of danger” (the neighbor-
hood of unoccupied space around them)19,20.21 Assuming that a 19 Morton et al. 1994.

20 Morrell, Ruxton, and James 2011.
21 Viscido, Miller, and Wethey 2002.

predator strikes randomly at the nearest prey, an individual adopt-
ing this strategy selfishly decreases their likelihood of predation.
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Though empirical data supporting the selfish herd theory have only
been gathered on non-human animals22,23 the similarity between 22 Viscido and Wethey 2002.

23 Orpwood et al. 2008.human defensive responses to threats and the defense behavior of
non-human mammals24 as well as overlap in the associated neural 24 Caroline Blanchard et al. 2001.

mechanisms25,26,27,28 supports the hypothesis that selfish herd the- 25 Christianson et al. 2011.
26 Mobbs 2018.
27 Mobbs, Hagan, et al. 2015.
28 Mendl and Paul 2020.

ory also applies to humans.
When selfish herd theory is synthesized with the knowledge that

the fitness of social others biases decision making under threat in
a social context (and taking some inspiration from Butcher’s bear
attack joke), it is possible to formulate an ecologically realistic ex-
perimental paradigm for testing the hypothesis that individuals will
exploit another person’s lack of fitness (relative to their own) as a
source of safety. The resulting experimental paradigm is a virtual
ecology29 combining a foraging task with a predator escape task 29 Mobbs, Wise, et al. 2021.

that requires participants to make real-time continuous decisions re-
garding movement in the environment.30 Using movement speed as 30 Yoo, Hayden, and Pearson 2021.

a proxy for fitness, the speed of the predator and social other vary
from trial to trial to be either slower or faster than the participant,
with the speed conditions indicated to the participant on each trial.
The task environment and experimental conditions are designed so
that there are two potential strategies for successful performance of
the task: stay close to the safety refuge or, following selfish herd the-
ory, moving closer to the social other to reduce the domain of danger.
A participant’s chosen strategy on a given trial will likely be biased
by the speed of both the predator and social other:

1. In the case where the social other is slower than the participant,
the participant will choose the selfish herd strategy since they will
still be able to outrun the social other to the refuge.

2. In the case where the social other is faster than the participant, the
participant will choose to remain near the refuge since they cannot
outrun the social other.

In the sections Task Environment and Design, the task dynamics,
experimental design, and hypotheses will be covered more formally
and in greater detail. For the moment, it suffices to say that current
understanding of decision-making under threat in social contexts
predicts a spectrum of decision strategies modulated by the relative
fitness of both social others and the threat.
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Methods

Ethics information

This study has been reviewed and approved by the Institutional
Review Board (IRB) of the California Institute of Technology. Subjects
visiting the web app to participate in the study were provided with
an informed consent document and were unable to proceed with the
study until they had indicated consent via an anonymous electronic
signature. All subjects were compensated at a base rate of $10.00

per hour, with a possibility to earn a maximum of $10.00 in bonus
payments depending on their performance during the task.

Task Environment

The task environment takes the form of a browser-based applica-
tion with a set of surveys followed by a sequence of trials, each trial
being one randomized condition of several possible experimental
conditions of a video game task. https://social-safety-task-1333a.

web.app/On each trial, individuals in this environment must move their
character (referred to as a sprite) around capturing rewards at forag-
ing patches distributed around a central refuge, sometimes foraging
alongside a computer-controlled AI representing a social other which
they are told is controlled by a real person. The social other will vary
in speed, being sometimes slower than the subject, sometimes faster.
The speed of the social other is indicated by both the color and shape
of the social other sprite on screen and these conventions are explic-
itly told to the subject at the beginning of the task. On some trials,
a predator will appear and attempt to capture the participant or the
social other, depending on whichever is closer at any given moment.
The pairs of predator and social other speeds (their “fitness”) define
each of the experimental conditions. There are eight possible condi-
tions:

1. Slow Other, Fast Predator

2. Slow Other, Slow Predator

3. Slow Other, No Predator

4. Fast Other, Fast Predator

5. Fast Other, Slow Predator

6. Fast Other, No Predator

7. No Other, Slow Predator

https://social-safety-task-1333a.web.app/
https://social-safety-task-1333a.web.app/
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8. No Other, Fast Predator

When the subject collects a token in a foraging patch, the coin will
disappear for two seconds before respawning to prevent the player
from staying in a single patch for the entire trial. Tokens collected
by the social other do not disappear and can still be collected by the
subject; this prevents the subject from seeing the social other as a
competitor. If captured before the social other is captured or before
reaching refuge on a single trial, the participant will lose the reward
they have accumulated during that trial. Trials with no predator
end after a uniformly distributed random time between 10 and 40
seconds, while trials with a predator can end in one of three ways:

1. The subject sprite is captured by the predator.

2. The subject sprite reaches the refuge.

3. The social other sprite is captured by the predator.

These trial-end states and the trial progression are illustrated in
Figure 1. A screenshot of the virtual ecology labeled with the salient
features of the task can be found in Figure 2. Trials with a predator
present are broken into three phases according to the threat imminence
continuum model.31 The model stipulates that organisms exhibit 31 Fanselow and Lester 1988.

different adaptive behavioral repertoires and responses to threats
depending on the likelihood of danger: in the pre-encounter phase,
a threat has not yet appeared and the organism may be focused on
preemptive measures; in the post-encounter phase, the organism has
detected a potential threat; in the circa-strike phase, the organism
is under attack by the threat and is engaged in active escape and
avoidance behaviors.

The pre-encounter phase of a trial has a uniformly distributed
random duration between two to 16 seconds during which no preda-
tor sprite appears on screen. The post-encounter phase also has a
uniformly distributed random duration between two to 16 seconds
during which the predator appears on screen at a random location
on the edge of the arena and oscillates around the edge according
to a random walk. In the circa-strike phase, the predator leaves the
edge of the arena and attacks the players, inducing the social other
sprite to move toward the refuge. After the trial ends, a message is
displayed to the subject indicating the outcome of the trial. Before
a predator trial begins, subjects are asked to perform a metacogni-
tion task, using a continuous slider with their mouse to indicate their
confidence that they will escape on the next round given the type of
social other and predator that will be present.

A participant in this task will have essentially two strategies avail-
able for successful performance of the task: remain near the refuge,
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or exploit the decreased speed of the social other during “slow other”
trials, effectively using them as a source of safety by sacrificing them
to the predator. The task dynamics enable the investigation of which
strategy is being made by subjects in the arena.

To make the claim that subjects were playing the game alongside
a real person during the social other trials believable, the movement
of the social other sprite in the arena needed to resemble that of the
subject’s own sprite. Because the social other sprite also needed to
forage for tokens in the patches around the arena and escape from
the predator when attacked, movement needed to be goal-directed.
A natural choice of movement algorithm for the social other sprite
would be the traditional “boid” algorithm,32 but this algorithm re- 32 Reynolds 1987.

sults in smooth pursuit; since the subject uses arrow-keys to control
the sprite, movement was often step-wise rather than smooth, re-
quiring many corrections to move at non-vertical and non-horizontal
angles. This meant that to mimic similar motion in the social other
sprite, a new algorithm had to be developed. This algorithm, speci-
fied below in pseudo-code, is a stochastic variant of the original boid
algorithm that restricts movement to arrow-key directions (vertical
and horizontal). In practice, I find that setting the transition proba-
bility p = 0.5 in the algorithm endows the social other sprite with
motion that strongly resembles a human controlling the sprite using
keyboard arrow-keys.

Design

This study employs a within-subjects design in which each subject
is exposed to all predator-other conditions. Counterbalancing of the
experimental conditions was achieved by presenting conditions to
subjects in a pseudo-random de Bruijn sequence.33 This sequence 33 Aguirre, Mattar, and Magis-Weinberg

2011.results in every subject playing eight rounds of each experimental
condition, for a total of 64 rounds. The study follows a 3× 3 design
where each experimental condition is some combination of predator
and social other speeds as indicated in the diagram in Figure 3. The
No Other / No Predator condition is not presented to the subjects
since it is not a necessary control and so as to limit the amount of
time subjects must spend performing the task.

Sampling

Only data from subjects who are fluent in English, between 18 and 65

years of age, and have at least a 90% rating on Prolific was included.
Prolific maintains a tool to set inclusion criteria for each study, ensur-
ing that only those Prolific users who meet all criteria can participate.
Prolific also maintains a messaging service to enable anonymous
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Figure 1: (A) Three ways for a trial in
which a predator is present to end.
(B) The trial progression for a trial in
which no predator is present. (C) The
trial progression for a trial in which a
predator is present.
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Figure 2: Still shot from the task il-
lustrating the visual appearance of
the arena. Labels indicate the salient
features of the task environment.
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Figure 3: The levels of the experimental
conditions. Subjects are pulled from
a general population and exposed to
eight total predator-other conditions.
The colors of each level correspond
to the colors of each level in the plate
diagram in Figure 4.
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Algorithm 1: Human-like AI control of social other sprite

Data: current sprite position vector x(t), current sprite velocity
vector v(t), target position vector g(t), array of
arrow-key direction vectors D, transition probability
0 ≤ p ≤ 1

Result: updated sprite position vector x(t + 1), updated sprite
velocity vector v(t + 1)

begin
r ← random(0, 1) // uniform random number generation

if r ≤ p then
x(t + 1)← x(t) + v(t)
v(t + 1)← v(t)

else
h← g(t)−x(t)

|g(t)−x(t)|
θ ← array(4) // create array with four elements

for i = 0 to 3 do
θ[i]← cos−1(h ·D[i]) // get angles

end

j← min(θ) // index of minimum angle

v(t + 1)← D[j]
x(t + 1)← x(t) + D[j]

end
end

communication between experimenters and subjects. Data from any
subjects using this messaging service to report that they have encoun-
tered a technical error with the task was excluded from the analysis.
Subjects reporting technical errors were asked to "return" their study
submission, an action within Prolific’s interface which allows another
user to take their place. Data was also excluded from the analysis for
any subjects who ended the study early or failed the attention test
following presentation of the task instructions. All analyses shown
here were performed with n = 67 subjects.

Analysis

The notion of a spectrum of decision making strategies for safety-
seeking can be formalized by mapping that spectrum to a behavioral
metric of decision-making. Then, we can fit a generative model of



human exploitation of social others’ decreased relative fitness as a source of safety 11

that behavioral metric to empirical data to determine what decision-
making strategy an individual is using. Different parameter sets of
the generative model will concentrate the distribution along different
regions of the spectrum corresponding to different strategies.

As discussed previously, we theorize that if a person under threat
has access to only two sources of safety, their safety-seeking behavior
will vary continuously along a spectrum of strategies whose extremes
are defined by the person maintaining close proximity to one or the
other safety cue. The best metric for determining an individual’s lo-
cation on this spectrum is a behavioral measure we will refer to as
the distance-difference or DD. The DD on frame t of a trial is the dif-
ference between the distance from subject sprite to refuge and the
distance from subject sprite to the social other sprite. Since different
participants had different monitor sizes and refresh rates, all dis-
tance measures are normalized to the on-screen size of the arena and
frames (game state update cycles) are used as the unit of time.

A generative model that nicely captures continuous variation of
the DD between safety-seeking strategies is the four-parameter Beta
distribution with the mode-concentration parameterization. The Beta
distribution captures the probability density of a continuous vari-
able with upper and lower bounds, making it convenient for our
modeling purposes since the geometry of the arena means that the
distance-difference metric is bounded between negative and positive
unity, −1 ≤ DD ≤ 1. However, the two-parameter Beta distribution is
only defined over the interval [0, 1], so we require the four-parameter
Beta distribution to extend the support of the Beta distribution to
arbitrary lower bound γ and upper bound δ. In this case, we set
γ = −1 and δ = 1. Beta distributions are typically parameterized
by the shape parameters α and β, but these parameters do not have
an intuitive effect on the shape of the distribution that would allow
for straightforward formalization of hypotheses. Thus, I will use the
mode-concentration parameterization which specifies the Beta distri-
bution in terms of its mode ω and its concentration κ. The concen-
tration κ may be thought of intuitively as an “inverse variance”: the
larger κ is, the narrower the density is. This parameterization only
exists for so-called “concave” Beta distributions, which just means
that the density goes to zero at the boundaries of its support. This is
valid in the current context since we would not expect the distance-
difference metric to regularly take values along its upper or lower
limit which would require either one or both of the subject and other
sprites to be at the edges of the arena, and unlikely scenario.

Here, I model the distance-difference observations in a fully
Bayesian context. The model is hierarchical to account for population-
level influences on uncertainty during decision-making. The plate
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diagram of the model as well as an illustration of how the aforemen-
tioned spectrum of safety decisions maps onto the likelihood can be
found in Figure 4. The basic premise is that if subjects are exploiting
the decreased relative fitness of the social other for safety in a selfish-
herd manner, then we would expect the mode of the Beta distribution
of the distance-differences to be clustered on negative values for trials
with a slow other, whereas the mode would be concentrated on pos-
itive values if subjects are staying close the refuge, which is what we
would expect on trials with a fast social other. The formal specifica-
tion of the hierarchical model is

Likelihood (Observations)

dnj ∼ B(αj, β j, γ, δ) (1)

αj = ωj(κj − 2) + 1 (2)

β j = (1−ωj)(κj − 2) + 1 (3)

γ = −1 (4)

δ = 1 (5)

Priors (Experimental Condition)

ωj ∼ C(µω
j , σω

j ) (6)

µω = [−0.6,−0.3, 0, 0, 0.3, 0.6]⊤ (7)

κj ∼ LN (µκ
j , σκ

j ) (8)

Hyperpriors (Population)

σω
j ∼ LN (θσ,ω, ϕσ,ω) (9)

µκ
j ∼ N (θµ,κ , ϕµ,κ) (10)

σκ
j ∼ LN (θσ,κ , ϕσ,κ) (11)

θσ,ω = 0 (12)

θµ,κ = −1 (13)

θσ,κ = −1 (14)

ϕσ,ω = 0.2 (15)

ϕµ,κ = 0.2 (16)

ϕσ,κ = 0.2 (17)

where B represents the Beta distribution, C represents the Cauchy
distribution, N represents the Normal distribution, and LN repre-
sents the Log-Normal distribution. The integer n indexes the number
of distance-difference observations within an experimental condition
and the integer j indexes the experimental condition itself. For clarity,
the indices map to conditions as follows:
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1→ Slow Other, Fast Predator

2→ Slow Other, Slow Predator

3→ Slow Other, No Predator

4→ Fast Other, No Predator

5→ Fast Other, Slow Predator

6→ Fast Other, Fast Predator

The choice of priors can be justified as follows. The mode of the
Beta likelihood, ωj, receives a Cauchy prior as a formalization of
the hypothesis that different experimental conditions will be char-
acterized by decision-making strategies at different locations on the
safety decision spectrum. Specifically, the chosen values of the µω

j are
chosen so that with high likelihood,

ω1 < ω2 < ω3 = 0 = ω4 < ω5 < ω6

Log-Normal priors are chosen for variables such as the κj which
are positive-definite, with hyperparameters chosen to allow for dif-
fuse distributions, reflecting the lack of knowledge about the uncer-
tainty present in these decision-making strategies.

Although the ω, κ parameterization enables clear and interpretable
quantification of my hypotheses, most statistical computing packages
specify the Beta distribution using the traditional α, β parameteriza-
tion, so I have chosen to transform the ω, κ parameters into the α, β

parameters for ease of use in a computing context.
The model is specified in the probabilistic programming language

Stan with outputs of the inference algorithms accessed via the Cmd-
StanPy Python interface.34 Initially, I attempted to fit the models 34 Carpenter et al. 2017.

using Hamiltonian Monte Carlo, an algorithm which is guaranteed
to converge to the true posterior, but the computational resources
required proved too great even for a High Performance Computing
cluster. This high computational cost necessitated the use of approx-
imation algorithms. Here, I employed meanfield variational Bayesian
inference to fit the generative model.35 The main idea behind varia- 35 Fox and Roberts 2012.

tional inference is to approximate the posterior g(ξ | D) over parame-
ters ξ and observations D by another more computationally tractable
distribution q(ξ), with the goal of minimizing an upper bound on the
Kullback-Leibler divergence between the approximate posterior and
the true posterior. The primary assumption of the meanfield approx-
imation is that the parameters are independent of each other so that
the distribution q(ξ) has the form
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q(ξ) =
M

∏
k=1

q(ξk) (18)

The Stan language specifically employs the automatic differentia-
tion variational inference (ADVI) algorithm for meanfield variational
inference.36 36 Kucukelbir et al. 2015.

Results

Exemplar spatial movement trajectories in the arena as well as dis-
tance time series during trials of each condition can be seen in Fig-
ures 6 and 7. The initial results do not give credence to the hypothe-
ses developed a priori. As can be seen in Figure 5, the empirical cu-
mulative distribution functions (ECDFs) of the distance-difference
metric are nearly identical when observations within each trial con-
dition are pooled across all three phases of threat imminence, sug-
gesting no behavioral differences across conditions. As might be
expected, differences between the experimental conditions emerge
when distance-difference observations are split up by threat immi-
nence phase. The differences that do emerge, however, are in direct
opposition to the a priori hypotheses I have developed here.

Up to this point, I have considered the distance-difference metric
at every frame of the trial, but perhaps a more relevant determiner
of survival is the distance-difference immediately at the start of the
circa-strike phase. We can simultaneously develop an understanding
of the patterns of safety decisions across subjects as well as which
safety decisions are most associated with success on the task by ex-
amining the distributions of the distance-difference at circa-strike on
successful and unsuccessful trials.

These distributions are plotted for all experimental conditions in
Figure 8. The distributions were constructed as follows:

1. Extract the distance-difference on the first frame of the circa-strike
phase across all trials.

2. Split the set of distance-differences by whether or not the subject
escaped or was caught (successful vs. unsuccessful trials).

3. Compute the kernel density estimates (KDEs) of the distance dif-
ferences for successful and unsuccessful trials across all conditions.
The bandwidth for the the KDEs is chosen using least-squares
cross validation.

Across all conditions, the highest density of distance differences at
circa-strike on successful trials is clustered around DD ≈ 0.5, sug-
gesting that the strategy of staying close to the refuge is associated
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Figure 4: (A) The hierarchy of the
model; population level influences
impact the uncertainty (κj) of the
distance-difference observations, but
the modes ωj are specific to each
condition. (B) A schematic depiction
of the spectrum of decision-making
strategies under the four-parameter
Beta model. (C) Plate diagram for the
hierarchical model.
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Figure 5: Empirical cumulative distribu-
tion functions of the distance-difference
metric pooled across all threat immi-
nence phases as well as within each
of the three threat imminence phases.
Only the six conditions in which a so-
cial other is present are shown since the
distance-difference metric only exists in
these conditions.

with the greatest likelihood of escape. This association is reinforced
by the multimodal densities of the unsuccessful trials: though at
least one mode of the KDEs for unsuccessful trials is in the positive
interval across all conditions, there is another mode in the negative
interval which is greater than the KDE for successful trials across the
entire interval. This result indicates that the strategy of staying closer
to the social other than to the refuge is more likely to lead to the sub-
ject getting caught by the predator. So not only does the selfish-herd
style strategy appear to not be as viable as staying close to refuge,
subjects are also more likely to stay closer to refuge than the social
other regardless of the fitness of the social other or the predator.

The fit of the Bayesian generative model for the distance-differences
obtained via variational inference can be assessed graphically us-
ing the empirical cumulative distribution functions of the distance-
difference observations and the simulated distance-differences gener-
ated by the posterior predictive distribution of the model. Briefly, the
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Figure 6: Depiction of the trajectories
taken by the subject, social other, and
predator around the arena during
exemplar trials of each condition for a
single subject. The colors indicate the
frame number of the trajectory point.
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Figure 7: Time series of distances
between subject and social other,
predator, and refuge during exemplar
trials of each condition for a single
subject. The blue block indicates the
frames corresponding to the pre-
encounter phase, the yellow block
indicates the post-encounter frames,
and the red block indicates the circa-
strike frames.
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Figure 8: Kernel density estimates of
the distance-difference distributions on
both successful and unsuccessful trials
across threat imminence phases.



human exploitation of social others’ decreased relative fitness as a source of safety 20

posterior predictive distribution is obtained in two steps:

1. First, sample parameters from the approximate posterior distribu-
tion.

2. Plug these parameters into the the likelihood of the model and
sample from this likelihood.

More formally, given a set of N observations of distance-differences
D = {d1, . . . , dN} and a model with likelihood f (d̃ | ξ) and posterior
g(ξ | D), one defines the posterior predictive distribution as

p(d̃ | D) =
∫

Ξ
dξ f (d̃ | ξ)g(ξ | D) (19)

where d̃ represents a distance-difference value not taken from orig-
inal set of observations D and Ξ is the entire parameter space of the
parameter ξ. Essentially, comparing the empirical distribution of the
observed distance-differences to the posterior predictive distribution
of distance-differences addresses the question “How capable is my
model of generating data sets similar to the data I have observed
so far?”. This process is called is a “posterior predictive check” in
the Bayesian inference literature.37 To obtain a data set of simulated 37 Gelman 2014.

distance-differences and run a posterior predictive check, I perform
the following steps:

1. Generate 4000 sets of 200 samples from the posterior predictive
distribution for each experimental condition.

2. Use each data set to construct an ECDF.

3. Compute the quartiles of the ECDFs.

4. Overlay a plot of the ECDF of actually observed distance-differences
on a plot of the posterior predictive ECDF quartiles.

This procedure allows one to visually check whether the mea-
surements made during the task could have been generated by the
model in question. If significant portions of the ECDF of the ob-
served distance-differences lies outside the quartiles of the posterior
predictive ECDFs, then the model may not be capable of generating
the data. In this instance, we find that for all experimental conditions,
small portions of the distance-difference ECDF lie outside the poste-
rior predictive ECDF quartiles, implying that the variational fit is not
perfect. Thus, we must take any inferences we make from this model
with a grain of salt. Variational approximations are not expected to
be perfect, and the general shape of the posterior predictive ECDFs
is sufficiently well-matched to that of the actually observed ECDFs to
give credence to the model.
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As can be seen from the posterior predictive checks in Figure 9

and the marginal posterior plots in Figures 10 and 11, the marginal
posteriors for the Beta modes ωj across all conditions are centered
on small positive values. This modeling result further supports the
conclusion that, contrary to my predictions, people are not disposed
to exploit weaker social others as a source of safety; at the very least,
this particular experimental paradigm does not induce a preference
for such a survival strategy.

Interestingly, the marginal posteriors for the concentraion pa-
rameters κj indicate that there is little uncertainty in the decision-
making strategies adopted by participants: they maintained distance-
differences within a narrow range across all conditions. Of note, the
conditions in which a slow predator was present (κ2, κ5) appear to
be associated with slightly decreased decision-making uncertainty
than the other conditions. This is likely because the slow speed of the
predator made escape more predictable for subjects.
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Figure 9: Posterior predictive checks
showing the ECDF of observed
distance-differences overlayed on
top of the quartiles of the posterior
predictive ECDFs.
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Figure 10: Corner plot illustrating the
marginal posterior histograms and
joint scatter plots of samples for the six
mode parameters of the Beta model.
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At the beginning of the task, subjects were asked to complete
four surveys for measuring traits related to psychopathology and
personality. These surveys included

1. BIS/BAS Scales:38 A questionnaire for assessing an individual’s 38 Carver and White 1994.

dispositions with regards to the hypothesized behavioral inhibi-
tion system (BIS) governing avoidance and the behavioral activa-
tion system (BAS) governing approach, with subscales measuring
drive, fun-seeking, and reward responsiveness within the BAS.
Scored by summing responses.

2. Depression Anxiety Stress Scales:39 A 42 item questionnaire with 39 P. Lovibond and S. Lovibond 1995.

subscales measuring trait depression, trait anxiety, and trait stress
in individuals. Scored by summing responses.

3. Interpersonal Reactivity Index:40 A questionnaire for assessing an 40 Davis 1983.

individual’s capacity for empathy, with subscales for perspective-
taking, empathic concern, tendency to experience distress when
others are distressed, and imaginative skill. Scored by summing
responses.

4. Moral Foundations Sacredness Scale:41 A questionnaire for assessing 41 Graham and Haidt 2012.

an individual’s moral convictions by asking how much money it
would take for them to violate those convictions. Can be scored
by either taking the mean response or by counting the number of
times a subject said they would never violate a conviction for any
amount of money.

Of primary interest here are associations between the survey
scores and behavioral metrics related to decision-making strategies.
Three behavioral metrics were compared to the survey scores:

1. The total reward earned by the subject over the entire duration of
the task. This is merely the sum of all tokens collected during the
task.

2. The median distance-difference within a threat imminence phase
across all trials and conditions.

3. The median reward rate within a threat imminence phase across
all trials and conditions. If CTP is the total number of tokens col-
lected during threat imminence phase P of trial T with total num-
ber of frames FTP, then the reward rate for that trial and threat
imminence phase is computed as

CTP
FTP

(20)
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Figure 11: Corner plot illustrating the
marginal posterior histograms and
joint scatter plots of samples for the six
concentration parameters of the Beta
model.
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Because the reward rate is often a very small number approaching
zero (and sometimes equal to zero), I use the square root of the
reward rate to transform the reward rate into more familiar ranges
of numbers. This has no effect on the statistics since the square
root is a monotonic transformation.

Though linear dependencies between two random variables may
be assessed using metrics such as their Pearson correlation, I specif-
ically wanted to account for the possibility of nonlinear dependen-
cies between the survey scores and behavioral metrics. Therefore,
pairwise associations were measured using approximations of the
Maximal Information Coefficient (MIC). The idea behind the MIC is
simple: the mutual information between two random variables serves
as a general measure of the strength of the functional relationship
between them, regardless of whether that relationship is linear or
nonlinear.42 But approximating the mutual information of a pair of 42 D. N. Reshef et al. 2011.

variables depends on how those variables are binned. Algorithms
for computing the MIC optimize the binning scheme to determine
the maximum possible value of the mutual information. Because the
MIC is computationally expensive, two approximations have been
developed, each with different strengths and weaknesses: the MICe,
which trades statistical power for equitability (sensitivity to noise),
and the TICe (Total Information Coefficient), which trades equitability
for statistical power.43 As recommended in the literature, I take a 43 Y. A. Reshef et al. 2015.

two-pronged approach, quantifying the statistical significance of pair-
wise associations between survey and behavioral metrics using the
TICe, but using the MICe to report the strength of the associations. In
all of the figures below, the MICe and the associated p-value derived
from the TICe are reported on every pairwise plot. Computations of
these metrics were performed with the MICtools Python toolbox.44 44 Albanese et al. 2018.

Since many pairwise comparisons were performed, p-values were
adjusted for multiple comparison using the Storey q-value to control
the family wise error rate.45 45 Y. A. Reshef et al. 2015.

Only two associations emerged as statistically significant at the
p = 0.05 level according to their TICe values:

1. The association between median distance difference during the
circa-strike phase and BAS Drive score, with a slightly positive re-
lationship between BAS Drive and the distance-difference. Though
p = 0.048 (right on the border of significance), the MICe = 0.215
suggests that the association is weak.

2. The association between median reward rate during the pre-
encounter phase and BAS Reward Responsiveness score. Though
p = 0.025, the MICe = 0.243 suggests again that the association is
weak.
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Discussion

One obvious critique of the analyses presented here is that data was
collected from too few subjects, and that with a larger sample size,
different patterns of safety decisions may emerge. However, we as
neuroscientists and psychologists are interested not in small be-
havioral effects for their own sake; rather, we want to understand
mechanisms of behavior that are clearly manifested across large pop-
ulations. If a behavioral disposition is sufficiently widespread within
a population, then as long as the experiments meant to elucidate
them are well-designed and theory driven, it should not take a large
sample size to bring those patterns to light.

It is conceivable that this virtual ecology as it has been designed is
not appropriate for assessing the question “Do humans exploit each
others’ weaknesses as a source of safety?”. Many possible variations
on this task environment exist: we could increase the speed dispar-
ity between the subject sprite and the other sprites, randomly block
the subject’s access to the safety refuge at different points during a
trial, or (in accordance with the assumptions of selfish-herd theory)
make the predator’s attack more instantaneous and stochastic. It may
even be that no modifications could induce the hypothesized behav-
iors, and that to do so, the entire virtual ecology would need to be
redesigned from the ground up. But I believe that the task environ-
ment is well suited to address this question for the simple reason
that it possesses a critical element that would be required by any task
attempting to investigate exploitative safety decisions: the presence
of two potential safety cues (the social other and refuge) which en-
able us to distinguish which decision-making strategy subjects are
choosing rather than being forced to take.

Possible improvements to the analyses here include the addition
of further hierarchical models which explicitly model individual vari-
ability as well as distance-differences at the level of threat imminence
phases within trial conditions. Though modeling individual vari-
ability may certainly reveal interesting patterns of decision-making
in social ecologies, it is more doubtful that modeling at the level of
threat imminence phases would align with the a priori hypotheses
presented here. As indicated by clear patterns in their distributions,
the distance-differences in all threat imminence phases are concen-
trated around positive values, giving credence to the notion that
people tend to be risk averse and choose to remain near guaranteed
sources of safety. This can be most clearly seen by visually comparing
the prior distributions of the ωj to their posterior distributions as is
done in Figure 20.
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Figure 12: Visual strip plots summa-
rizing the scores across all surveys and
subscales.
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Figure 13: Total reward plotted against
the survey scores. The MICe and the
p-value are indicated in the top left
corner.
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Figure 14: Median distance-difference
during the pre-encounter phase plotted
against the survey scores. The MICe
and the p-value are indicated in the top
left corner.
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Figure 15: Median distance-difference
during the post-encounter phase
plotted against the survey scores. The
MICe and the p-value are indicated in
the top left corner.
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Figure 16: Median distance-difference
during the circa-strike phase plotted
against the survey scores. The MICe
and the p-value are indicated in the top
left corner.
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Figure 17: Median square root reward
rate during the pre-encounter phase
plotted against the survey scores. The
MICe and the p-value are indicated in
the top left corner.
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Figure 18: Median square root reward
rate during the post-encounter phase
plotted against the survey scores. The
MICe and the p-value are indicated in
the top left corner.
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Figure 19: Median square root reward
rate during the circa-strike phase
plotted against the survey scores. The
MICe and the p-value are indicated in
the top left corner.
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Figure 20: A visual comparison of the
priors and posteriors of the modes ωj of
the distance-difference Beta likelihood.
The inset plot is a zoom into the narrow
range of the posterior distributions.

Conclusion

The vast majority of work investigating safety decisions and the in-
tersectional effects of affect and social contexts on decision-making
have focused on discrete decisions in ecologically unrealistic envi-
ronments. The novelty of this work is that it builds the task on the
basis of continuous decisions and naturalistic virtual ecologies. It is
pertinent that any future work building off of this task environment
or attempting to remedy faults in the design of this task environment
remain true to those principles. Otherwise, we are doomed to a psy-
chology whose models and explanations cannot be generalized to
phenomena outside those generated artificially in the laboratory, a
psychology not suited to our world.
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