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ARTICLE INFO ABSTRACT

Dataset link: Decision Making Under Extinction In everyday life, people routinely make decisions that involve irredeemable risks such as death
Risk (Original data) (e.g., while driving). Even though these decisions under extinction risk are common, practically
Keywords: important, and have different properties compared to the types of decisions typically studied
Decision making by decision scientists, they have received little research attention. The present work advances
Risky choice the formal understanding of decision making under extinction risk by introducing a novel
Extreme outcomes experimental paradigm, the Extinction Gambling Task (EGT). We derive optimal strategies for
Extinction three different types of extinction and near-extinction events, and compare them to participants’
Mixture modelling choices in three experiments. Leveraging computational modelling to describe strategies at
Computational modelling the individual level, we document strengths and shortcomings in participants’ decisions under

extinction risk. Specifically, we find that, while participants are relatively good in terms of
the qualitative strategies they employ, their decisions are nevertheless affected by loss chasing,
scope insensitivity, and opportunity cost neglect. We hope that by formalising decisions under
extinction risk and providing a task to study them, this work will facilitate future research on
an important topic that has been largely ignored.

Throughout their daily lives, people make decisions involving risks that could change their lives as they know them: a potential
jaywalker decides whether to cross the street in front of an incoming car, a driver decides whether they have enough space to
make an overtaking manoeuvre, and a boxer decides whether to risk a career-ending injury in a high-stakes bout. At a collective
level, people need to decide how much to invest in managing small probability high-stakes risks, such as extreme climate change
or pandemics.

The common denominator across all these examples is the risk of irredeemable extreme outcomes. In the current paper, hopefully
without sounding too ominous, we refer to such examples as decisions under extinction risk. Extant literature, recent history,
and everyday anecdotes (‘that driver’) suggest that people are bad at making decisions about these types of risks (Elga et al.,
2024; Wiener, 2016). However, in any real-world decision under extinction risk, a large set of psychological factors are at play
simultaneously and it is difficult to disentangle the relative influence of different factors. For instance, inadequate social distancing
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during the Covid-19 pandemic could have been the result of self-interested decision making (especially with regards to younger
people for whom COVID-19 was on average less severe), scope insensitivity (i.e., people do not take the large number of people
affected from a pandemic outbreak into account), or underestimating the probability and cost of getting severely ill or even dying
from the disease, to name just a few of many plausible factors.

Anyone tackling the challenges posed by extinction events will find little relief in the pages of mainstream decision making
research. To see this, consider decision making research’s ‘fruit-fly’, the binary-choice lottery paradigm (e.g., Kahneman & Tversky,
1979; Rieskamp, 2008). In this paradigm, participants are presented with one lottery problem at a time, for example choosing
between a sure win of £50 versus a 50% chance of winning £110. These lottery problems are independent in the fullest sense of the
term: at no point do outcomes of these decisions affect the possibility of future choices or their outcomes. By contrast, the outcomes
of decisions under extinction risk might reduce the options available in future decisions—or prevent any future decision making at
all.

Of course, the binary lottery paradigm is only one among the many different options available to researchers. Paradigms such as
the Balloon Analogue Risk Task (Lejuez et al., 2003, 2002; Pleskac, 2008; Pleskac et al., 2008; Wallsten et al., 2005), or the Bomb
Risk Elicitation Task (BRET, Crosetto & Filippin, 2013), mitigate some of the limitations of the binary lottery paradigm. However,
these tasks were not designed to study extinction risks as discussed in this article. They therefore come with several limitations
that make them unsuitable to study decisions under extinction risk, such as dependencies between choice and event probabilities,
impossibility of learning from experience, or the probability of the extinction event being much higher than realistic in real-world
settings (for a detailed review of potentially relevant tasks and their limitations, see Appendix A).

Given that existing paradigms do not allow studying extinction risks, what predictions can be derived from the extant
decision making literature? Prospect theory would suggest that low probability events are overweighted and people are loss-
averse (Kahneman & Tversky, 1979; Tversky & Kahneman, 1992). We might therefore expect people to be risk-averse for decisions
involving low-probability, high-impact options (and thus avoid jaywalking). However, this overweighting of low probabilities does
not necessarily extend to contexts in which people learn about the probabilities from experience, a discrepancy known as the
description-experience gap (Hertwig et al., 2004; Kellen et al., 2016; Lejarraga & Hertwig, 2021; Wulff et al., 2018). For many
extinction risks, people often lack access to descriptive information and instead rely on personal experience (or the experiences
of those they know). Further complicating this picture, other studies involving experienced options point to people overweighting
extreme events (i.e., events with extremely good or bad utilities; see Lieder et al., 2015, 2018; Ludvig et al., 2014; Madan et al.,
2014; Sunstein & Zeckhauser, 2011). As extinction events clearly have extreme (dis)utility, this literature would predict their
overweighting.

In addition to the probability of the extinction event, another factor that would likely influence people’s decisions is the perceived
badness of extinction. Several well-documented psychological effects imply an underestimation of the value lost by extinction. For
instance, scope insensitivity (i.e., not valuing a good in proportion with its scope or size; Desvousges et al. 1993) and narrow
bracketing (i.e., viewing one choice in isolation rather than as part of a wider set of choices; Read et al. 2000) may cause people to
underestimate the cost of being precluded from a larger number of choices or experiences in the future. Likewise, opportunity cost
neglect (Frederick et al., 2009) may cause people to underestimate the opportunity cost of not being able to do what they could
have done had they avoided an extinction event.

These factors would influence decision making even if people had accurate, unbiased information about the probability of the
extinction event. These factors are likely amplified by biases in the available samples, in particular survivorship or observer selection
effects (Cirkovi¢ et al., 2010; Wilson, 2023): conditional on thinking about the probability of the extinction event, the decision maker
has not been subjected to one themselves, and will therefore have experienced zero instances of it (e.g., someone who is reflecting
on the risk of jaywalking will have zero personal experience with deadly accidents, as otherwise they would not be in a position to
ponder this question). The impossibility of sampling extinction events from memory will likely lead to underestimation of extinction
risk.

In summary, several considerations point toward risk aversion, such as the overweighting of small probabilities from descriptions
or of extreme events, while others suggest risk-seeking tendencies, including the description—-experience gap, underestimation of
extinction’s utility loss, and observer selection effects. Given the conflicting predictions that can be drawn from past research and
the practical importance of the topic, it is surprising that there is a “notable scarcity of research on human behaviour in the context
of low-probability high-impact events” (Sundh, 2024, p.7). One of the main reasons for this absence may be the lack of a behavioural
paradigm to study these types of risks, especially one that can be connected with normative benchmarks.

The present work contributes to the understanding of how people make choices under extinction risk. After providing the
necessary clarification on what is meant by an extinction event, and offering two distinct definitions, we introduce an experimental
paradigm suitable for its study—the Extinction Gambling Task (EGT). The EGT, like most decision-making paradigms, isolates key
features of decisions under extinction-risk within a lab-based framework involving financial gains and losses (Frey et al., 2017;
Kahneman & Tversky, 1979). This approach not only enables a controlled first exploration of such decisions but also supports the
derivation of optimal choice strategies for different variants of extinction events, which can serve as performance benchmarks.

After introducing the EGT, we report three experiments demonstrating its utility in examining people’s choices under extinction
risk. Experiment 1 shows that participants are sensitive to differences between two different kinds of extinction events in ways
that qualitatively align with optimal strategies. Experiment 2 introduces a new type of catastrophic non-extinction event and shows
that participants treat this type of event differently from the extinction events, again consistent with optimal predictions. Finally,
Experiments 3a and 3b demonstrate how the EGT can be used to study factors that might plausibly influence people’s decision
making under extinction risk.
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1. Towards an Extinction Gambling Task (EGT)

It is typical for scientific investigations to call for regimentations of ordinary-language concepts through the development of
technical definitions (e.g., going from warmth to temperature). The case of human decision making is no different. What is perhaps
distinct is the co-existence of multiple possible definitions. Take the case of ‘risk’, which can be defined as tracking the probability of
the worst-possible outcome, or the variance among possible outcomes with known probabilities, to name just two possible definitions
(see Levy, 2015, Chap. 1; see also Konovalova & Pachur, 2021). The same issue applies to ‘extinction events’, in part due to the
wide range of domains to which the term could be applied (e.g., health, finance, climate). In the present work, we consider cases of
repeated choice. Participants are required to repeat the same decision (between an option containing the possibility of extinction and
one without this possibility) a maximum of 100 times. Within these scenarios, there are two possible types of extinction events. The
first we define as Keep, which establishes extinction as an end to the possibility of gains while keeping any gains made thus far. As
a real-world example, consider a boxer who risks career-ending injuries every time they take on a high quality opponent for a high
value payday. As devastating as career-ending injuries are, they do not undo the benefits gained from such bouts in the past. Our
second definition, Lose, is much more drastic, referring to a complete wipeout of gains—past, present, and future. As an example,
consider the case of a bank whose investment losses are greater than all of the profits generated in their entire history, which results
in them going out of business. These definitions of extinction risk also apply to extinction risks involving life, depending on how one
views death. While Alice and Bob might agree that death is an end, Alice might consider that this, nevertheless, does not erase all
the good experiences accumulated throughout life (Keep). Bob, however, might consider that those experiences are also forgotten
and therefore erased (Lose). Alice’s view is reminiscent of philosophical positions that underscore the experiences we have collected
as fundamental to the meaning of life (Eagleton, 2008; Mitsis, 2020; Seneca et al., 2004), whereas Bob’s view would be reflected
in positions such as existential nihilism, which emphasise the futility of human endeavours in light of death (Kuhn, 1992; Sartre,
1972).

These two definitions of extinction mirror debates in the literature on the value of a statistical life and mortality-risk valuation
(Kniesner & Viscusi, 2019). Some researchers have argued that the value of statistical life should vary with age — an idea sometimes
morbidly labelled the “senior death discount” — on the grounds that older individuals have fewer remaining life years (Harris,
1985; Krupnick, 2007; Lockwood, 1988; Williams, 1997). However, empirical work on whether people’s preferences align with this
perspective shows inconsistent findings: stated preference studies show mixed results (a review by Krupnick (2007) found that 14 of
26 studies supported a “senior discount”, while the remaining 12 found no effect or even a “senior premium”); in contrast, revealed
preference studies suggest an inverse U-shaped pattern, where the lives of both younger adults and seniors are valued lower than
the lives of middle-aged adults, likely reflecting confounds such as income (Aldy & Viscusi, 2007; Kniesner & Viscusi, 2019). In
policy applications, using a senior discount is highly contentious and usually a uniform value of life is applied independent of age
(Kniesner & Viscusi, 2019; Krupnick, 2007). Retaining both the Lose definition of extinction (which reflects roughly similar costs of
extinction independent of age) and the Keep definition (which reflects reducing costs with increasing age) makes our task applicable
to views that involve a senior discount and views that assume age-independent valuations of life.

Both definitions of extinction can be implemented in the context of a repeated risky-choice task. Consider a lottery problem with
a ‘risky’ and a ‘safe’ option:

Risky:(r1 "2 rE) Safe:(s1 S2>
b1 P2 PE a 9D

Each lottery is comprised of mutually exclusive outcomes (e.g., r;) that occur with a given probability (e.g., p;). Note that
p1+py +PE = q; + ¢, = 1. The outcome ry corresponds to the extinction event. The consequences of this event will depend on the
definition adopted.

To give a more concrete example:

dico— (£10 £0  Extinct sape_ (E1 £0
Y=\475 475 05 “\s0 50

If a decision maker only encounters a single lottery problem once, then there is no difference between the potential £0 outcome
from the Safe option and the Extinct outcome from the Risky option. For the two outcomes to become distinguishable, it is necessary
for the decision maker to engage with multiple lottery problems and to accumulate gains. In the present implementation of the EGT,
they will encounter the same lottery problem multiple times. Knowledge of how many times a lottery problem will be encountered
allows the decision maker to better evaluate the exposure to risk vis-a-vis the opportunity for maximising gains. This evaluation
depends on the operating definition of extinction. In the next section, we outline the optimal strategies for both the Keep and Lose
definitions of extinction.

1.1. Optimal solution for the keep definition

The Keep definition of extinction captures the idea of an end to the accumulation of gains, without any loss of past gains. In the
EGT, where a lottery problem is encountered multiple times, this definition implies that the expected payoff of a strategy strongly
depends on the position in the sequence of trials where the risky choices are played. Early in the experiment, extinction carries a
higher (opportunity) cost than it does later in the experiment, as one misses out on more opportunities to earn money. By contrast,
in the final trial, the opportunity cost is zero and the cost of drawing the extinction option is equal to the £0 outcome. Therefore,
it would make sense to play the safe lottery in the first trials and the risky lottery towards the end.
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Specifically, we show that the expected value is maximised by following a strategy with a single switch point, before which
participants should choose the safe option and after which they should choose the risky option. The expected value (E) for the Keep
condition, assuming that a participant follows this optimal order of choices (that is, they first make N, safe choices and afterwards
Niigiy Tisky choices for a fixed total of N + Nrjsky = Nioral choices), is given by

]E(Nrisky) = 5X Ngge
Expected value of
safe-choice trials
Nrisky’l
+ pg X Z (I=pp) xixr
i=0

@

Expected value of
the risky-choice trials
if one goes extinct at some point

+ (1 _pE)Nmky X Nrisky X7,
-/

Expected value of
the risky-choice trials
if one does not go extinct

where 5 denotes the expected value of choosing the safe lottery, and 7 denotes the expected value of choosing the risky lottery —
extinction excluded - and p; denotes the probability of going extinct when playing the risky lottery. If the safe choices are made
first, then the expected value from the safe-choice trials is the number of safe-choice trials multiplied by the expected value per
trial (first line of Eq. (1)). The second line denotes the probability of going extinct in the risky-choice trial multiplied by the payoff
of this type of extinction (i.e., the expected value from the risky-choice trials over all extinction outcomes). Finally, the third line
denotes the probability of surviving the entire experiment multiplied by the payoff of the risky-choices in this case (in the main text
we derive all optimal solutions on the basis of expected value; the qualitative patterns of the optimal solutions are very similar if
one instead uses expected utility, although with somewhat fewer risky choices, see Appendix B).
The optimal number of risky choices can then be obtained by finding the maximum expected value across all possible Ny,

argmax E(Nygy)- (2)
Nrisky
But what if participants do not follow the optimal ordering? If the risky-choice trials are not played strictly after the initial block
of Ny safe-choice trials, then the expected value for the latter (first term of Eq. (1)) changes. For example, consider the case where

we replace two safe choices from this block with risky choices, namely the jth and kth trials, with j < k < Ng,y. Then
_ replaced with _
§ X Nggfe ™ sx(—=1)
——

first j — 1 safe choices

+ (X (k=j)+7)x(1-pg)

3

risky choice at j and safe choices between j + 1 and k — 1

+ X (Ngge — k=D +7)x (1 - pp)?.

risky choice at k
and safe choices between k+1 and Ngyge

Comparing Egs. (1) and (3), we can see why the expected value is reduced whenever one deviates from the optimal order of playing
all safe lotteries first and then all risky lotteries. The expected value for some of the safe choices is multiplied by the probability of
survival (a number smaller than one, here (1 — p) and (1 — p)?).

Finally, consider the case that the decision maker is given some initial endowment. Then, the expected value for both choice
options would simply change by a constant, namely the value of that endowment. This illustrates a more general fact: the optimal
strategy for the Keep definition does not depend on initial earnings, as the decision maker can keep them regardless of their choice
in the next trial.

1.2. Optimal solution for the lose definition

While it is relatively obvious that one should play risky in the final trial under the Keep definition, it is not so clear in the Lose
definition, where one might lose all earnings gained on all previous trials. Indeed, under the Lose definition, the optimal solution
is dynamic and has to account for participants’ luck (i.e., their winnings from previous trials). For example, if a participant chooses
the risky option in the first three trials, they may receive the maximum payoff three times, or they could receive zero payoff three
times. In the first case, they have more to lose in subsequent risky choices than in the second case, and therefore they should play
less risky in the following trials.

Deriving the dynamic optimal solution for this scenario requires the application of the Bellman equation, a standard method
in economics (e.g., Dixit, 1990). In particular, this method uses backward induction by using the relationship between the value
function at one trial and the value function in the next trial.
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Let Z denote current earnings. We can estimate the expected value for the total game following a risky choice with N remaining
trials as

]Erisky(N1 2)=p XEWN-1,Z+r))

+ py XEN = 1,Z +1rp), @
with
Eyisky (0, 2) = Z. 6]
Analogously, we can estimate the expected value of the total game following a safe choice,
Egafe(N. Z2) = ¢ XE(N - 1, Z +51) ®)

+ g XE(N = 1,Z + 55).

The optimal choice in a given trial is then risky if Egy (N, Z) > Egp(N, Z) and otherwise it is safe. Finally, the expected value
of the whole game, when following the optimal dynamic strategy, is determined by the maximum of E g, (N, Z) and Eg(N, 2),
given that an optimal agent would simply play whichever gamble has higher expected value,

E(N, Z) = max(Eygy (N, 2), Egae (N, 2)). (7)

Unlike the Keep variant, the Lose variant does not imply a single optimal switch point. Instead, there are different possible
strategies that would approximate the optimal solution well. Following the optimal policy closely would imply a gradual decrease
of the number of risky choices; however, strategies that start safe or risky and then switch to risky or safe, or a strategy playing
mostly safe throughout the experiment would lead to similar expected value, as long as the total number of risky choices is similar.
The reason being that, ultimately, the most important factor that determines the payoff in the Lose variant is the total number of
risky choices played and, due to the large number of trials, this number is affected relatively little by luck. This is also reflected
by the fact that a non-dynamic optimal strategy (i.e., a version of the optimal strategy were all choices are specified in advance
and which does not allow taking the current endowment into account) leads to payoffs that are relatively close to payoffs from the
dynamic solution (see Appendix C).

2. Experiment 1: Empirical choice patterns for the lose and keep conditions with 100 trials

In the previous sections, we (1) argued that the extant literature makes conflicting predictions regarding whether participants
would be risk-seeking or risk-averse when deciding whether to engage in actions that risk extinction, and (2) derived optimal
solutions for the EGT. We now report an implementation of the EGT that operationalises the Lose and Keep definitions of extinction
and compare participants’ choices against the optimal strategy.

2.1. Method

2.1.1. Participants & power

Participants were paid £1.50 for a 10 min study. On top of that base payment, participants in the Lose condition earned an average
bonus of £0.50, interquartile range (IQR) [£0, £0.77], and in the Keep condition £1.01, IQR [£0.39, £1.39]. The study was approved
by the ethics chair of UCL’s Department of Experimental Psychology (EP/2021/005). All experiments in this paper were hosted online
on a JATOS (Lange et al., 2015) server, and participants for all experiments were recruited via Prolific, which has been shown to
have high data quality compared to other crowdsourcing vendors (Douglas et al., 2023; Eyal et al., 2021; Stagnaro et al., 2024).
Initially, 196 participants signed up for the study. We excluded participants who failed one or more of four different comprehension
and attention checks: two participants indicated the wrong number of trials, four participants did not indicate correctly that the
piggy bank in the top right corner of the screen showed their current bonus earnings, four participants indicated that they did
not remember the possible payoffs in the experiment, and 33 participants indicated that they did not understand the nature of
the extinction event. Some participants failed multiple of these checks. After these exclusions, we obtained a final sample of 157
participants (55 female, 102 male; mean age = 38). 90 participants were in the Keep condition and 67 participants in the Lose
condition. A simulation-based power analysis showed close to 100% power with this design to detect a condition difference of 1 on
the logit scale, equivalent to a ~#17% difference' in the proportion of risky choices between conditions (see Appendix C for details
on the power analysis, which further demonstrates the robustness of our analytical approach to the selection effects introduced by
the extinction event).

2.1.2. Design and materials
The experiment was programmed in lab.js (Henninger et al., 2021) and exported as a JATOS file for hosting. The full experiment
is shared on the OSF (https://osf.io/ghkw6/). Participants played a sequence of 20 practice trials, followed by 100 incentivised

1 In estimated average riskiness, the main quantity of interest introduced in more detail below. For comparison, the difference in estimated average riskiness
was 35% in Experiment 1.
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Top left corner Top right corner
indicates your current shows your current
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Lottery A Lottery B
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possibility of 5% m=mmmmmmEEE Extinction omy Posiibigty of

winning 10p but — — winning 1p but no

also possibility of f j EXTINCTION
possible.

EXTINCTION. L=

™~ -

Press these keys on your
keyboard to decide between
the two lotteries.

Fig. 1. The experimental setup as shown to participants on the instruction screen.

trials. Throughout the experiment, participants could see how many trials they had left and how much money they had currently
accumulated. On each trial, participants had to choose between two lotteries: a safe lottery with a 50% chance of not winning
anything, and a 50% chance of winning 1p; and a risky lottery with a 47.5% chance of not winning anything, a 47.5% chance
of winning 10p, and a 5% chance of extinction (see Fig. 1 for an example trial). The task parameters were chosen by simulating
from the optimal strategy and selecting values where optimality implies playing risky a few times but less than half of the time
in both conditions (Lose ~ 10%, Keep 44%). These parameters reflect that, although selecting the risky option can occasionally
be advantageous, regularly taking extinction-level risks — especially in the Lose condition - is generally unfavourable (the values
can easily be adjusted in future studies, and we modify the payoffs in Experiment 3). In Experiment 1, the risky lottery was always
displayed on the left, and the safe lottery on the right (Experiment 3b replicated the findings of Experiment 1, where lottery position
was counterbalanced between participants).

Our two experimental conditions represented the two extinction definitions outlined in the Introduction. In the Keep condition,
participants could keep what they had earned if they experienced the extinction event but could not earn additional money in the
following trials. In the Lose condition, participants’ entire earnings would be wiped out when experiencing the extinction event
and they also could not earn anything in future trials. After encountering an extinction event, participants still needed to play
the remaining trials (to avoid any incentives for early extinction); however, the piggy bank in the top right corner turned into a
mushroom cloud to indicate extinction (we did not analyse choices made after the extinction event was experienced). At the end of
the experiment, participants received their earnings as a bonus payment.

2.1.3. Procedure

Participants started the experiment on a welcome page with a high-level description of the experiment and the following two
warnings: ‘We advise against participation if you have or had problems with gambling (i.e., gambling addiction) at any point in
your life’, and ‘At one point during the experiment, you may view a picture of a mushroom cloud. If you are not comfortable with
this, please do not continue’. After agreeing to the consent forms, participants received detailed task instructions. These instructions
included the probabilities and outcomes of all the gambles, what would happen if they drew the extinction event, and an annotated
illustration of the lottery screen (see Fig. 1).

After reading all instructions, participants made decisions in 20 practice trials. Some participants drew an extinction event during
these practice trials. In this and the following experiments only a minority of participants experienced the extinction event during
practice (Experiment 1: 43 out of 157, Experiment 2: 63 out of 173, Experiment 3a 46 out of 147 participants, Experiment 3b: 116
out of 305 participants), and we found no difference in the proportion of risky choices based on whether or not participants drew
the extinction event during the practice trials (Experiment 1: y2(1) = 0.31, p = .575; Experiment 2: y%(1) = 0.78, p = .376; Experiment
3a: y2(1) = 0.96, p = .328; Experiment 3b: y2(1) = 0.84, p = .361).

After the practice trials, participants answered two attention checks: ‘What happens if you choose the risky lottery and you
draw the extinction option?’ (correct answer for the Keep condition: ‘I will keep all my past bonus money, but I cannot make more
bonus money in the next trials’, correct answer for the Lose condition: ‘I will lose all my bonus money, and I cannot get any more
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Fig. 2. Risky choices and survival times in Experiment 1. The optimal solution for the Lose condition is based on simulating 5000 participants who follow
the dynamic solution (Egs. (4)-(7)). The decision is executed based on a softmax decision function, as otherwise tiny differences in expected value in the first
choices would lead to deterministic switching between the safe and risky options. We use a very low temperature (0.02) so that the solution is very similar to
a deterministic decision rule. The same qualitative pattern arises for a range of temperature values. For a version of this figure that shows model predictions
from the fitted mixed effects model along with 95% confidence bands see https://osf.io/af8sr. See also Fig. E1 for a visualisation of the optimal choices in the
Lose condition as a function of trial number and current endowment.

bonus payments for future trials’.), ‘What does the piggy bank on the top right indicate’? (correct answer: ‘Your current bonus’).
Participants continued to the main part of the experiment independent of their answers to these questions; however, those who
failed the attention checks were excluded from data analysis.

In the main task, participants chose between the lotteries 100 times. After all trials were completed, we asked participants two
further attention checks before they could finish the experiment: ‘How many trials were there in the main part of the experiment?’
(Correct answer: ‘100’), ‘What were the possible bonus payments per trial in this study?’ (Correct answer: ‘Extinction, 0, +1, +10’;
the other incorrect choice options also included ‘extinction’ to avoid any uncertainties about whether ‘extinction’ counts as a bonus
payment or not).

2.2. Results

Results of Experiment 1 are shown in Fig. 2. The optimal solution is represented in the top row of Fig. 2 as a dashed line. In the
Keep condition (blue), the optimal strategy is to switch from choosing the safe lottery to choosing the risky lottery after trial 56.
In the Lose condition (black), the aggregate optimal strategy is to start with more risky choices and then reduce the proportion of
risky choices throughout. The top row of Fig. 2 suggests that participants’ choices (solid lines) differed between the two extinction
conditions in a manner qualitatively consistent with the difference in the optimal solutions. Specifically, risky choices increased
across trials in the Keep condition, but decreased across trials in the Lose condition. The top row of Fig. 2 also suggests that choices
were quantitatively closer to the optimal solution in the Lose condition than in the Keep condition.

The bottom row of Fig. 2 shows the survival times of participants (white bars, where 100 trials indicates that the participant
survived until the end of the experiment), as well as the survival times expected for participants following the optimal strategy (red
bars). This shows that more participants went extinct in the Keep compared to the Lose condition. Again, this indicates sensitivity
to the core task characteristics, as extinction is more costly in the Lose condition. Further, in the Keep condition, some participants
went extinct earlier than implied by the optimal strategy, whereas in the Lose condition, the survival times tracked the optimal
expectations remarkably well (see also Fig. E1 for a visualisation of the optimal choice for the Lose condition as a function of trial
number and money, and Fig. G1 for a by-participant summary of the data).

To statistically test people’s sensitivity to the different extinction conditions, we applied a logistic mixed effects model which
predicts choosing the risky option as a function of trial number (with both a linear and a quadratic effect, to account for a potential
U-shape), and condition (Keep vs. Lose), as well as an interaction between trial number and condition. The optimal strategy implies
a higher proportion of risky choices overall in the Keep condition. We perform this comparison across conditions using the estimated
average riskiness (i.e., the predicted riskiness based on the model’s fixed and random effects assuming each participant responded to
all trials, which is then averaged per condition; this measure takes potential non-linearities into account and addresses the selective
dropout of more risky participants). For more details on our approach, including a simulation study to verify its accuracy, see
Appendix C as well as the online supplementary materials. We found a significant difference in the estimated average riskiness
between conditions, z = 6.01, p < .001, with the estimated proportion of risky choices being 52%, 95% CI [43%, 62%] in the Keep
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condition, as opposed to 17%, 95% CI [10%, 24%] in the Lose condition. For comparison, if all participants had followed the optimal
strategy, these proportions would be 44% and 10%.

Further, the optimal strategy implies increasing risky choices during the task for the Keep condition and decreasing risky choices
for the Lose condition. In line with this, we found a significant interaction between trial number (linear effect) and condition,
72(1) = 54.66,p < .001, with a positive marginal linear slope in the Keep condition b = 3.68, 95% CI [1.29,6.08], and a negative
marginal linear slope in the Lose condition b = —6.41, 95% CI [-8.02,—4.79]. Overall, these results suggest that participants were
sensitive to the differences between conditions in a way that was (qualitatively) consistent with the optimal strategy.?

2.3. Computational modelling of individual level strategies

The aggregate pattern of results in the previous section likely arose from a mixture of different strategies on the level of individual
participants. For example, it is plausible that the steady increase in the probability of choosing risky in the Keep condition (top-row
of Fig. 2) is actually the result of different participants switching from choosing safe to choosing risky at different time points.
Specifically, in the EGT participants can: (1) play the risky option with a constant probability throughout; (2) gradually increase or
decrease the probability of playing the safe or risky option; or (3) switch between playing safe and playing risky. These strategies
could be played in either a deterministic or probabilistic way (e.g., switching from always safe to always risky vs. switching from
playing safe 90% of the time to playing risky 90% of the time).

Modelling the individual-level strategies confers several benefits. First, some of these strategies are qualitatively closer to the
optimal solution than others. For example, in the Keep condition, the optimal solution would imply a sudden switch from safe
to risky (rather than a constant increase or a reduction), whereas switching from risky to safe, or playing only risky, would
result in a lower expected payoff. Therefore, modelling individual-level strategies helps us understand to what extent participants
recognised the optimal strategy and were only impeded by their ability to estimate the correct parameters (e.g., some participants
may have recognised that a single switch strategy was optimal, but did not know where the optimal switch point was), or did not
even qualitatively recognise the optimal strategy. Second, the optimal strategies differ between conditions in systematic ways. For
example, in the Keep condition, it is best to switch from playing safe to playing risky, whereas this strategy is less strongly implied in
the Lose condition. Therefore, modelling individual level strategies allows us to better understand differences between conditions and
sensitivity to the type of extinction event. Third, we can use parameters from computational models to get a better understanding
of specific elements of participants’ behaviour. For example, comparing the model estimated switch point to the optimal switch
point gives some evidence of whether participants are risk-averse or risk-seeking. In the next sections, we first outline the model
specification and then illustrate the three benefits discussed here through application of the model to the experimental data.

2.4. Model specification

To describe the above strategies, we implemented a hierarchical (dependent) mixture model with three components: a safe
state, in which participants would play mostly the safe choice; a risky state, in which participants would play mostly the risky
choice; and a gradual state, which describes a gradual increase or decrease of the probability of playing risky throughout the
experiment (implemented with logistic regression). The model allows participants to switch between the safe and risky states during
the experiment to accommodate the different types of strategies outlined above (e.g., switching from safe to risky, or switching from
risky to safe). However, participants cannot switch away from or into the gradual state. Further, we constrained the states so that
the probability of playing risky when in the risky state is always > 0.8, and the probability of playing risky when in the safe state
is always < 0.2 (for a detailed model specification, including information on prior distributions, see Appendix D).

2.5. Computational modelling results

The model showed good convergence (all R < 1.01, Vehtari et al., 2021) and recovered the patterns in the data well (see Figs. F1
and F2 for posterior predictives). The computational modelling allowed us to identify six types of individual strategies, as visualised
in Fig. 3:

1. Gradual: Participants who continuously increased or decreased their probability of playing risky during the experiment.

2. Constant Risky: Participants who mostly played the risky option, and their probability of choosing risky did not change
during the experiment.

3. Constant Safe: Participants who mostly played the safe option, and their probability of choosing safe did not change during
the experiment.

4. Risky — Safe: Participants who switched from playing mostly risky to playing mostly safe at a certain trial number.

. Safe — Risky: Participants who switched from playing safe to playing mostly risky at a certain trial number.

6. Many Switches: Participants who switched between playing mostly safe and playing mostly risky multiple times during the
experiment.

9]

2 There was also a significant interaction between trial number (quadratic effect) and condition, y2(1) = 10.48, p = 0.001 (Keep: b = 11.64, 95% CI [4.70, 18.59];
Lose: b =—-0.365, 95% CI [-5.70,4.97]).
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Fig. 3. Six different strategies identified by the (Dependent) mixture model. Each panel illustrates one participant who is representative of one of the six
strategies. The y-axis denotes the probability of a given state shown in a coloured line (red, blue, and orange lines), the probability of choosing risky given
the regression state (black line), and the actual choices as circles (1 denoting a risky choice and 0 denoting a safe choice). When one strategy has a posterior
probability of almost 100%, the lines for the other two strategies will overlay at the bottom of the plot (i.e., only one is visible). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Proportion of participants allocated to each of the six strategies in Experiment 1.

Fig. 4 shows that the proportion of strategies employed by different participants varied between conditions, y? = 18.24, p = .002.%
This again indicates sensitivity to the core task characteristics and qualitative understanding of the optimal strategies in several ways.
First, participants in the Keep condition switched from safe to risky more often than in the Lose condition, as implied by the optimal
strategy. Second, participants in the Lose condition played the safe strategy considerably more often than participants in the Keep
condition. This is in line with the optimal strategy: extinction is more costly in the Lose condition than in the Keep condition;
consequently, in the Lose condition, playing fewer risky choices is optimal.

In both conditions, the majority of participants were assigned to the gradual strategy (Fig. 4), which was implemented with
logistic regression. Based on the optimal strategies, we would expect the regression to have a positive slope in the Keep condition

3 We use a simulation-based chi-square test as the chi-square approximation may be incorrect given the number of observations per cell. Therefore, no degrees
of freedom are provided.
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Fig. 5. Parameter estimates from the computational models in Experiment 1. Panel A shows beta coefficients for both conditions and Panel B shows switch
points for the Keep condition. Each panel shows the distribution of posterior mean estimates across participants. Beta coefficients are only plotted for those
participants who were assigned to the gradual strategy and switch points are only shown for those participants who were assigned to the Safe — Risky strategy.

and a negative slope in the Lose condition.* In line with this, all regression slopes were negative in the Lose condition, and positive
in the Keep condition (Fig. 5, Panel A).

Finally, for the Keep condition, we compared the switch point estimated by the model to the optimal switch point to assess
whether those participants who understood that the optimal strategy involved a single switch from safe to risky tended to switch
too late or too early (Fig. 5, Panel B). This analysis indicated that most people switched later than the optimal switch point,
t(19) = 6.74, p < .001, consistent with risk-aversion.

2.6. Discussion

Experiment 1 compared participants’ behaviour to the optimal strategies in the Keep and Lose conditions of the EGT. We
found that participants’ aggregate behaviour was qualitatively in line with the optimal strategies, approximating the optimal
solution in the Lose condition particularly well. Computational modelling of individual differences revealed a variety of different
strategies employed by individual participants. Even though only a small proportion of participants followed the optimal strategy
exactly (i.e., single switch or gradual), most participants used a strategy that at least qualitatively resembled the optimal approach
(e.g., constant increase of p(risky) in the Keep condition).

3. Experiment 2: Introducing a reset condition

In Experiment 2, we introduce a new experimental condition—Reset. In this condition, participants lose all their earnings when
the extinction event occurs, but they can continue playing and accumulate new gains and potentially draw the extinction event
again. In practical terms, Reset is a mirror version of the Keep condition implemented in Experiment 1 (in which participants can
keep all the money they have earned, but cannot make new gains after extinction).

The motivation for this new condition is twofold. First, it can be mapped onto real-world risk scenarios, where one loses
everything but can recover (e.g., if one’s house gets destroyed in a natural disaster). Second, it allows us to test the influence
of opportunity cost neglect. Opportunity costs are foregone benefits that one would have incurred if one had chosen an alternative
option. A key feature of extinction events is that they have high opportunity cost: all the benefits one could have incurred after the
extinction event are now lost. Research shows that people tend to exhibit opportunity cost neglect; that is, they insufficiently take
into account opportunity costs as compared to ‘direct’ costs (Frederick et al., 2009; Persson & Tinghog, 2020; Spiller, 2019).

Comparing the choice patterns in the Keep and Reset conditions of the EGT allows us to make inferences about how well
participants can reason about opportunity costs versus ‘direct’ costs. In the Keep condition, a participant’s endowment is not at
stake, but their opportunity to keep playing in later trials is at stake (i.e., extinction leads to opportunity cost). Conversely, in
the Reset condition, a participant’s endowment is at stake, but their opportunity to continue playing in later trials is not at stake
(i.e., extinction leads to ‘direct’ costs). In particular, we can compare the choices at the beginning of the task in the Keep condition
(where extinction would lead to high opportunity cost but low direct cost) versus at the end of the task in the Reset condition
(where extinction would lead to a high ‘direct’ cost but low opportunity cost). If participants display opportunity cost neglect, we
would expect them to play too risky at the beginning of the task in the Keep condition, but we would not expect them to play too

4 Although the optimal strategy predicts a negative slope for the Lose condition, this prediction is not as strict as the positive slope predicted in the Keep
condition. As discussed above, the expected value may be very similar for other trajectories in the Lose condition as long as the total number of risky choices
is similar to the one implied by the optimal strategy.
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risky at the end of the task in the Reset condition. Consequently, we might expect more people in the Reset condition to follow the
optimal single switch strategy than in the Keep condition (where some people would start too risky).
Overall, Experiment 2 has one main hypothesis and one research question.

1. Sensitivity to Extinction Condition: In the Keep condition, participants will increase the proportion of risky choices as
they proceed through the experiment, whereas in the Reset condition, they will reduce the proportion of risky choices
(preregistered).®

2. Opportunity Cost: Are participants in the Reset condition more in line with the optimal policy than participants in the Keep
condition? (not preregistered)®

3.1. Optimal strategy for the reset condition

Because participants can lose all earnings accumulated so far in the Reset condition, the optimal strategy depends on how lucky
participants have been and how many earnings they have won (as in the Lose condition). The optimal strategy for the Reset condition
therefore also follows a dynamic solution. It is the same as in the Lose condition, with the addition that the optimal solution now
also factors in the possibility of ‘resets’ (i.e., an event where one loses one’s endowment but can continue playing). Specifically, the
expected value of a risky choice with N remaining trials corresponds to

Erigky (N, 2) = py X E(N = 1, Z + 1)
+ P XE(N -1,Z+r,) .
+ p3 X E(N - 1,0).

Apart from this modification, the optimal solution follows the Lose condition—Eq. (6) determines the expected value of a safe
choice, the value when zero trials are left equals the endowment (Eq. (5)), and the choice between safe and risky is determined by
whichever of the two options has higher expected value (Eq. (7)).

Even though the Reset condition can conceptually be viewed as a mirror version of the Keep condition (as we argue in the
introduction of this experiment), the optimal solution in the Reset condition implies a larger proportion of risky choices than in the
Keep condition for the same maximum trial number, probabilities, and outcomes (67.6% vs. 44%). The reason for this is that risky
trials in the Reset condition can be played both before and after an extinction event is experienced. Consider a participant in the
Reset condition who starts risky and is reset to zero after 40 trials. This participant should then continue playing risky until the
endowment becomes so large that it has a higher expected value to play safe rather than risky, which is for much longer than 4
more trials (44 trials is the optimum in the Keep condition).”

3.2. Participants

Participants were paid £1.20 for the 8 min study. On top of that base payment, participants in the Reset condition earned an
average bonus of £1.22 IQR [£0.79, £1.57] and in the Keep condition £1.03 IQR [£0.40, £1.35]. The study was approved by the
ethics chair for UCL’s Department of Experimental Psychology (EP/2021/005). Initially, 197 participants completed the study. One
participant indicated the wrong number of trials, six participants did not indicate correctly that the piggy bank in the top right
corner of the screen showed their current bonus earnings, six participants did not remember the possible payoffs in the experiment
correctly, and 20 participants indicated that they did not understand the nature of the extinction event (some participants failed
multiple of these checks). After these exclusions, we obtained a final sample of 173 participants (77 in the Reset condition and 96
in the Keep condition). The mean age of participants was 40.60 years (SD = 12.15). Eighty-eight participants were female and 85
male.

3.3. Materials and procedure

The materials and procedure were the same as in Experiment 1, except that we replaced the Lose condition with the Reset
condition. In addition, the position of the risky and safe choices on the screen was counterbalanced between participants.

3.4. Results

As in Experiment 1, the differences in participants’ choices across conditions were qualitatively in line with the predictions of the
optimal solutions (see Fig. 6). During the experiment, the proportion of risky choices increased in the Keep condition and decreased
in the Reset condition.

5 The preregistration is available at https://osf.io/8uas6. Note that in the preregistration, we use a previous terminology and refer to the Keep condition as
the Keep-stop condition and the Reset condition as the Lose-continue condition.

6 We initially preregistered that the main test for the role of opportunity cost neglect is whether there is a significant difference in the number of risky
choices between both conditions. However, as this test was based on a static optimal policy for the Reset condition, this is no longer the most informative test
(see section ‘Optimal Strategy for the Reset Condition’). Following the preregistration with a test comparing the average riskiness between conditions, would
come to the same conclusions.

7 This difference in optimal strategy is also why the effect of opportunity cost neglect cannot be directly tested by comparing the proportion of risky choices,
but instead requires computational modelling of the individual level strategies.
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Fig. 6. Risky choices and survival times in Experiment 2. The optimal solution for the Reset condition is based on simulating 5000 participants, which follow
the dynamic solution (Egs. (5)-(8)). The decision is executed based on a softmax decision function, as otherwise tiny differences in expected value in the first
choices would lead to deterministic switching between 0 and 1. We use a very low temperature (0.02) so that the solution is very similar to a deterministic
decision rule. The same qualitative pattern arises for a range of temperature values. In the Reset condition, participants cannot drop out; therefore, the ‘Alive
at Trial’ and ‘Alive until End’ lines are identical in this condition. For a version of this figure that shows model predictions from the fitted mixed effects model
along with 95% confidence bands see https://osf.io/mrvg7. Also see Fig. E2 for a visualisation of the optimal strategy in the Reset condition as a function of
current endowment and trial number.

We again use a mixed effects model with the same fixed effects specification as in Experiment 1 (effects of condition, linear and
quadratic effect of trial number, as well as the interactions of condition with trial number).® Consistent with the predictions of the
optimal strategies, we found a significant interaction between trial number (linear effect) and condition, y2(1) = 1372.28,p < .001,
with a positive marginal linear slope in the Keep condition, b = 2.44, 95% CI [2.11, 2.76], and a negative marginal linear slope in
the Reset condition, b = —4.46, 95% CI [—4.68, —4.24]. We further found a just below threshold significant difference between the
conditions in estimated average riskiness, z = 1.98, p = .048 (when using the maximal model, which showed convergence issues, this
difference was no longer significant, z = 1.29, p = .197), with the estimated proportion of risky choices being 40%, 95% CI [35%,
46%] in the Reset condition and 49%, 95% CI [42%, 56%] in the Keep condition.

3.5. Computational modelling results

We applied the same computational model as in Experiment 1 to investigate participants’ decision strategies on an individual
level. The model again showed good convergence (all R < 1.03). In the Keep condition, the optimal strategy still involves switching
to playing risky after trial 56. In the Reset condition, the optimal strategy involves switching in the other direction (Risky — Safe);
however, because the solution is dynamic, this switch does not always occur at the same trial. Instead, the timing of the optimal
switch point varies between participants. If participants do not take opportunity cost into account, we would expect those in the
Keep condition to start more risky than implied by the optimal strategy, and consequently fewer participants in this condition would
follow the optimal strategy.

Participants’ strategies differed considerably between conditions (see Fig. 7; y> = 57.17,p < .001). In line with the optimal
solutions, participants were more likely to switch from risky to safe in the Reset condition, and more likely to switch from safe to
risky in the Keep condition. In line with our hypothesis that participants find it easier to reason about ‘direct’ costs than opportunity
costs, more participants followed the optimal strategy (switching from risky to safe) in the Reset condition than in the Keep condition
(switching from safe to risky), y2(1) = 4.80, p = .028.

A comparison of participants’ switch points to optimal switch points suggests risk aversion in both conditions, as in Experiment
1. As shown in Fig. 8, those in the Reset condition switched from choosing risky to safe earlier than the optimal solution suggested,
1(38.85) = 3.81, p < .001, whereas those in the Keep condition descriptively switched from safe to risky later than suggested, though

8 The model also had by-participant random intercepts and initially by-participant random slopes for both the linear and the quadratic effect of trial number.
As the maximal model, showed convergence issues (degenerate Hessian with 4 negative eigenvalues) and candidate models with random slopes for only the
linear effect of trial number also did not converge without issues, we report results from a reduced model with only by-participant random intercepts. The
maximal model showed the same pattern of statistical significant effects as the reduced model, apart from the main effect of condition as indicated in the main
text. In addition to the effects reported in the main text, we also found a significant interaction effect between condition and trial number (quadratic effect),
22(1) = 15739, p < .001; Keep: b = 9.87, 95% CI [8.77, 10.97]); Reset: b = —0.72, 95% CI [-1.48, 0.04]).
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Fig. 7. Proportion of participants allocated to each of the six strategies in Experiment 2. More Participants Switch from Safe to Risky in the Reset Condition
than from Risky to Safe in the Keep Condition.
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Fig. 8. Participants’ switch points and optimal switch points for Experiment 2. Histogram of switch points for those participants that followed a single switch
strategy. Red denotes the distribution of optimal switch points in Reset and the single optimal switch point in Keep. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

this effect is not statistically significant, 7(13) = 1.32, p = .208 (this test is based on only 14 participants, three of whom switched very
early). As in Experiment 1, the slopes of those participants assigned to the gradual strategy showed the expected direction (mostly
negative in the Reset condition and mostly positive in the Keep condition, though there is more variability in the slopes in the reset
condition, see Fig. G2).

3.6. Discussion

In Experiment 2, we introduced the Reset condition, in which participants lose everything if they draw the extinction event,
but can continue to play and acquire future gains. As in Experiment 1, participants demonstrated sensitivity to the core task
characteristics and we found some alignment between individual-level strategies and the optimal solution. Furthermore, we also
found that more participants recognised the optimal single switch strategy in the Reset than in the Keep condition. This suggests
that it is possibly easier for participants to reason about ‘real’ losses (i.e., their endowment, as represented by money in the piggy
bank) than opportunity costs (i.e., not being able to continue playing and earning money).

4. Experiment 3: What psychological factors shape decisions under extinction risk?

In the first two experiments, we introduced three different definitions of extinction or catastrophic risks (Keep, Lose, & Reset)
and tested the influence of opportunity cost neglect via comparison between the Keep and Reset conditions. Experiment 3 aims to
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further demonstrate the EGT’s potential by varying features of the task within extinction conditions to test the influence of a variety
of psychological factors on decision making under extinction risk. In particular, we explore the influence of loss chasing (Gainsbury
et al., 2014; Lister et al., 2016), opportunity cost neglect (e.g., Frederick et al., 2009), and scope insensitivity (e.g., Desvousges et al.,
1993) on decision making under extinction risk. Our aim is to demonstrate the utility of the EGT for studying the influence of such
phenomena. Consequently, the following does not provide a definitive account of these phenomena, but rather a first demonstration
of how they can be investigated using the EGT.

4.1. Experiment 3a: Endowment and losses

In Experiment 3a, we extended the Lose condition by introducing small losses and a starting endowment (Lose + Endowment
condition). This new condition is identical to the Lose condition from Experiment 1, with the addition that participants now start
with a small endowment of 50p and decide between a safe lottery that has a 50% chance of winning 1p and a 50% chance of losing
1p; and a risky lottery that has a 47.5% chance of winning 10p, a 47.5% chance of losing 1p, and a 5% chance of extinction. In
other words, the Op outcome from before is now replaced with a —1p outcome.

The Lose + Endowment condition has both practical and theoretical motivations. From a practical perspective, in the real world
people usually do not start from zero but with something to lose. In addition, there is usually a possibility of small losses even under
the safe option. For instance, someone who decides not to jaywalk may risk being late for a meeting. This would likely result in
more risky choices because people often play more risky to recover from previous losses (a phenomenon termed ‘loss chasing’ in
the literature on casino gambling; Gainsbury et al. 2014, Lister et al. 2016), especially when these losses have not yet been realised
(i.e., paper losses or losses that have not yet been ‘cashed out’ in the eyes of the participant; Imas 2016). Losing money in the piggy
bank in our task would likely constitute an unrealised loss as this money has not yet been awarded to the player.

This condition additionally allows us to probe in more detail why participants’ proportion of risky choices declined during the task
and, consequently, approximated the optimal solution in the Lose condition remarkably well in Experiment 1 (Fig. 4). One possible
explanation for this decline is that participants play less riskily the higher their endowment (i.e., the more money is displayed in
the piggy bank), similar to the idea of opportunity cost neglect investigated in Experiment 2. If this was indeed the case, we would
expect fewer risky choices at the start of the Lose + Endowment condition, where there is a higher starting endowment, than in the
normal Lose condition (note that this difference would not be affected by loss chasing, as participants have not yet experienced any
losses at this point). The proportion of risky choices should, however, decline more slowly in the Lose + Endowment condition, as
participants’ endowment will not increase as quickly as in the normal Lose condition due to the —1p outcome.

Therefore, this study has two main research questions:

1. Is overall risk-seeking increased in the Lose + Endowment condition compared to the normal Lose condition? (not preregis-
tered).

2. Does the proportion of risky choices decline faster in the normal Lose condition than in the Lose + Endowment condition?
(preregistered)®

4.1.1. Participants

The study was approved by the ethics chair of UCL’s Department of Experimental Psychology (EP/2021/005). Participants were
paid £1.20 to participate in an 8 min study. On top of that base payment, participants in the normal Lose condition earned an average
bonus of £0.44 IQR [£0.00, £0.60] and in the Lose + Endowment condition £0.41 IQR [£0.00, £0.63]. Initially, 210 participants
signed up for the study. Three participants failed the attention check asking them about the total number of trials, nine failed the
check asking about the possible outcomes of the lotteries, 25 did not know what the extinction event indicated, and six did not
know what the piggy bank indicated. We also excluded three participants that seemed to have signed up twice, due to a technical
problem. After excluding participants who failed these attention checks, we were left with a final sample of 147 (76 in the normal
Lose condition and 71 in the Lose + Endowment condition). The average age was 41.21 (SD = 14.73), 72 participants were female
and 75 were male.

4.1.2. Materials and procedure

The normal Lose condition was the same as in Experiment 1. For the Lose + Endowment condition, we updated the instructions
and lottery screens to reflect the possibility of small losses, and the piggy bank on the first page of the experiment started with a
value of 50. As in Experiment 2, we counterbalanced the position of the options on the screen.

4.1.3. Results

Fig. 9 (top row) suggests that the overall proportion of risky choices was higher in the Lose + Endowment condition than in the
original Lose condition. Furthermore, as in Experiment 1, the proportion of people who survived until the end was similar to the
optimal solution in the normal Lose condition; however, it was lower than the optimal solution in the Lose + Endowment condition
(Fig. 9, bottom row), indicating greater risk-seeking in the Lose + Endowment condition.

9 The preregistration is available at https://osf.io/8dntk. If the results of this test were to be statistically significant, we would have followed up by testing
the difference at the first trial to delineate this from the influence of loss chasing.
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Fig. 9. Risky choices and survival times for Experiment 3a. The optimal solution is based on simulating 5000 participants who follow the dynamic solution
(Egs. (4)—(7)). The decision is executed based on a softmax decision function, as otherwise tiny differences in expected value in the first choices would lead to
deterministic switching between 0 and 1. We use a very low temperature (0.02) so that the solution is very similar to a deterministic decision rule. The same
qualitative pattern arises for a range of temperature values. For a version of this figure that shows model predictions from the fitted mixed effects model along
with 95% confidence bands, see https://osf.io/g6ck3.

As in the previous experiments, we used a logistic mixed effects model with effects of condition, trial number (linear & quadratic
effect), and their interaction. This indicated a significant difference in estimated average riskiness, z = 2.74,p = .006, with the
estimated proportion of risky choices being 17%, 95% CI [11%, 23%] in the normal Lose condition and 28%, 95% CI [18%, 38%]
in the Lose + Endowment condition (for comparison, the optimal would be 10% in both conditions). Further, we found no evidence
for an interaction between trial number (linear effect) and condition, x2(1) = 2.20, p = 0.138, with a negative marginal slope in both
the normal Lose condition, b = —3.30, 95% CI [—4.78, —1.81], and the Lose + Endowment condition, b = —1.88, 95% CI [-3.61,
—0.14].1° These results are consistent with RQ1 (more risky choices after the introduction of Losses) but not RQ2 (faster decrease
in risky choices in the normal Lose condition compared to the Lose + Endowment condition).

4.1.4. Computational modelling results

The model again showed good convergence (all R < 1.01). Since the optimal strategy for both conditions was virtually the
same in this experiment, we did not expect any major differences in terms of participants’ assignment to the different strategies.
In line with this, we found no evidence for differences in strategies between conditions, y*> = 3.50,p = .643 (see Appendix G for a
visualisation of the computational modelling results for this experiment).

4.1.5. Discussion

Overall, Experiment 3a provides evidence for risk-seeking after (paper) losses, as participants’ responses were more risk-seeking
in the condition including small (paper) losses (Lose + Endowment) than in the condition without such losses (Lose). Further, we
did not find evidence that participants’ risky choices are mainly determined by the amount of money in the endowment rather than
the expected value of the total game. Instead, risky choices decreased during the experiment at a similar rate for both the Lose +
Endowment and normal Lose conditions. This suggests that factors other than the endowment (e.g., exploration in the beginning of
the task) cause the reduction in risky choices during the experiment.

4.2. Experiment 3b: Varying the maximum number of trials

In Experiment 3b, we turn to another important feature of our task: unlike most other gambling tasks, the maximum number of
trials has considerable impact on the optimal strategies in the EGT. Intuitively, as the maximum number of trials decreases, less can
be lost by drawing the extinction outcome, and consequently participants should choose the risky lottery more often. A similar line
of reasoning also applies to real-world decisions under extinction risk: when more is at stake in terms of investment or future time
lost from going extinct, it becomes more important to avoid extinction risk. However, research on choice bracketing (Read et al.,

10 We also did not find a significant interaction between trial (quadratic effect) and condition (y2(1) = 0.04,p = .839) with a positive slope estimate in both
conditions (Lose: b = 1.69, 95% CI [-1.71, 5.09], Lose + Endowment: b = 2.16, 95% CI [-1.18, 5.51]).
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2000) and scope insensitivity (Kahneman et al., 1999) suggests that people may not be sufficiently sensitive to the value that could
be lost in case of extinction.

Choice bracketing refers to whether people, when faced with a sequence or set of choices, are more likely to integrate across
them (‘broad bracketing’) or to consider each of the choices in isolation (‘narrow bracketing’). People tend to view individual choices
in isolation rather than integrating across the set; that is, they exhibit narrow bracketing (Bland, 2019; Rabin & Weizsicker, 2009;
Read et al., 2000). If narrow bracketing also pertains to the EGT, it would imply insensitivity to the total number of choices. Scope
insensitivity describes a similar phenomenon whereby people do not value a good in proportion to its scope or size (Kahneman
et al., 1999). It has been shown in a variety of domains, such as contingent valuation judgment (Baron & Greene, 1996; Desvousges
et al., 1993; Kahneman & Knetsch, 1992), charitable giving (Maier et al., 2023; Vastfjdll & Slovic, 2020), or in the reaction to mass
suffering and genocides (Cameron & Payne, 2011; Dickert et al., 2015; Slovic & Vastfjéll, 2010). Like narrow bracketing, scope
insensitivity would suggest that people are not sufficiently sensitive to the amount of time that is lost by extinction (or the number
of future choices), and would therefore likely lead to deviations from optimal decision making under extinction risk.

In Experiment 3b, we investigated how people adjust their choices as the maximum trial number changes. We decided on the
maximum trial number in the different conditions based on three considerations. First, we chose maximum trial numbers that imply
a sufficient difference in optimal strategies to maximise the chance of finding an effect of maximum trial number if it is present.
Second, we tried to avoid extreme cases where the optimal solution implies always or never choosing the risky option. Third, we
wanted to retain a maximum trial number of 100 in one of the two conditions to allow a direct replication of Experiment 1.

Based on these considerations, we chose 60 and 100 as our maximum trial numbers for comparison. As the maximum remaining
trials should mostly have an effect in the Lose and Keep conditions, where earnings from a large number of future trials can be
foregone upon extinction, this experiment focuses on those two conditions. This resulted in the following four groups, with the
optimal number of risky choices indicated in brackets:

1. 60 maximum trials—Lose condition (optimal strategy ~14/60 risky choices)
2. 100 maximum trials—Lose condition (optimal strategy ~10/100 risky choices)
3. 60 maximum trials—Keep condition (optimal strategy 44/60 risky choices)

4. 100 maximum trials—Keep condition (optimal strategy 44,/100 risky choices)

Even though the difference between 60 and 100 trials might appear small, the implied difference in the proportion of risky choices
is substantial. In the Lose condition, participants should choose the risky option more than twice as often for 60 compared to 100
maximum trials (23% vs. 10% of the time), and in the Keep condition, a bit less than twice as often (73% vs. 44% of the time).
In addition to testing the effect of maximum trial number, Experiment 3b also aimed to replicate the sensitivity to the core task
characteristics found in the previous experiments (in particular, Experiment 1, which compared the same conditions but only for
100 maximum trials).
Overall, Experiment 3b tested one set of predictions and one research question:

1. Sensitivity to Extinction Condition: We expected the same effects as observed in Experiment 1. The proportion of risky
choices in the Keep conditions will be higher than in the Lose conditions. Additionally, we expect the same interaction between
Extinction Condition and trial number: Participants in the Keep conditions will increase the proportion of risky choices across
trials, whereas participants in the Lose conditions will not. (preregistered, see: https://osf.io/wesxa)

2. Sensitivity to Maximum Number of Trials: Are participants playing more risky when the maximum number of trials is
lower? (not preregistered)'!

4.2.1. Participants

Participants were paid £1.20 to participate in an 8 min study. On top of that base payment, participants in the Lose condition
earned an average bonus of £0.52 IQR [£0.00, £082] and in the Keep condition £0.77 IQR [£0.22, £1.19]. The study was approved
by the ethics chair of UCL’s Department of Experimental Psychology (EP/2021/005). Initially, 393 participants completed the study.
We excluded participants based on four different comprehension/attention checks. Four participants indicated the wrong number
of trials, 14 participants did not indicate correctly that the piggy bank in the top right corner showed their current bonus earnings,
18 participants did not remember the possible payoffs in the experiment correctly, and 65 participants indicated that they did not
understand the nature of the extinction event. Some participants failed multiple of these checks. After these exclusions, we obtained
a final sample of 305 participants. The mean age of participants was 40.35 years (SD = 13.03). 158 participants were female and
147 male. 142 participants were in the Lose condition (85 in the 60-trial condition and 57 in the 100-trial condition) and 163
participants in the Keep condition (96 in the 60-trial condition and 67 in the 100-trial condition).

4.2.2. Design, materials and procedure

The method was the same as in Experiment 1 aside from the addition of the maximum trial number manipulation (60 vs. 100),
and the counterbalancing of the position of the two lotteries (as in Experiments 2 & 3a). This resulted in a 2 x 2 (Extinction Condition
X Maximum Trials) between-participants design.

11 For this analysis, we deviate from the preregistration with an analysis that maps better onto our theoretical question. We report the preregistered analysis
in a footnote in the Results section.
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Fig. 10. Risky choices for each maximum trial number and extinction condition for Experiment 3b. In the Keep condition, the 60-trial condition is overlaid
on the 100-trial condition in such a way that they both show the same end point. Therefore, the lines for the optimal solutions exactly overlay for 60 vs.
100 Maximum Trials. The optimal solution for the Lose condition is based on simulating 5000 participants, which follow the dynamic solution (Egs. (4)—(7)).
The decision is executed based on a softmax decision function, as otherwise tiny differences in expected value in the first choices would lead to deterministic
switching between 0 and 1. We use a very low temperature (0.02) so that the solution is very similar to a deterministic decision rule. The same qualitative
pattern arises for a range of temperature values. For a version of this figure that shows model predictions from the fitted mixed effects model along with 95%
confidence bands see https://osf.io/pz7hg.

4.2.3. Results

As in Experiment 1, participants’ choices differed between the Keep and Lose conditions. In line with the optimal strategies,
participants made more risky choices at the end of the experiment in the Keep condition, whereas they made more risky choices
at the beginning of the experiment in the Lose condition (Fig. 10). Regarding the influence of Maximum Trials, we found that in
the Keep conditions, participants increased their risky choices a similar number of trials from the end of the experiment, regardless
of whether they would see a maximum of 60 or 100 trials (Fig. 10, top panels, in which the 60-trial condition has been plotted
according to the distance from the final trial). In the Lose conditions, participants played a similar proportion of risky choices in
the first 60 trials, again regardless of whether they would see a maximum of 60 or 100 trials (Fig. 10, bottom panels).

We first tested participants’ sensitivity to the Extinction Condition using a logistic mixed effects model with effects of trial number
(linear & quadratic effect), Extinction Condition, Maximum Trials, their two-way interactions, and their three-way interaction. We
standardised the trial number by subtracting the midpoint within each condition.'? As predicted, and as in Experiment 1, we found a
significant difference in the estimated average riskiness, z = 9.04, p < .001, and a significant interaction between Extinction Condition
and trial number (linear effect), y2(1) = 472.92, p < .001, with a positive marginal slope in the Keep conditions, b = 1.74, 95% CI
[1.47, 2.00], and a negative marginal slope in the Lose conditions, b = —2.17, 95% CI [-2.46, —1.89].'°

The visual pattern from Fig. 10 suggests that in the Keep conditions, participants played the same proportion of risky choices
with the same distance from the end of the experiment, whereas in the Lose conditions, participants played the same proportion
of risky choices at the same distance from the beginning of the experiment. We therefore estimated two additional mixed effects
models, one for each Extinction Condition, that compares the estimated average riskiness of the conditions with 60 maximum trials
to the estimated average riskiness in the first 60 trials (Lose) and the last 60 trials (Keep) of the conditions with 100 maximum
trials. Consistent with the visual impression from Fig. 10, this indicated no evidence for an effect of Maximum Trial Number in the
Keep conditions, z = 0.65, p = .518, nor in the Lose conditions, z = 1.51,p = .131.%*

12 gpecifically, for the 60-trial conditions: trial Nr,
ranging from 1 to 100 is 50.5 not 50).

13 We further found a significant interaction between trial number (quadratic term) and condition y2(1) = 23.24; Keep: b = 6.25, 95% CI [5.37, 7.13]; Lose:
b=12.75, 95% CI [1.78, 3.72]. These results were based on a random intercepts only model. The maximal model, which showed convergence issues (Hessians with
negative Eigenvalues) lead to the same conclusions. Further, in this experiment, we preregistered only a linear effect of trial number. Removing the quadratic
effect of trial number lead to the same conclusions.

= (trial Nr —30.5) and the 100-trial conditions: trial Nry,, = (trial Nr — 50.5) (Note that the mean of trials

stan stan

14 Testing for an effect of maximum trial number using the first GLMM (i.e., the one used to test for the main effect of Extinction Condition), shows evidence
for an effect of Maximum Trial Number in the Lose condition, z = 2.34, p = .020, but not in the Keep condition, z = 0.15, p = 0.883. The reason is that this analysis
does not compare matching trials but rather compares the estimated average riskiness across 60 trials in the 60-trial condition to the estimated average riskiness
across 100 trials in the 100-trial condition.
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4.2.4. Computational modelling results

The models again showed good convergence (all R < 1.01). As in Experiment 1, we found a significant difference in strategies
employed between Extinction Conditions, y*> = 33.31,p < .001. More participants followed the risky strategy and the safe to risky
switch strategy in the Keep than in the Lose conditions. We found no evidence for an impact of the Maximum Trial Number on
the employed strategy (Lose: y? = 7.39,p = .191, Keep: y2 = 3.18,p = .682; see Appendix G for visualisations of the strategies as a
function of Extinction Condition and Maximum Trial Number).

4.2.5. Discussion

Experiment 3b replicated the findings of Experiment 1, where participants responded to the differences between the extinction
conditions in ways that are qualitatively in line with the optimal strategies (i.e., they increased risky choices towards the end of
the experiment in the Keep but not in the Lose conditions). Regarding the impact of the maximum trial number, our results suggest
that in the Lose conditions, participants’ choices depended on the number of trials already played (independent of the maximum
trial number), while in the Keep conditions, their choices depended on the number of trials remaining (again independent of the
maximum trial number). These results are consistent with the hypothesis that choice bracketing and scope insensitivity may lead
people to be insensitive to the maximum trial number.

However, in addition to this insensitivity, participants’ behaviour also showed a surprisingly adaptive element in the Keep
conditions, which diminishes deviation from optimality: they switched at a constant distance from the last trial (rather than, for
instance, after a constant proportion of trials). Therefore, insensitivity to trial number only leads to a deviation from optimality in
the Lose conditions, where the number of risky choices changes as the number of trials reduces. Participants in this condition played
somewhat too safely when the maximum trial number is reduced (since the optimal strategy implies more risky choices for fewer
trials, red dotted line in Fig. 10). In the Keep conditions, insensitivity to trial number leads to well-calibrated behaviour, because
people switch on average with the same distance from the end, a behaviour that is aligned with the optimal strategy (black line in
Fig. 10).

5. General discussion

This paper aimed to advance our understanding of decision making in the face of irredeemable losses—namely, extinction risks.
We proposed three definitions of extinction or catastrophic risk for study in a decision making task: (1) Lose, where all endowment
is wiped out upon extinction and the participant cannot earn any payoffs for trials after the extinction event; (2) Keep, where the
endowment is retained upon extinction, but the participant cannot earn any payoffs for trials after the extinction event; and (3)
Reset, where the endowment is wiped out, but the participant can continue playing. We derived optimal strategies for these three
definitions and operationalised them in a new experimental paradigm, the Extinction Gambling Task (EGT).

Leveraging the EGT and the computational models developed for it, we were able to obtain a nuanced understanding of people’s
choices in the task, which highlights both strengths and weaknesses in human decision making under extinction risk. On the positive
side, the strategies employed by participants indicated a general qualitative understanding of the differences between extinction
conditions. However, our studies also indicate several deficits: consistent with opportunity cost neglect (Frederick et al., 2009),
we found that people are more in line with the optimal strategy and less risk-seeking when their endowment is at stake than
when the opportunity to keep playing is at stake (Experiment 2); in line with research on loss chasing (Gainsbury et al., 2014;
Lister et al., 2016), we found that introducing losses leads to excessive risk-taking (Experiment 3a); in line with research on scope
insensitivity (Desvousges et al., 1993) and choice bracketing (Read et al., 2000), we found that participants in the Lose condition
are not appropriately sensitive to the maximum trial number (Experiment 3b).

A pertinent question concerns how the results from the ‘small world’ (Savage, 1972, pp. 82-91) of our task relate to decision
making about extinction risk in the real world. There are several real-world examples suggesting that people might be dealing
with extinction risks rather poorly (e.g., Wiener, 2016). For instance, despite the recent pandemic and the possibility of another
more deadly pandemic during our lifetimes (Marani et al., 2021), governments’ investment in pandemic preparedness is relatively
small compared to other areas of spending (Clark et al., 2022; Michael & Mark, 2024). Some of our findings are consistent with
poor decision making about extinction risks. Specifically, people’s choices in our task are affected by irrelevant factors (e.g., the
introduction of losses and endowment in Experiment 3a), and sometimes participants are not sufficiently sensitive to other factors
that should affect decision making (e.g., the total number of trials in the Lose condition of Experiment 3b). Some of the phenomena
that we document have also been found in more realistic (albeit less controlled) settings (e.g., Coleman et al., 2023; Slovic & Weber,
2013). These observations suggest that the task may indeed be appropriate for isolating psychological factors that affect real-world
decision making.

However, we do not only find limitations in human decision making. Participants were relatively good in terms of the
qualitative strategies that they employed and they were sensitive to the differences between extinction conditions. To the extent
that people make reasonably good decisions in our task but bad decisions in a corresponding real-world scenario, this would suggest
shortcomings in real-world decisions other than an inability to understand the nature of the risk. In the next paragraphs, we outline
several modifications of our task that may further the understanding of decision making under extinction risk,

5.1. Where next? The future of the extinction gambling task
The current experiments, and the current version of the EGT, provide a starting point for research into decision making under

extinction risk. The task offers a flexible framework that can be extended to address a wide range of theoretical and applied questions
in both individual and collective decision making. Here, we outline some directions for future research using the EGT.
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5.1.1. Answering theoretical and practical questions in different risk-taking domains

Within the EGT, decisions under extinction risk are investigated via monetary gambles. This has a variety of advantages, in
particular the ability to derive optimal strategies and compare participants’ behaviour to them. However, our results should therefore
be interpreted cautiously as speaking most directly to decisions under extinction risk within this domain. The observed choice
patterns may be substantially different when examining different domains, types of gambles, or increasing the stakes (Blais &
Weber, 2006; Camerer & Hogarth, 1999; Hertwig & Ortmann, 2001; Weber et al., 2002). The task could therefore be modified
to investigate these differences. For instance, one could imagine a version with a realistic cover story related to pandemic response,
where not locking down an area would correspond to the risky option, which can result in a large-scale outbreak or a global
pandemic (corresponding to an extinction event), but in the more likely event that an outbreak does not happen, may lead to more
economic activity and fewer people affected by control measures. Such modifications would allow bridging the gap between the
current financial gambles and decision making under extinction risk in specific real-world domains. In general, decisions under
extinction risk can be made increasingly more realistic by giving up internal validity for increased external validity: first, one could
introduce realistic cover stories, while retaining the information about monetary outcomes (so it is still possible to calculate optimal
strategies); second, one could create a purely hypothetical task with a realistic cover story but no monetary element; third, one
could investigate risky-choices in the real world and see whether age-related changes reflect patterns of optimal strategies in our
task.

Future work might additionally explore changes of the task structure, for instance by introducing multiplicative rather than
additive payoffs (e.g., one’s wealth grows by a constant percentage every trial if one does not go extinct), variable risk over trials,
situations where an extinction event is possible for both lotteries, or allowing players to invest some money in order to reduce the
risk. This creates further links to research in fields adjacent to psychology, particularly optimal foraging theory (Stephens & Krebs,
1986) and economics, and allows modelling behaviours such as saving for retirement (Pensions, 2024; Vanguard, 2021), saving in
preparation for potential unexpected costs (Wang-Ly & Newell, 2024), and investment portfolio choice. Indeed, we can already see
links between the present findings and commonly observed effects in these domains. For example, in investment portfolio choice,
the finding that wealthier individuals typically invest in more risky assets (Guiso & Paiella, 2008; Peress, 2004) is reminiscent of
the increase in riskiness during the task in the Keep condition (though important differences remain in terms of the implied optimal
strategies and the observed behaviour, for instance the Keep condition has an optimal single switch strategy, which is not applicable
in portfolio choice).

Further, the EGT could be modified to test to what extent people follow through on their planned behaviour and how this affects
decision making about extinction risks. In the experiments reported here, participants engaged with the EGT dynamically (i.e., they
experienced the outcomes of their choices in each trial before making the decision for the next trial). We argue that this dynamic
implementation mimics the way people make most decisions under extinction risk in the real world. Consequently, the EGT should
be prone to some of the same biases that operate in real-world decision making under extinction risk, in particular, survivorship
or observer selection effects (e.g., when alive, one has never experienced a fatal event). Previous work has investigated decision
making about extreme risks in static setups (i.e., all choices are specified in advance; Perfors and Van Dam 2018) or a combination
of static and dynamic setups (Crosetto & Filippin, 2013). Moving forward, it would be interesting to leverage the dynamic aspect
of the EGT to study discrepancies between planned and on-the-spot actions, also known as dynamic inconsistencies (e.g., Barkan &
Busemeyer, 1999; Cubitt et al., 1998; Hotaling & Kellen, 2022).

Finally, all elements of the task were known to participants in our experiments (maximum trial number, payoffs and probabilities,
and current endowment), as this information is required to calculate the optimal strategies. Future work could investigate what
happens when information about these factors is reduced. Regarding the endowment, removing the display may reduce participants’
ability to take their accumulated earnings into account, which could increase risk-taking, whereas not knowing the probabilities and
outcomes could reduce risk-taking, similarly to ambiguity aversion (Ellsberg, 1961). The effect of not knowing the maximum trial
number is more difficult to predict and would likely depend on people’s prior beliefs.

5.1.2. Studying collective and social decisions

Many of the extinction risks that people are exposed to are collective rather than individual risks. For instance, when taking
measures to mitigate climate change, if one country does not reduce its emissions but other countries do, this country could “free
ride” and enjoy the benefits of mitigated climate change without the cost of reducing its own emissions. Public goods tasks that
study cooperation in the context of preserving resources for the next generation (Hauser et al., 2014; Jacquet et al., 2013) find that,
absent any interventions to improve cooperation, defection is usually too high to preserve the public good. In order to investigate
collective decisions under extinction risk, we are currently working on adapting the task into a public goods game, where players
play in groups of five. In this type of task, choosing the risky option constitutes a form of defection as the player who plays risky
accumulates all the payoffs from the risky decision themselves, but if they draw the extinction option, the whole group will go
extinct. By comparing risk-taking in the individual-level task to risk-taking in the collective task, we can quantify to what extent
non-optimal decision making about extinction risk is driven by cooperation problems. Additionally, a collective task will allow us to
test interventions to improve collective decision making, such as median voting (Hauser et al., 2014) or increased communication
between participants.

Another way in which the EGT could be modified to account for social interactions is by incorporating competition between
different players, which would be similar to some existing dice games, and has been shown to affect risky choices in previous work
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(Schulze et al., 2015).'> A competitive setup would introduce additional game-theoretic elements as the optimal strategy in this type
of game also depends on what the other players would choose. For example, if the other players are very risky and likely to go extinct,
one can win easily by being safe; on the other hand, if the other players follow a safer strategy, it becomes optimal to play more risky
to increase variance and have a chance of achieving a score that is higher than each of the other players. These competitive dynamics
may play out in real-world decisions, such as when multiple companies compete to develop a potentially dangerous technology. The
competitive setup would allow us to test to what extent risk-taking is increased compared to the individual level game and allow
testing interventions to reduce risk-taking (e.g., communication and contracts between the players).

5.1.3. Can the task be used to measure individual differences?

The EGT as implemented in this paper was not designed for measuring individual differences and we caution against directly
using the task as individual difference measure, as the current one-shot setup with a single block and one extinction event likely has
low reliability. Reliability could, however, be increased by chaining the current task multiple times in a row. The current duration
of the main part of the task is around 6 min, so chaining the task would be feasible in terms of duration and participant engagement.
However, creating a multi-block version would distort the nature of the extinction event, as it would not wipe out all earnings, but
only the earnings for this block. It would also allow participants to learn from their experiences of extinction events. Both of these
properties are in conflict with the definition of extinction events we outlined in the introduction. Future research investigating the
potential differences between repeated and one-shot designs is therefore necessary before versions of the task that are suitable for
measuring individual differences can be employed.

These extensions of the EGT go hand in hand with extensions to the modelling of the choice data on an individual level. The
(dependent) mixture model employed here can be considered a descriptive or measurement model that allows us to classify the
strategies based on the choice data, but the parameters of the model do not have a straightforward psychological interpretation.
In future work, it would be interesting to consider process models, for instance, reinforcement learning models ((Watkins, 1989;
Watkins & Dayan, 1992), especially so for modifications of the task without known probabilities and/or payoffs), or risky choice
models (Palma et al., 2008; Krueger et al., 2024; Tversky & Kahneman, 1992). However, when applying risky choice models,
additional questions arise, such as whether risk aversion should operate on a per-trial basis or over the whole set of choices in
the task. To address these questions, one could compare responses and parameter estimates between the EGT and decisions in a
risky-choice task not involving extinction risk.

5.2. Closing remarks

Until now, little psychological research has investigated decisions under extinction risk. This paper introduced the Extinction
Gambling Task (EGT) as the first paradigm designed to study these decisions. While our findings offer valuable psychological insights,
the primary aim of this work was to lay a robust foundation for future research in this area. Given the applied relevance of decisions
under extinction risk, it is important to consider the usefulness of a laboratory task like the EGT. Some researchers have argued that
much of decision-making research has had very limited real-world impact, owing to its emphasis on task designs tailored to testing
formal models in artificial settings rather than examining truly “consequential decisions” (Weiss & Shanteau, 2021). While the study
of consequential decisions is indeed vital, we contend that meaningful laboratory tasks can serve this goal, provided they capture
features that are genuinely relevant to real-world decision contexts (for relevant discussions, see Fiedler, 2018; Garcia-Marques
& Ferreira, 2018). The EGT has been developed primarily with this goal in mind. The computational modelling conducted here
was designed to understand the nuances in the observed choice data, rather than for testing different formal models. This enables
researchers to observe individual choice strategies in scenarios with meaningful features that isolate key properties of decisions
under extinction risk, such as repeated choice opportunities, wealth accumulation, and the possibility of irredeemable outcomes.
Given how these features map onto real-world scenarios, we are optimistic about the EGT’s potential for facilitating scientific insight.
We hope that our work and the development of the EGT will help to bring much-needed research attention to a significant domain
that has been largely ignored.
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Appendix A. Existing paradigms and their limitations

Among the most popular paradigms (for a recent overview, see Pedroni et al., 2017), the Balloon Analogue Risk Task (BART)
stands out as including something resembling an extinction event (Lejuez et al., 2003, 2002; Pleskac, 2008; Pleskac et al., 2008;

15 For instance, in “Pass the Pigs”, two players need to roll a set of two-pigs and are scored depending on which side the pig falls on. For a mathematical
treatment, see https://www.youtube.com/watch?v=ULhRLGz0XQO.

20


https://www.youtube.com/watch?v=ULhRLGzoXQ0

M. Maier et al. Cognitive Psychology 159 (2025) 101735

Wallsten et al., 2005). In the BART, participants’ earnings increase each time they pump a balloon. Each additional pump, however,
risks bursting the balloon and earning nothing. While the bursting of the balloon might be viewed as an extinction event, the BART
does not capture how people reason about the types of extinction risks described above. This is because the losses are limited
to that specific balloon trial, leaving the earnings from past — and future — balloons unaffected. Also, the BART imposes a strong
relationship between choice and event probabilities: the more you pump, the greater the chances that the balloon will pop at each
subsequent pump. However, in many real-life examples, the frequency of committing a risky act does not necessarily increase the
risk of extinction with each subsequent action. That is, ceteris paribus, your 20th jaywalk is not more risky than your 1st.

The Bomb Risk Elicitation Task (BRET, Crosetto & Filippin, 2013) is another paradigm worth highlighting. In this task,
participants decide how many boxes to collect out of 100. One of these boxes contains a bomb. Participants receive more earnings
with each box they collect, but if they happen to collect the box containing the bomb, their earnings are reduced to zero. The
BRET can be administered in a static and a dynamic version. In the static version, people specify the number of boxes to collect in
advance. In the dynamic version, one box is collected every second until the participant presses the stop button. While the BRET
has been shown to be a useful tool to study risky choices in general, it was not designed to apply to extinction risks and differs
from decisions involving extinction risks in at least two respects. First, exactly one extinction outcome is among the set of options
with certainty. This, again, results in a dependency between the number of boxes selected and the probability of finding the bomb,
similar to the BART. Second, in the BRET, participants either choose the number of boxes they wish to collect in advance, or observe
boxes being collected sequentially (without making an active decision on each instance) until they decide to hit the stop button.
Both of these versions are quite different from real-life decisions about extinction risks, such as jaywalking, which involve repeated
choices between different options.

Because of the growing interest in human action in the face of extreme risks (for theoretical papers see e.g., Slovic & Weber, 2013;
Sundh, 2024; Weber, 2006), it is unsurprising that the need for experimental research has been recognised: Perfors and Van Dam
(2018) proposed a new choice paradigm in which people make repeated choices under the risk of extreme black swan events that
completely wipe out their accumulated earnings. Specifically, participants first executed a single choice and then (without feedback
from their first choice) specified a policy according to which they would choose 2000 times in a row. The riskier lottery included a
small-probability event that wiped out all previous earnings. However, these black swan events cannot be considered to be extinction
events as defined in this paper (where losses are unrecoverable), given that participants were still able to accumulate future gains.
Also, the initial commitment to a specific number of risky choices prevents any influence of experience and the investigation of how
people frame and adjust their choices across trials (e.g., Bland, 2019; Rabin & Weizsacker, 2009; Read et al., 2000). Further, Elga
et al. (2024) discuss resource allocation in the face of extinction risks; however, their results mostly apply to scenarios where the
risk is very high, and the number of repeated choices is low, which is different from the setup proposed in our paper and extinction
risks in the real-world.

Appendix B. Expected value vs. Expected utility optimal strategies for the three conditions

See Fig. B1.
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Fig. B1. Optimal strategies according to expected value vs. expected utility. Payoffs, probabilities and trial number are the same as in Experiments 1 and 2.
We used an exponential function to model the diminishing returns with an exponent of 0.66 based on Kellen et al. (2016).
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Appendix C. A priori (non-dynamic) optimal strategy for the lose condition

What if people do not take the current endowment into account to dynamically adjust the optimal strategy but instead commit
to a single number of risky choices in advance, which they play? We can model this type of a priori expected value of different
numbers of risky choices in the complete extinction case using Eq. (9),

EV, priori(Nrisky) = (;t, safe X (Ntotal — Nrisky) + ;t, risky X Nrisky
J/ J/

Expected value of safe Expected value of risky
trials if survival trials if survival (C))
N
+ Z )X pls)" sy
———

Endowment Total probability of survival

Ty, safe denotes the expected value of choosing the safe lottery. 7, g, denotes the expected value of chosing the risky lottery
(assuming the player does not go extinct). Ny, denotes the total number of trials of the experiment. Nyq, denotes the number of
risky trials being played. p(s) denotes the probability of surviving (i.e., 1 — p(extinction)) when playing the risky gamble. Finally, Z
denotes the endowment. When starting in the first trial with zero endowment this term is simply set to zero.

Based on this expected value the optimal a priori number of risky choices is simply

argmax EV, priori(Nrisky)' (10
Nrisky
Notably, the difference in terms of expected payoff between the dynamic and the a priori strategy is relatively small. For the
payoffs and probabilities used in Experiment 1, the expected payoff following the dynamic strategy would be 57.87p, whereas the
expected payoff following the a priori strategy would be 57.05p.

C.1. Estimating false positive rate and power

To estimate the statistical power of our design and to verify that our analysis would indeed accurately capture the data generating
fixed effects between conditions in the presence of selection effects, we conducted a simulation-based power analysis for mixed
effects models. While the R script shared on the OSF page can easily be adapted for a variety of settings, this appendix focuses on
the setting of an interaction between trial number and extinction condition as well as a main effect of extinction condition (similar
to Experiment 1). We simulated from a trial number slope, which starts from a probability of selecting the risky option of .5 in the
first trial, declining to .05 during the experiment in Condition A, while it increases from 0.05 to 0.5 in Condition B. Further, we
added a main effect of condition, whereby condition B is shifted by 1 on the logit scale (in comparison, the condition effect found
in Experiment 1 was 1.12). We simulated from models without this main effect to assess the false positive rate and from models
with this main effect to assess the statistical power. The random intercepts and slopes of trial number were 1 on the logit scale. We
assume a sample size of 80 per condition. We also compared the mixed effects model approach to simply #-testing the difference in
the proportion of risky choices between conditions. We repeated each condition 1000 times.

Table C1 summarises the results. The first two columns show the performance of both models when there is no selection. This
indicates an almost nominal error rate, calibrated estimates and good power to detect an effect. The second two columns show what
happens if we introduce selection effects (i.e., a chance of dropping out when choosing the risky option). The performance of the
mixed effects models is similar, with slightly lower power due to the reduced number of trials. We can also see a slightly above
nominal error rate, likely due to non-convergence of some models. In the manuscript, we always compare to a reduced, converged
random effects structure in this case. However, merely t-testing the difference in proportions between conditions dramatically
increases the error rate as the selective dropout distorts the simple proportion estimates (unlike the mixed model, which can account
for this through modelling the trial number effect) and actually has a higher chance of claiming an effect when there is none than
when one is present (due to the different starting points form the fixed slope and the condition effects cancelling each other out
under selection).

Table C1

Power analysis for mixed model and t-testing proportions.
Selection No Yes
True condition difference (logit) 0 1 0 1
Power mixed model 3.9% >99.9% 6.4% >99.9%
Power difference between proportions 4.1% >99.9% >99.9% 73%
Estimate mixed model (probability) 0.00* 0.16* 0.01* 0.18*
Estimate difference between proportions 0.00* 0.16* 0.22* -.10*

Note. Estimates indicated with * are on linear probability scale rather than logodds scale.
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Appendix D. Full model specification and implementation

D.1. Full model specification

Our model had the three following response models that describe the probability of choosing risky (p(r)) either in terms of a
constant probability or as a function of the current trial number (7):

P(z|safe st.) = logit(a,;)™! x 0.2 (Safe State) an
P(r|reg. st.) = logit(a,, ; + Breq X Nesial) ™! (Logistic Regression State) 12)
P(x|risky st.) = logit(a, )~ x 0.2+ 0.8 (Risky State) (13)

Nyja1 denotes the trial number. We used a hierarchical implementation for a;, @, ., and f,,, with random intercepts and
random slopes. We did not directly model the covariation between intercepts and slopes, as this would increase the number of
parameters that need to be estimated, considerably, impeding model convergence.

We then introduced a hidden Markov model component that allowed transitions between the safe and the risky states to model
the switch points. However, as described above, we did not allow switches to and away from the regression state. The transition
matrix below shows the structure of the model with the rows and columns being ordered as (1) safe, (2) regression, (3) risky and
 denoting the probability of staying in the safe or risky state once in it:

w 0 (1-w)
ry=( o 1 o 14)
1l-w) O [
Finally, the starting probability for each state is denoted by the uniform three-dimensional simplex p with a separate p estimated
for each participant (i.e., no hierarchical structure for p).

D.1.1. Prior distributions
For the grand mean and standard deviation on all « and # we always use a normal and half-normal distribution:
u ~ normal(0,1) (15)
¢ ~normal(0,1), (16)
For the transition probabilities simplex [w, 1 — w] we use
[w,1 — @] ~ Dirichlet(30,1), a7
which is equivalent to
o ~ beta(30,1), (18)

and reflects the assumption that participants who are in a certain state (i.e., play mostly risky or mostly safe) are more likely to
play risky or safe again in the next trial than to change the state. Finally, the initial state probability has the uniform prior

p ~ Dirichlet(1, 1, 1) (19

D.1.2. Implementation

We implemented the model in cmdstan (version, 2.34.1 cite) and fitted it using cmdstanr (Version 0.6.1, cite). We ran each
modelith 1000-3000 warmup iterations and 2000-6000 sampling iterations (for Experiments 1 and 3 we ran 3000 iterations, of
which 1000 were warmup iterations using adapt delta = 0.95. For Experiment 2 we run 9000 iterations with 3000 warmup iterations
using adapt delta = 0.98). For Experiment 4, we run 9000 iterations, 3000 warmup with adapt delta .95 in the Lose condition and
adapt delta .98 in the Keep condition). All R were smaller 1.03.6

16 For Experiment 1 all Rhats were smaller 1.01, for Experiment 2 all Rhats were smaller 1.03, for Experiment 3a all Rhats were smaller 1.01, for Experiment
3b all Rhats were smaller than 1.02.
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Appendix E. Heatmaps of optimal choice as a function of endowment and trial number

See Figs. E1 and E2.

A: Deterministic Recursion B: Apply Softmax to Deterministic
200- 200-
150 - Choice 150 - Probs
1.00 1.00
5 5
2 075 2 0.75
£ 100- 2 100-
3 050 3 0.50
C c
w 025 W 0.25
50- 0.00 50-
0- 0-
0 25 5 75 100 0 25 5 75 100
Trials_Played Trials_Played
C: Softmax Recursion
200-
150 - Probs
1.00
-
5]
E o 0.75
ke 0.50
[ =
- 0.25
50-
0_

1 1 1 1
0 25 50 75 100
Trials_Played

Fig. E1. Heatmaps visualising the optimal choice as a function of trial number and money for Experiment 1 - Lose Condition. Panel A shows a surprising
pattern, where there is no clear boundary between playing safe and risky choices. Panels B and C help us understand the reason for this by using a softmax
transformation to derive choice probabilities based on the expected value of the two options with a very low temperature of 0.02. Panel B applies a softmax
transformation to the deterministic recursive function, while Panel C uses a recursive softmax function directly. Comparing both of these panels to Panel A
suggests that in a large area of the parameter space, there is almost no difference between playing safe and playing risky in terms of the dynamic solution. So

the pattern of Panel A is the result of only tiny differences in EV between the safe and risky option that can flip based on how sequences of choices starting
from a certain tile make it easier to reach the safe vs. risky state.

24



M. Maier et al.

200-

150 -

100 =

Endowment

50~

0=
0 25 5 75
Trials_Played

100

Choice
1.00

0.75
0.50
0.25

0.00

Cognitive Psychology 159 (2025) 101735

Fig. E2. Heatmap visualising the optimal choice as a function of trial number and money for Experiment 2 - reset condition.
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Appendix F. Comparison of posterior predictions and data

See Figs. F1 and F2.

Hi of Risky Resp by Condition and Trial Bin (10 trials each)
1 2 3 4 5 6

7 8
20751
2 0.50- o
3 I
o ozsrl
0.00- i v v i i

R A I R I I T I T T T S T N S e N N N S R N N S N S R N S
S L LS FPFLL ST PELL I LPELL TP LS LS P LSS P L LSS PSS PSS

Proportion Risky

1 7 8
075+
2
2 0.50- o
5
a ozsrl
0,00~

3 © An) “ O P » s) ) L o In) o L » An) ] O O o S el L o AN) o O P o s) ) L o IN) o P N3 AN) ] O o S el O
QQ “(1/ Q% D/\ \Q QQ D’L Q") Q/\ \Q QQ Q"/ Db Q\ \Q DQ 0'1/ Q”’ Q/\ \Q Q“ Q’L Q‘o “’\ \ﬁ QQ “‘1/ Q% h/\ \Q QQ h’b Q") Q/\ \Q QQ Q{‘/ QV: Q\ \Q DQ 0'1/ “’0 04 \Q %“ Q’L ) “’\ \§
Proportion Risky

1 2 3 4 5 6 7 8 9 10
0.75-
2
3 050+ -
]
Bo2s I
0.00 -

I O T I I I R I T W R S R T T R S S R S R S R N R S I
KA IR A SO T R I s S R IC U SIC DRCSICRRICE U RO
Proportion Risky

Fig. F1. Model predictions vs. data in the lose condition (Exp. 1). Histograms show the distribution of risky choices within ten trials. For example, panel “1”
shows the distribution of average probabilities to make a risky choice across participants for trials 1 to 10. The top row indicates the data and the rows 2 and
3 below each show one random draw from the posterior predictive distribution.
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Fig. F2. Model predictions vs. data in the keep condition (Exp. 1). Histograms show the distribution of risky choices within ten trials. For example, panel “1”

shows the distribution of average probabilities to make a risky choice across participants for trials 1 to 10. The top row indicates the data and the rows 2 and
3 below each show one random draw from the posterior predictive distribution.
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Appendix G. Additional results

G.1. Visualisation of additional variables for Experiment 1

See Fig. G1.
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Fig. G1. Number of risky choices, proportion of risky choices, trial number of first risky choice, and money earned between conditions for Experiment 1. The red
dots in the bottom right panel indicate how much money an agent following the optimal strategy would make on average. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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G.2. Beta coefficients for Experiment 2

See Fig. G2.
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Fig. G2. Beta coefficients of those participants assigned to the gradual strategy.

G.3. Computational modelling results for Experiment 3

See Fig. G3.
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Fig. G3. Introducing endowment and losses does not affect the strategies participants employ.
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G.4. Computational modelling results for Experiment 4

See Figs. G4-G6.
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Fig. G6. Switch points in comparison to the optimal switch point in the keep condition.
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Appendix H. Supplementary data
Supplementary material related to this article can be found online at https://doi.org/10.1016/j.cogpsych.2025.101735.
Data availability

Decision Making Under Extinction Risk (Original data) (OSF)
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