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Abstract: Predictability is a hallmark of poor-quality decision-making during competition. One source
of predictability is the strong association between current outcome and future action, as dictated by
the reinforcement learning principles of win–stay and lose–shift. We tested the idea that predictability
could be reduced during competition by weakening the associations between outcome and action.
To do this, participants completed a competitive zero-sum game in which the opponent from the
current trial was either replayed (opponent repeat) thereby strengthening the association, or, replaced
(opponent change) by a different competitor thereby weakening the association. We observed that
win–stay behavior was reduced during opponent change trials but lose–shiftbehavior remained
reliably predictable. Consistent with the group data, the number of individuals who exhibited
predictable behavior following wins decreased for opponent change relative to opponent repeat
trials. Our data show that future actions are more under internal control following positive relative to
negative outcomes, and that externally breaking the bonds between outcome and action via opponent
association also allows us to become less prone to exploitation.

Keywords: win–stay; lose–shift; Rock-Paper-Scissors; mixed-strategy; associative learning

1. Introduction

During competition, we aim to exploit others and avoid exploitation. With imperfect or hidden
information regarding one’s opponent [1], the only way to guarantee the absence of exploitation in
zero-sum games is to behave according to mixed-strategy (MS) [2–5]. Here, all actions must be equally
likely in the long run and the selection of the next action must not be contingent on the outcome of the
previous action. However, humans reliably deviate from MS due to the high cognitive load demanded
by this strategy, and, contrary expectations about the correlated nature of outcome distribution in the
real world [6,7]. These deviations (see [8], for a review) are often expressed via the operant conditioning
(reinforcement learning) principles of win–stay and lose–shift [9]. If we are more likely to repeat an
action following success or more likely to change an action following failure, then this increases both
predictability and the chance of future exploitation.

Research from economics, evolutionary and cognitive psychology, all point to MS adherence
being less likely following negative rather than positive outcomes. From an economic point-of-view,
losses are over-weighted relative to gains even when both type of outcome have equivalent objective
value [10]. From an evolutionary point-of-view, organisms cannot “afford to learn to avoid,” given the
potentially fatal consequences of failure [11,12]. Due to the increased impact of harm following loss
relative to the impact of gain following win, it is reasonable that there is a reliable and automatic
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response following loss in which the previous behavior is changed (i.e., lose–shift; [13,14]). From a
cognitive point-of-view, failure states are naturally linked to the generation of negative affect that
compromise the quality of future actions [15–18]. An unwillingness to remain in a failure state also
leads to a reduction in decision-making time following loss (e.g., [19–24]). This can also give rise
to more predictable responding, as seen in the increases in lose–shift behavior relative to win–stay
behavior, compared against the values expected by MS performance (e.g., [25,26]). While there are
also contexts in which win–stay behavior is more in evidence than lose–shift behavior (e.g., [27,28]),
the present concern is the degree to which individuals can regulate the expression of win–stay and
lose–shift, and what environmental features might trigger them into doing so.

For example, in manipulating the value of wins and losses in a zero-sum game, [29] showed
differences in the flexibility of behavioral and neural responses following positive and negative
outcomes. Specifically, the degree of win–stay (but not lose–shift) increased when differential values
were assigned to wins and losses (e.g., +2 vs. −1, or, +1 vs. −2, both compared with a baseline condition
of +1 vs. −1; see also [14]). Moreover, neural responses to outcome indexed by an early event-related
potential (ERP) known as feedback-related negativity (FRN; [1]) fluctuate as a function of the value
of wins but not losses (see also [30,31], in the context of positive and negative outcome probability
manipulations). Therefore, the neural and cognitive state afforded by success allows for greater
flexibility in the expression of win–stay behavior, relative to the neural and cognitive state afforded by
failure and the expression of lose–shift behavior. Since the dynamics of competitive decision-making
clearly contact with real-world domains such as problem gambling [32–34], it is important to consider
how we can reduce the frequency with which individuals offer themselves up for exploitation. In the
current paper, we test the ideas that a) breaking the associative bonds between current outcome and
future action by deliberately switching (rather than repeating) opponents across consecutive trials
should weaken traditional reinforcement learning rules, and, b) because of the flexibility of win–stay
relative to lose–shift this reduction should be more apparent in the former rule than the latter rule.

Knowledge of opponent structure has previously been discussed in the context of one-shot games,
where it is assumed that the participant will only have to interact with any given opponent once.
Of note are the predictions that arise from normative models of decision-making during one-shot
games in which, logically, participants should always defect in the Prisoner’s Dilemma (e.g., [35]), and,
should always offer the smallest proportion of money available to the other player in the Ultimatum
game (e.g., [36]). Despite this, there is a surprising amount of ‘economically irrational’ and cooperative
behavior exhibited in one-shot games [33]. While individuals in one-shot games behave more cautiously
than predicted—as though they are actually treating the game as repeated and may have to encounter
any given opponent again—there remain important distinctions between one-shot and repeated games.
To quote [37], p. 190, italics in original: “ . . . when people first think about repeated games, they often
fall into the trap of assuming that any theoretical conclusions about a one-shot game can be applied to
each repetition of it by the same players. The supergame that results when a stage game is repeated a
number of times is, in fact, a new game with its own equilibrium points, and conclusions about the
stage game cannot be applied straightforwardly to the supergame. Psychologically, however, players
frequently think about each repetition as a separate game . . . ”.

Thus, if participants adopt the stance that each round in a repeated game is independent as
suggested by [37], this should weaken the associations between the outcome on the previous trial
and the action of the current trial (such as win–stay, lose–shift). In contrast, if participants adopt the
stance that each round is interdependent, this should strengthen these associations. As an explicit
test of these two different positions, we introduced participants to multiple opponents across the
same number of trials, but manipulated the organization of their appearance: half the opponents
always reappeared on the very next trial representing proximal ‘two-shot’ encounters (interdependent;
opponent repeat), and the other half always switched to another opponent on the very next trial
representing distributed ‘one-shot’ encounters (independent; opponent switch). Under conditions
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of opponent switch, we expect the associations between current outcome and future action to be
weakened, thereby yielding less win-stay behavior1.

2. Method

2.1. Participants

80 individuals completed the study across Experiments 1 and 2:40 (Experiment 1; 27 women,
36 right-handed; mean age = 20.85, sd = 1.44) at the University of Sussex under the School of
Psychology approved ethics protocol ER/VS247/1, and, 40 (Experiment 2; 27 women, 36 right-handed;
mean age = 20.85, sd = 1.44) at the University of Alberta under the Research Ethics Board 2 approved
protocol PRO00086111. A £25 Amazon voucher was randomly allocated to one participant in
Experiment 1; course credit was allocated in Experiment 2.

2.2. Stimuli and Apparatus

Eight cartoon-style avatars sourced from Freepik.com were used to represent each of the opponents
(approximate on-screen size 4.5 cm × 4.5 cm). Pictures of two gloved hands representing the nine
interactions between participant and opponent during Rock, Paper, Scissors (RPS) from [29] were also
used (approximate on-screen size 10.5 cm × 4 cm). Stimulus presentation and response monitoring
was conducted by Presentation (version 18.3, build 07.18.16). Participants also filled out a short version
of the Cognitive Emotion Regulation Questionnaire (CERQ-short; [39]) at the end of the study, as part
of a separate set of research questions.

2.3. Design

Participants completed 288 trials of Rock, Paper, Scissors (RPS) in a single block of trials2.
Unbeknownst to the participants, the trials were organized into 144 pairs of trials presented in a
random order, and only consecutive trials within those trial pairs were analyzed. Half (72) constituted
opponent repeat pairs and the other half (72) constituted opponent change pairs. 4 opponents (O1, O2,
O3, O4) were assigned to 18 repeat pairs each, where if an opponent appeared on the current trial n
then they also reappeared on the very next trial n + 1 (e.g., O1 to O1). 4 opponents (O5, O6, O7, O8)
were assigned to 18 change pairs each, where if an opponent appeared on the current trial n then one
of the other opponent change avatars would appear on the future trial n + 1 (e.g., O5 to O6, O5 to
O7, O5 to O8), with each of the three possible pairings occurring 6 times. This design ensured that
all opponents appeared 36 times across the block. All opponents played MS, where 6 Rock, 6 Paper,
6 Scissors responses were randomized during both their allocated n and n + 1 trials. Thus, in the long
run, opponents would win–stay 33.3% and lose–shift 66.6% of the time. To add some variation in
opponent performance in Experiment 1 (only), two opponents (one allocated to the repeat and one to
the change condition) played in accordance with an item bias, playing 12 Rock, 3 Paper, 3 Scissors
responses during both their allocated n and n + 1 trials. Both repeat and change conditions consisted
of two male and two female avatars, the assignment of avatar to group was counterbalanced, as was
the assignment of male or female avatars to the item-biased opponents.

2.4. Procedure

Before beginning the study, participants were instructed that they would play RPS against eight
different opponents, that some of the opponents may use different strategies, and, they were to

1 Such predictions also appear in [38], p. 1081 in their suggestion that with opponent ‘rotation,’ participants “ought to feel
freer to condition on their own past choices as an aid in achieving any desired move frequencies.”

2 For one participant, only 287 trials were recorded resulting in 143 pairs (286 trials) being used. For a second participant,
only 285 trials were recorded resulting in 142 pairs (284 trials) being used.
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try and get the highest score possible. There was never an indication that participants would be
competing against other humans. At each trial, the participant’s current score was displayed for 500 ms,
after which the avatar of the current opponent appeared. This stayed on-screen until participants
pressed 4, 5, or 6 on the keyboard corresponding to the selection of Rock, Paper, Scissors. This was
replaced by the display of RPS selections for opponent (on the left; blue glove) and participant (on the
right; white glove) for 1000 ms. This display was removed for 500 ms and then the outcome of the
trial was presented for 1000 ms in the form of ‘WIN’ (+1; green font), ‘LOSS’ (−1; red font), or ‘DRAW’
(0; yellow font) as appropriate. The outcome was removed and the player’s score was updated across
a 500 ms period, after which the next trial began with the display of the next avatar. Participants were
then thanked for their time and debriefed.

3. Results

At the group level [40,41] for Experiment 1, win–stay behavior was significantly reduced for
opponent change trials relative to opponent repeat trials (41.88% versus 34.17%; t[34] = 2.322, p = 0.026)
but the degree of lose–shift behavior did not change (81.83% versus 82.78%; t[34] = 0.548, p = 0.586).
For Experiment 2, win–stay behavior was not significantly reduced for opponent change trials relative
to opponent repeat trials (46.17% versus 42.24%; t[34] = 1.350, p = 0.185) and the degree of lose–shift
behavior did not change (76.04% versus 76.63%; t[34] = 0.795, p = 0.794).

To formally compare performance across Experiments 1 and 2, two-way ANOVAs were
completed separately for win–stay and lose–shift proportions with opponent (repeat, change) as
a within-participants factor and Experiment (1, 2) as a between-participants factor. Win-stay behavior
was significantly reduced for opponent change trials relative to opponent repeat trials (44.02% versus
38.21%; F[2,78] = 6.951, MSE = 0.019, p = 0.010, ηp

2 = 0.082). There was no main effect of experiment
F[1,78] = 2.802, MSE = 0.054, p = 0.098, ηp

2 = 0.035), nor interaction F[1,78] = 0.735, MSE = 0.019,
p = 0.394, ηp

2 = 0.009; see Figure 1) 3. In contrast, lose–shift behavior was equivalent across opponent
change and repeat trials (78.93% versus 79.70%; F[1,78] = 0.292, MSE = 0.008, p = 0.591, ηp

2 = 0.004),
and did not interact with experiment F[1,78] = 0.015, MSE = 0.008, p = 0.903, ηp

2 < 0.001). A main effect
of experiment F[1,78] = 4.152, MSE = 0.034, p = 0.045, ηp

2 = 0.051) indicated more lose–shift behavior in
Experiment 1 relative to Experiment 2. This may have been due to the deployment of two opponents
in Experiment 1 who had an item bias, with increases in participant win–stay and lose–shift behavior
translating to increased win rates against these opponents. As predicted by previous data, the average
lose–shift deviation from 66.6% was significantly larger than the average win–stay deviation from
33.3% (+12.65% versus +7.78%; t[79] = 1.817, p = 0.037, one-tailed).

As an additional test of increased mixed-strategy use following opponent change trials, binomial
tests were carried out at the individual level [38] under the null hypothesis that their observed
proportion of win–stay behavior was 33.3% and lose–shift behavior was 66.6%. Regarding win–stay
behavior, the null could be rejected (α = 0.050) for 38 individuals during opponent repeat trials versus
31 individuals during opponent change trials. Regarding lose–shift behavior, the null could be rejected
for 44 individuals during opponent repeat trials versus 47 individuals during opponent change trials.

3 The decrease in win–stay behavior during opponent change relative to opponent repeat trials was replicated when the
2 opponents playing with an item bias were removed from the overall averages for Experiment 1 (43.55% versus 38.15%;
F[1,78] = 5.693, MSE = 0.020, p = 0.019, ηp

2 = 0.068)
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4. Discussion

By changing opponents across trials, the association between current outcome and future action
can be weakened, thereby decreasing the degree to which individuals express predictable (and hence
exploitable) behavior during competition. The caveat in our study is that reducing predictable behavior
is more likely following positive rather than negative outcomes. First, participants deviated less from
the value of win–stay relative to lose–shift behavior expected on the basis of unpredictable (random)
performance. Second, win–stay behavior was decreased when the opponent changed between trials
but lose–shift behavior did not change as a function of opponent replaying or replacing. Third,
the number of individuals who were able to exhibit unpredictable behavior following wins increased
when opponents changed 4. These new observations are consistent with previous behavioral, neural,
and, animal work showing that actions following negative outcomes are more impulsive relative to
positive outcomes [42,43], that both behavioral and neural reactions following losses are less variable
than those following wins [14,29–31], and that for the animal, lose–shift behavior is an “intrinsic feature
of the brain’s choice mechanisms that is engaged as a choice reflex” [13], p. 1.

4 These differences in win–stay and lose–shift flexibility cannot be attributed to the variable experience of positive and
negative outcomes in the current study. At a group level, the proportion of wins (33.51%) was equivalent to the proportion
of losses (33.12%; t[79] = 0.814, p = 0.418). At an individual level, the degree of win–stay behavior was not correlated with
individually experienced (r = 0.106, p = 0.350), nor was lose–shift behavior correlated with individually experienced lose
rates (r = −0.131, p = 0.247).



Games 2020, 11, 25 6 of 10

The current study would appear to represent a relatively conservative test of the minimal
requirements necessary to suppress reinforcement learning, given that participants performed (a)
against computerized (rather than human) opponents, and, (b) in the absence (rather than presence) of
financial incentive. In terms of the nature of opponency, participants have self-reported less presence,
flow, and enjoyment playing computer rather than human opponents in online games [44], but are also
more likely to tolerate inequitable offers from computer relative to human competitors [18]. One key
difference between these two types of agent is that human players attempt to exploit one another in
a tit-for-tat fashion, and this kind of ‘dynamic coupling’ [12,45] tends to be absent when computer
opponents are deployed: in the current study, our program paid no attention to how our participants
played nor did it attempt to exploit them 5. Indeed, human participants are more likely to “stray from
independence” when there is no threat of exploitation [41], p. 506. These observations also have
echoes in the animal literature, where primates are more likely to behave in a vulnerable (exploitable)
fashion if their opponent fails to take advantage of any behavioral bias [47]. So while the use of human
opponents in future work might reduce the degree to which human participant offer themselves up to
potential exploitation via the reinforcement learning rules of win–stay/lose–shift [48], this does not
distract from our central result that these rules appear under different degree of control, given that
participants down-regulated the use of win–stay but not lose–shift as a result of changing opponents
between trials.

Another way in which motivation in the current study might have been relatively low as opposed
to high, was in the absence of performance-related financial incentive. However, the impact of financial
reward as an external contribution to competitive decision-making performance is neither reliable nor
clear cut: Effects can be positive, negative or absent [49,50]. Experiments in our own laboratory directly
comparing the presence or absence of financial reward in the context of zero-sum games similar to those
reported here yield no significant effects [46], and, effects of incentive magnitude also tend to be weaker
than other effects generated by decision complexity [49]. Performance-related pay can also complicate
any mechanistic account of the data, since financial incentive as an external motivator can ‘crowd out’
or diminish the contribution of internal motivation [51]. Despite the use of computerized opponents
and the absence of performance-related pay, zero-sum games are considered both intuitive and fun
to play, thereby providing participants with some intrinsic motivation in a laboratory setting [48,52].
Since motivation remains an important individual difference, we are currently using the BIS/BAS
scale [53] in our new work. This represents a particularly appropriate measure of motivation in the
context of competitive decision-making, as the scales assesses behavioral inhibitory (BIS) and activation
(BAS) systems responses to punishment and reward, respectively.

One question also remains regarding the extent to which the relative success of win–stay
modulation and the relative failure of lose–shift modulation might be due to the initial weighting of
these behaviors generated by the specific game context. For example, a typical pattern for performance
against an MS opponent in a three-response zero-sum game such as Rock, Paper, Scissors is that
the percentage of win–stay behavior is roughly equivalent to that predicted by MS (i.e., = 33.3%)
whereas the proportion of lose–shift behavior tends to be larger than that predicted by MS (i.e., >66.6%;
e.g., [26,27]). Alternatively, when, as in the present study, both win–stay and lose–shift deviate
from expected MS values, lose–shift deviation is greater than win–stay deviation. This leads to the
possibility that the use of 3+ response games naturally offers more response switch options (at least
2) relative to response repeat option (only 1). If participants are biased towards shift behavior solely
as the number of response options increases, then using binary games contexts (e.g., [27,28]) should
decrease any lose–shift bias and perhaps even reverse to a win–stay bias. While such accounts seem
reasonable, there are counter examples in binary game contexts where lose–shift is dominant [14] and

5 It is interesting to note that when comparing unexploitable with exploitable computer opponents, participants report an
increased sense of co-presence for an automated program that played randomly [46].
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in three-response game contexts where win-stay can be dominant [29]. Such an argument would also
have to be predicated on the idea that more frequent behaviors are less likely to modulate. [28] propose
the notion that ‘surprise triggers change,’ where a rare type of outcome might increase the degree of
surprise elicited by that outcome, which in turn might encourage the organism towards behavioral
modification. However, it would not seem this argument can be directly applied to the current context,
in which the proportion of wins and losses was equivalent (see Footnote 4).

Finally, framing the data in terms of the ability to modulate win–stay and lose–shift mechanics
would appear to be at odds with other models of zero-sum games such as those proposed by [12,45].
Here, ACT-R architecture (after [54]) is applied to item-based coding between consecutive trials
(e.g., Rock-Paper-Paper), where a specific triad is nominated on the basis of strongest activation given
the previous two trials, the triad is then analyzed to predict (and counter) the opponent’s next move,
and finally, the strength of triads are updated according to whether the counter action was successful
or unsuccessful. This approach is attractive in preserving the limits of human working memory
with respect to the representation of action history only two trials back (see also [55], in the context
of visual search performance). Also, different versions of this architecture have helped to resolve
models of human performance, where ambiguously-valenced draws tend to be interpreted more
as negative rather than positive outcomes (see also [25,56,57]). Nevertheless, the storage of action
triads (with strength representing the likelihood of initiation) continue to preserve basic notions of
reinforcement and punishment, and one could imagine fundamental principles of operant conditioning
being represented within this architecture on the basis of an opponent expressing a particular item bias
such as Rock. In this particular example, win–stay could be represented by the temporary increased
weighting of Paper-Paper-Paper, whereas lose–shift could be represented by the temporary increased
weighting of Scissors-Rock-Paper 6. Such ideas appear to fit well with the remit of the proposed
ACT-R architecture: within competitive environments where opponents can be exploited, participants
seek to maximize wins (rather than perform optimally; [45]). This may be somewhat different to the
present cases where the majority of computerized opponents act in accordance with mixed-strategy,
where wins cannot be maximized. Finally, it remains possible that ACT-R architecture could be
overridden “under certain conditions” with “specific production rules” ([45] p. 114). Given the
fundamental nature of operant conditioning, and the clear limitations of working memory in which
associations between events are limited in size, it would seems reasonable that win–stay and lose–shift
remain salient and in some cases automatic [13] reactions to the environment.

5. Conclusions

To conclude, the data make clear statements about when individuals have cognition under control
and when their competitive behavior can be improved. By changing opponents and thus limiting
the association between current outcome and future action, it is possible to reduce the predictability
(and hence, exploitability) of individual stay behavior following wins. As such, the internal phasic
state generated by positive outcomes along with the external experience of switching opponents
makes it more likely that better performance will be expressed. In addition to extending time between
trials [58], switching opponents can be added to the toolkit that helps to reduce the expression of
typical reinforcement learning rules, thereby helping individuals who may be at their most cognitively
vulnerable within competitive environments.

Author Contributions: V.S. and K.C. were responsible for investigation. V.S. and B.J.D. were responsible for
writing the original draft. Correspondence should be addressed to: B.J.D. All authors have read and agreed to the
published version of the manuscript.

6 More broadly, the mental representation of zero-sum games only with respect to the relationship between items can lead to
identical behavior with more traditional representations that preserve both items and outcomes. For example, reference [8]
discusses the behavioral isomorphism between zero-sum game strategy rules expressed in terms of the opponent’s previous
response only versus the participant’s previous response and outcome.



Games 2020, 11, 25 8 of 10

Funding: The lab is funded by an NSERC Discovery Grant (RGPIN-2019-04954), an Alberta Gambling Research
Institute Grant, and start-up monies provided by the University of Alberta (RES0042096).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Miltner, W.H.R.; Brown, C.H.; Coles, M.G.H. Event related brain potentials following incorrect feedback in a
time estimation task: Evidence for a generic neural system for error detection. J. Cogn. Neurosci. 1997, 9,
787–796. [CrossRef] [PubMed]

2. Abe, H.; Lee, D. Distributed coding of actual and hypothetical outcomes in the orbital and dorsolateral
prefrontal cortex. Neuron 2011, 70, 731–741. [CrossRef]

3. Baek, K.; Kim, Y.-T.; Kim, M.; Choi, Y.; Lee, M.; Lee, K.; Hahn, S.; Jeong, J. Response randomization of one-
and two-person Rock-Paper-Scissors games in individuals with schizophrenia. Psychiatry Res. 2013, 207,
158–163. [CrossRef]

4. Bi, Z.; Zhou, H.-J. Optimal cooperation-trap strategies for the iterated rock-paper-scissors game. PLoS ONE
2014, 9, e111278. [CrossRef]

5. Loertscher, S. Rock-Scissors-Paper and evolutionarily stable strategies. Econ. Lett. 2013, 118, 473–474. [CrossRef]
6. Griessinger, T.; Coricelli, G. The neuroeconomics of strategic interaction. Curr. Opin. Behav. Sci. 2015, 3,

73–79. [CrossRef]
7. Scheibehenne, B.; Wilke, A.; Todd, P.M. Expectations of clumpy resources influence predictions of sequential

events. Evol. Hum. Behav. 2011, 32, 326–333. [CrossRef]
8. Dyson, B.J. Behavioural isomorphism, cognitive economy and recursive thought in non-transitive game

strategy. Games 2019, 10, 32. [CrossRef]
9. Thorndike, E.L. Animal Intelligence; Macmillan Company: New York, NY, USA, 1911.
10. Kahneman, D.; Tversky, A. Prospect theory: An analysis of decision under risk. Econometrica 1979, 47,

263–291. [CrossRef]
11. Bolles, R.C. Species-specific defense reactions and avoidance learning. Psychol. Rev. 1970, 77, 32–48. [CrossRef]
12. West, R.L.; Lebiere, C.; Bothell, D.J. Cognitive architectures, game playing and human evolution. In Cognition

and Multi-Agent Interaction: From Cognitive Modeling to Social Smulation; Sun, R., Ed.; Cambridge University
Press: Cambridge, UK, 2006; pp. 102–123.

13. Gruber, A.J.; Thapa, R. The memory trace supporting lose-shift responding decays rapidly after reward
omission and is distinct from other learning mechanisms in rats. ENeuro 2016, 3, 6. [CrossRef]

14. Kubanek, J.; Snyder, L.H.; Abrams, R.A. Reward and punishment act as distinct factors in guiding behavior.
Cognition 2015, 139, 154–167. [CrossRef] [PubMed]

15. Andrade, E.B.; Ariely, D. The enduring impact of transient emotions on decision making. Organ. Behav. Hum.
Decis. Process. 2009, 109, 1–8. [CrossRef]

16. Lerner, J.S.; Li, Y.; Veldesolo, P.; Kassam, K.S. Emotion and decision making. Annu. Rev. Psychol. 2015, 66,
799–823. [CrossRef] [PubMed]

17. Pham, M.T. Emotion and rationality: A critical review and interpretation of empirical evidence.
Rev. Gen. Psychol. 2007, 11, 155–178. [CrossRef]

18. Sanfey, A.G.; Rilling, J.K.; Aronson, J.A.; Nystrom, L.E.; Cohen, J.D. The neural basis of economic
decision-making in the ultimatum game. Science 2003, 300, 1755–1758. [CrossRef]

19. Dixon, M.J.; MacLaren, V.; Jarick, M.; Fugelsang, J.A.; Harrigan, K.A. The frustrating effects of just missing
the jackpot: Slot machine near-misses trigger large skin conductance responses, but no post-reinforcement
pauses. J. Gambl. Stud. 2013, 29, 661–674. [CrossRef]

20. Dixon, M.R.; Schreiber, J.E. Near-miss effects on response latencies and win estimations of slot machine
players. Psychol. Rec. 2004, 54, 335–348. [CrossRef]

21. Dyson, B.J.; Sundvall, J.; Forder, L.; Douglas, S. Failure generates impulsivity only when outcomes cannot be
controlled. J. Exp. Psychol. Hum. Percept. Perform. 2018, 44, 1483–1487. [CrossRef]

22. Verbruggen, F.; Chambers, C.D.; Lawrence, N.S.; McLaren, I.P.L. Winning and losing: Effects on impulsive
action. J. Exp. Psychol. Hum. Percept. Perform 2017, 43, 147–168. [CrossRef]

23. Williams, P.; Heathcote, A.; Nesbitt, K.; Eidels, A. Post-error recklessness and the hot hand. Judgm. Decis. Mak.
2016, 11, 174–184.

http://dx.doi.org/10.1162/jocn.1997.9.6.788
http://www.ncbi.nlm.nih.gov/pubmed/23964600
http://dx.doi.org/10.1016/j.neuron.2011.03.026
http://dx.doi.org/10.1016/j.psychres.2012.09.003
http://dx.doi.org/10.1371/journal.pone.0111278
http://dx.doi.org/10.1016/j.econlet.2012.12.017
http://dx.doi.org/10.1016/j.cobeha.2015.01.012
http://dx.doi.org/10.1016/j.evolhumbehav.2010.11.003
http://dx.doi.org/10.3390/g10030032
http://dx.doi.org/10.2307/1914185
http://dx.doi.org/10.1037/h0028589
http://dx.doi.org/10.1523/ENEURO.0167-16.2016
http://dx.doi.org/10.1016/j.cognition.2015.03.005
http://www.ncbi.nlm.nih.gov/pubmed/25824862
http://dx.doi.org/10.1016/j.obhdp.2009.02.003
http://dx.doi.org/10.1146/annurev-psych-010213-115043
http://www.ncbi.nlm.nih.gov/pubmed/25251484
http://dx.doi.org/10.1037/1089-2680.11.2.155
http://dx.doi.org/10.1126/science.1082976
http://dx.doi.org/10.1007/s10899-012-9333-x
http://dx.doi.org/10.1007/BF03395477
http://dx.doi.org/10.1037/xhp0000557
http://dx.doi.org/10.1037/xhp0000284


Games 2020, 11, 25 9 of 10

24. Zheng, Y.; Li, Q.; Zhang, Y.; Li, Q.; Shen, H.; Gao, Q.; Zhou, S. Reward processing in gain versus loss context:
An ERP study. Psychophys 2017, 54, 1040–1053. [CrossRef]

25. Dyson, B.J.; Steward, B.A.; Meneghetti, T.; Forder, L. Behavioural and neural limits in competitive decision
making: The roles of outcome, opponency and observation. Biol. Psychol. 2020, 149, 107778. [CrossRef]
[PubMed]

26. Dyson, B.J.; Wilbiks, J.M.P.; Sandhu, R.; Papanicolaou, G.; Lintag, J. Negative outcomes evoke cyclic irrational
decisions in Rock, Paper, Scissors. Sci. Rep. 2016, 6, 20479. [CrossRef] [PubMed]

27. Dyson, B.J.; Musgrave, C.; Rowe, C.; Sandhur, R. Behavioural and neural interactions between objective and
subjective performance in a Matching Pennies game. Int. J. Psychophysiol. 2020, 147, 128–136. [CrossRef] [PubMed]

28. Nevo, I.; Erev, I. On surprise, change, and the effects of recent outcomes. Front. Psychol. 2012, 3, 24. [CrossRef]
[PubMed]

29. Forder, L.; Dyson, B.J. Behavioural and neural modulation of win-stay but not lose-shift strategies as a
function of outcome value in Rock, Paper, Scissors. Sci. Rep. 2016, 6, 33809. [CrossRef]

30. Cohen, M.X.; Elger, C.E.; Ranganath, C. Reward expectation modulates feedback-related negativity and EEG
spectra. NeuroImage 2007, 35, 968–978. [CrossRef] [PubMed]

31. Hajcak, G.; Moser, J.S.; Holroyd, C.B.; Simons, R.F. The feedback-related negativity reflects the binary
evaluation of good versus bad outcomes. Biol. Psychol. 2006, 71, 148–154. [CrossRef] [PubMed]

32. Engelstein, G. Achievement Relocked: Loss Aversion and Game Design; MIT Press: London, UK, 2020.
33. Laakasuo, M.; Palomäki, J.; Salmela, J.M. Emotional and social factors influence poker decision making

accuracy. J. Gambl. Stud. 2015, 31, 933–947. [CrossRef]
34. Mitzenmacher, M.; Upfal, E. Probability and Computing: Randomized Algorithms and Probabilistic Analysis;

Cambridge University Press: Cambridge, UK, 2005.
35. Barreda-Tarrazona, I.; Jaramillo-Gutierrez, A.; Pavan, M.; Sabater-Grande, G. Individual Characteristics vs.

Experience: An Experimental Study on Cooperation in Prisoner’s Dilemma. Front. Psychol. 2017, 8, 596.
[CrossRef] [PubMed]

36. D’Addario, M.; Pancani, L.; Cappelletti, E.R.; Greco, A.; Monzani, D.; Steca, P. The hidden side of the
Ultimatum Game: The role of motivations and mind-reading in a two-level one-shot Ultimatum Game.
J. Cogn. Psychol. 2015, 27, 898–907. [CrossRef]

37. Coleman, A.M. Cooperation, psychological game theory, and limitation of rationality in social interaction.
Behav. Brain Sci. 2003, 26, 139–153. [CrossRef] [PubMed]

38. Brown, J.N.; Rosenthal, R.W. Testing the minimax hypothesis: A re-examination of O’Neill’s game experiment.
Econometrica 1990, 58, 1065–1081. [CrossRef]

39. Garnefski, N.; Kraaij, V. Cognitive emotion regulation questionnaire–development of a short 18-item version
(CERQ-short). Personal. Individ. Differ. 2006, 41, 1045–1053. [CrossRef]

40. O’Neill, B. Nonmetric test of the minimax theory of two-person zerosum games. Proc. Natl. Acad. Sci. USA
1987, 84, 2106–2109. [CrossRef]

41. O’Neill, B. Comments on Brown and Rosenthal’s re-examination. Econometric 1991, 59, 503–507. [CrossRef]
42. Kahneman, D. Thinking, Fast and Slow; Farrar, Straus and Giroux: New York, NY, USA, 2011.
43. Sloman, S.A. The empirical case for two systems of reasoning. Psychol. Bull. 1996, 119, 3–22. [CrossRef]
44. Weibel, D.; Wissmath, B.; Habegger, S.; Steiner, Y.; Groner, R. Playing online games against computer- vs.

human-controlled opponents: Effects on presence, flow, and enjoyment. Comput. Hum. Behav. 2008, 24,
2274–2291. [CrossRef]

45. West, R.L.; Lebiere, C. Simple games as dynamic, coupled systems: Randomness and other emergent
properties. J. Cogn. Syst. Res. 2001, 1, 221–239. [CrossRef]

46. Sundvall, J.; Dyson, B.J. Breaking the bonds of reinforcement: Effects of trial outcome, rule consistency and
rule complexity against exploitable and unexploitable opponents. submitted.

47. Lee, D.; McGreevy, B.P.; Barraclough, D.J. Learning decision making in monkeys during a rock-paper-scissors
game. Cogn. Brain Res. 2005, 25, 416–430. [CrossRef] [PubMed]

48. Budescu, D.V.; Rapoport, A. Subjective randomization in one- and two-person games. J. Behav. Decis. Mak.
1992, 7, 261–278. [CrossRef]

49. Pulford, B.D.; Colman, A.M.; Loomes, G. Incentive magnitude effects in experimental games: Bigger is not
necessarily better. Games 2018, 9, 4. [CrossRef]

http://dx.doi.org/10.1111/psyp.12855
http://dx.doi.org/10.1016/j.biopsycho.2019.107778
http://www.ncbi.nlm.nih.gov/pubmed/31593749
http://dx.doi.org/10.1038/srep20479
http://www.ncbi.nlm.nih.gov/pubmed/26843423
http://dx.doi.org/10.1016/j.ijpsycho.2019.11.002
http://www.ncbi.nlm.nih.gov/pubmed/31730790
http://dx.doi.org/10.3389/fpsyg.2012.00024
http://www.ncbi.nlm.nih.gov/pubmed/22363303
http://dx.doi.org/10.1038/srep33809
http://dx.doi.org/10.1016/j.neuroimage.2006.11.056
http://www.ncbi.nlm.nih.gov/pubmed/17257860
http://dx.doi.org/10.1016/j.biopsycho.2005.04.001
http://www.ncbi.nlm.nih.gov/pubmed/16005561
http://dx.doi.org/10.1007/s10899-014-9454-5
http://dx.doi.org/10.3389/fpsyg.2017.00596
http://www.ncbi.nlm.nih.gov/pubmed/28473787
http://dx.doi.org/10.1080/20445911.2015.1042974
http://dx.doi.org/10.1017/S0140525X03000050
http://www.ncbi.nlm.nih.gov/pubmed/14621510
http://dx.doi.org/10.2307/2938300
http://dx.doi.org/10.1016/j.paid.2006.04.010
http://dx.doi.org/10.1073/pnas.84.7.2106
http://dx.doi.org/10.2307/2938267
http://dx.doi.org/10.1037/0033-2909.119.1.3
http://dx.doi.org/10.1016/j.chb.2007.11.002
http://dx.doi.org/10.1016/S1389-0417(00)00014-0
http://dx.doi.org/10.1016/j.cogbrainres.2005.07.003
http://www.ncbi.nlm.nih.gov/pubmed/16095886
http://dx.doi.org/10.1002/bdm.3960070404
http://dx.doi.org/10.3390/g9010004


Games 2020, 11, 25 10 of 10

50. Yechiam, E.; Hochman, G. Losses as modulators of attention: Review and analysis of the unique effects of
losses over gains. Psychol. Bull. 2013, 139, 497–518. [CrossRef] [PubMed]

51. Ma, Q.; Jin, J.; Meng, L.; Shen, Q. The dark side of monetary incentive: How does extrinsic reward crowd out
intrinsic motivation. Neuroreport 2014, 25, 194–198. [CrossRef]

52. Rapoport, A.; Budescu, D.V. Generation of random series in two-person strictly competitive games. J. Exp.
Psychol. Gen. 1992, 121, 352–363. [CrossRef]

53. Carver, C.S.; White, T.L. Behavioral inhibition, behavioral activation, and affective responses to impending
reward and punishment: The BIS/BAS scales. J. Personal. Soc. Psychol. 1994, 67, 319–333. [CrossRef]

54. Anderson, J.R. The Adaptive Character of Thought; Erlbaum: Hillsdale, NJ, USA, 1990.
55. Hillstrom, A. Repetition effects in visual search. Percept. Psychophys. 2000, 62, 800–817. [CrossRef]
56. Holroyd, C.B.; Hajcak, G.; Larsen, J.T. The good, the bad and the neutral: Electrophysiological responses to

feedback stimuli. Brain Res. 2006, 1105, 93–101. [CrossRef] [PubMed]
57. Muller, S.V.; Moller, J.; Rodriguez-Fornells, A.; Munte, T.F. Brain potentials related to self-generated and external

information used for performance monitoring. Clin. Neurophysiol. 2005, 116, 63–74. [CrossRef] [PubMed]
58. Ivan, V.E.; Banks, P.J.; Goodfellow, K.; Gruber, A.J. Lose-shift responding in humans is promoted by increased

cognitive load. Front. Integr. Neurosci. 2018, 12, 9. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1037/a0029383
http://www.ncbi.nlm.nih.gov/pubmed/22823738
http://dx.doi.org/10.1097/WNR.0000000000000113
http://dx.doi.org/10.1037/0096-3445.121.3.352
http://dx.doi.org/10.1037/0022-3514.67.2.319
http://dx.doi.org/10.3758/BF03206924
http://dx.doi.org/10.1016/j.brainres.2005.12.015
http://www.ncbi.nlm.nih.gov/pubmed/16427615
http://dx.doi.org/10.1016/j.clinph.2004.07.009
http://www.ncbi.nlm.nih.gov/pubmed/15589185
http://dx.doi.org/10.3389/fnint.2018.00009
http://www.ncbi.nlm.nih.gov/pubmed/29568264
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Method 
	Participants 
	Stimuli and Apparatus 
	Design 
	Procedure 

	Results 
	Discussion 
	Conclusions 
	References

