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Abstract 

We experimentally manipulate sleep levels to examine the impact of sleepiness on strategic one-
shot interactions.  Where multiple Nash equilibria exist (the Battle-of-the-Sexes game), sleepy 
subjects play closer to the mixed strategy prediction than do well-rested subjects.  When there is 
a unique equilibrium in mixed strategies (the Penalty Kick game), strategy play of sleepy subject 
shows indications of reinforcement play.  Sleepiness may, at least in some games, promote use of 
simple heuristics that focus on previous outcomes even when interactions are one-shot. 
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1.  Introduction 

Recent surveys estimate that approximately 50 million American adults sleep less than 7 hours 
per night, and the Centers for Disease Control and Prevention has declared insufficient sleep to 
be a public health problem.1  While sleep research has contributed significantly to our 
understanding of the impact of sleep loss on decision making (Harrison and Horne, 2000; 
McKenna et al, 2007; Dickinson and Drummond, 2008; Anderson and Dickinson, 2010; Castillo 
et al, 2017; Dickinson and McElroy, 2017), existing research has not focused on how sleepiness 
on strategic interactions.  Anderson and Dickinson (2010), Dickinson and McElroy (2017), and 
Ferrara et al (2015) offer rare exceptions in the literature.  These studies notwithstanding, only 
Dickinson and McElroy (2017) study mild but chronic sleep restriction at the level commonly 
experienced in the real world (as opposed extreme total sleep deprivation administered in many 
other studies) and none, to our knowledge, have studied sleep impacts on decisions in strategic 
normal form games. 

In this paper, we present data from a highly externally valid at-home sleep restriction protocol in 
which subjects were randomly assigned to one full week of well-rested (WR: 8-9 hrs/night 
attempted sleep) or sleep-restricted (SR: 5-6 hrs/night attempted sleep) sleep levels that we 
objectively measure via wrist-worn actigraphy.  At the end of the sleep treatment week, subjects 
were administered a series of one-shot (i.e., randomly rematched counterpart) Battle-of-the-
Sexes (BOS) and Penalty-Kick (PK) games.  While we consider this research a first step, the 
BOS and PK games were chosen due to their different Nash equilibrium profiles:  The BOS 
game has two Nash equilibria in pure strategies and one mixed-strategy equilibrium, whereas the 
PK game has a single Nash equilibria only in mixed strategies.  While Nash equilibria merit 
consideration, sleep restriction has been shown to increase use of a reinforcement heuristic that 
requires less deliberative thinking (Dickinson and McElroy, 2017).  One objective of this 
exploratory research is to examine whether sleep restriction promotes naïve reinforcement play, 
and other research has shown that a simple learning model based on reinforcement describes play 
in games with mixed strategy equilibria better than static models (Erev and Roth, 1998). 

 

2.  Data and Sleep Outcomes 

Subjects were recruited from an online sleep survey database maintained by the author, such that 
subjects with extreme diurnal preferences, sleep disorders, or risk of major depressive or anxiety 
disorder were not recruited into the study.  Random assigned to the WR or SR condition 
occurred prior to email recruitment efforts, and subjects were not allowed to switch treatments 
(we discuss noncompliance in the Results section).  Subjects showed up to the lab for Session 1 
where each was assigned an actigraphy device commonly used in sleep research so that we could 
passively but objectively measure sleep levels during the treatment week.  Subjects also kept 
                                                             
1 Data from the National Sleep Foundation 2005 Sleep in America Poll, 
https://sleepfoundation.org/sites/default/files/2005_summary_of_findings.pdf [accessed August 24, 2017] and the 
Centers for Disease Control and Prevention. https://www.cdc.gov/Features/dsSleep/index.html [accessed August 24, 
2017]. 
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sleep diaries during the treatment week to aid in scoring the sleep data following standard 
procedures (e.g, see Goldman et al, 2010).  At the end of the treatment week, subjects returned to 
the lab for a decision task session, during which the matrix games were administered.  Subjects 
earned both a fixed payoff of $25 for providing the sleep data (upon verification of good-faith 
efforts of compliance with treatment conditions), and variable cash payment based on decisions 
made. A total of 132 sleep treatment subjects completed the protocol and matrix games.2  Figure 
1 shows the kernel density estimates of the objectively (actigraphy) measured nightly sleep 
levels of these 130 subjects, and we consider “compliant” those WR subjects who slept at least 
405 min/night or SR subjects who slept no more than 375 min/night (n=111/130 compliant).3 

We evaluate the validity of the protocol by conducting rank sum tests of the average nightly 
sleep levels, as well as the self-reported sleepiness (1-9 scale) during the decision task session, of 
SR versus WR subjects.  Results show that nightly sleep is significantly lower for SR subjects 
(z=9.053, p<.01) and, importantly, SR subjects report being significantly sleepier during the 
decision session (z=6.181, p<.01).  Subjects were also asked to self-report the extent to which the 
treatment caused them to alter the amount of nightly sleep they received during the treatment 
week (-4 to +4 scale with 0 meaning sleep was not altered at all relative to what the subject 
would have done anyway).  For this measure, we report that SR subjects had significantly lower 
self-reports—meaning the treatment lead to less sleep than normal—than WR subjects (z=8.962, 
p<.01).4  Thus, multiple measures document the validity of the protocol at generating significant 
differences in nightly sleep, sleepiness, and perceived impact of the treatment for subjects. 

 

3.  Matrix Game Results 

Subject cohorts were recruited as mixed groups with both SR and WR subjects in each cohort, 
though anonymous interactions in the experiment preclude knowledge of the sleep state of one’s 
counterpart in any given round.  Figure 2 shows the PK (left panel) and BOS games administered 
to subjects using Veconlab software.5  Each subject was administered a treatment of 10 PK 
rounds and 10 BOS rounds.  The treatment ordered varied across cohorts, and partners were 
randomly rematched in each round of both treatments—our experiment therefore administered a 
series of one-shot games.  Subjects were shown the outcome of each game before moving to the 
next round, and one round was randomly drawn for payoff from each treatment—the payoff 
round and actual payoff of the first treatment was not revealed until the end of both treatments.  
The PK game has but one Nash equilibrium in mixed strategies where the Player 1 (row player) 

                                                             
2 By “treatment” subjects we mean subjects who completed the sleep week protocol.  Due to the necessity of even 
subject numbers for the matrix games, we recruited a small number of backup subjects who did not complete the 
sleep protocol, but were recruited only to participate in the decision sessions so that we did not waste any of the 
sleep treatment subject data. 
3 This compliance criterion is inherently arbitrary but meant to minimize inclusion of data in the overlap of the 
Figure 1 distribution.  Doing so makes it unlikely that we include SR subjects who were behaving as WR, and vice 
versa.  
4 All results show similar results if including noncompliant subjects for the tests. 
5 The module used was the 2x2 matrix games option in Veconlab at http://veconlab.econ.virginia.edu/games.php 
(where one can find the experiment instructions as well). 
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plays TOP (T) 75% of the time and Player 2 plays LEFT (L) 75% of the time.  The BOS game 
has two pure strategy Nash equilibria at [T,R] and [B,L], as well as a mixed strategy equilibrium 
where Top and Left are played 80% of the time. So, each game has a mixed strategy equilibrium 
where [T,L] are played more frequently.  However, the BOS game has pure strategy equilibria 
that includes play of the alternative strategies.  Our focus will be on examining the differences 
between strategy frequency in the one-shot games between SR and WR subjects, as well as on 
examining player response to previous game outcomes (i.e., reinforcement play). 

Figure 3 shows the mean strategy choice of each game across rounds when pooling by treatment 
condition (SR versus WR), with Nash equilibria strategies identified for each game.  Results in 
the Appendix test whether proportions of choices differ from random play strategy (i.e., 50% 
play on each strategy option) or whether they differ from the mixed strategy prediction of each 
game.  In general, SR subjects’ proportion of play on each strategy, compared to WR subjects, is 
closer to the mixed strategy prediction in BOS.   

We focus the remaining exploratory analysis on the influence of previous round payoff on 
current round choice.  In our context, this is a test of reinforcement behavior.  Here, the 
dependent variable is an indicator equal to 1 if the subject played the same strategy choice as in 
the prior interaction.  We estimate separate models for BOS and PK games, and three models for 
each game are estimated to allow for variation in use of a binary (SR) or continuous (Nightly 
Sleep) variable measuring sleep restriction, or to use self-reported sleepiness (Sleepiness) as an 
alternative control for adverse sleep level in the analysis. 

The stranger matching protocol implies a series of one-shot interactions, but we find some 
general evidence that subjects follow a reinforcement strategy.  That is, players are more likely 
to repeat the same strategy choice when one’s payoff in the previous one-shot interaction was 
higher (see significant and positive coefficients on Payofft-1).  The result regarding sleep 
restriction is only marginally significant (p<.10) for the PK game, but it is consistent with the 
hypothesis that sleep restriction increases the use of the behavioral reinforcement heuristic.  This 
is true whether we measure sleep restriction as an indicator variable (column 3) or whether using 
a continuous objective measure of nightly sleep (column 6). The effect is estimated a bit more 
precisely when using self-reported sleepiness as the independent variable (model (6)). 

 

4.  Conclusion 

This paper reports first evidence on the impact that commonly occurring levels of sleep 
restriction have on strategic choice in normal form games.  Previous research has not adequately 
explored how sleepiness, which is a growing concern in modern societies, impacts behavior in 
strategic social interactions.   

We examine data from 111 subjects administered a full-week of sleep level manipulation, and 
analysis of PK and BOS games allow us to explore how different Nash equilibrium 
characteristics of the game may impact the play of sleep subjects.  In short, SR subjects’ strategy 
choices are closer to the mixed strategy equilibrium predictions than those of WR subjects in the 



 
 

4 
 

BOS game.  Strategy choice is, overall, more variable in the single-equilibrium PK game, where 
even the assignment to the row or column player role seems to matter.  Notably, in this PK game 
we find some evidence that SR increases the likelihood of reinforcement play, which is 
consistent with an increase reliance on simple heuristics when sleepy.  Of course, more research 
is needed to better understand the impact of sleep on strategy play, but this study is a first step in 
that direction. 
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Figure 1:  Protocol Outcomes 

 
Note: n=127 subjects of sleep data due to 4 SR and 1 WR subjects not providing usable 
actigraphy data. Compliant SR subjects (n=60) averaged 325.23 min/night sleep compared to 
443.11 night for compliant WR subjects (n=51). Our compliance rate was 87% (111/127). 
 

 

 

Figure 2:  Normal Form Penalty Kick (PK) and Battle-of-the-Sexes (BOS) games 

               
     Note: Mixed NE at [T,L]=[.75 , .75]                                     Note: Mixed NE at [T,L]=[.80 , .80] 
                    Pure NE at [B,L] & [T,R] 
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Figure 3: Average play by game 
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Table 1:  Estimation Results (random effects regressions with 111 players) 

Dep Var = Stay Choice (=1 if player repeats previous round strategy choice) 
 
Standard errors shown in parenthesis 
 
Variable 

(1) 
BOS 

(n=999) 

(2) 
PK 

(n=999) 

(3) 
BOS 

(n=999) 

(4) 
PK 

(n=999) 

(5) 
BOS 

(n=999) 

(6) 
PK 

(n=999) 
Constant .4255 

(.0522)*** 
.5373 
(.0562)*** 

.5947 
(.1459)*** 

.4229 
(.1568)*** 

.3758 
(.0768)*** 

.5191 
(.0789)*** 

Round .0043 
(.0032) 

.0002 
(.0034) 

.0043 
(.0032) 

.0002 
(.0034) 

.0048 
(.0032) 

-.00004 
(.0034) 

RowPlayer .0326 
(.0398) 

-.0241 
(.0428) 

.0295 
(.0397) 

-.0248 
(.0429) 

.0321 
(.0396) 

-.0258 
(.0425) 

Payoff (t-1) .0312 
(.0071)*** 

.0314 
(.0089)*** 

.0386 
(.0275) 

.1091 
(.0364)*** 

.0268 
(.0122)** 

.0096 
(.0163) 

SR (=1) .0361 
(.0457) 

-.0255 
(.0489) 

--- --- --- --- 

SR*Payoff (t-1) .0017 
(.0092) 

.0193 
(.0119)* 

--- --- --- --- 

Nightly Sleep --- --- -.0004 
(.0004) 

.0003 
(.0004) 

--- --- 

Nightly Sleep * 
Payoff (t-1) 

--- --- -.00002 
(.00007) 

-.00018 
(.00009)* 

--- --- 

Sleepiness --- --- --- --- .0128 
(.0116) 

.0018 
(.0122) 

Sleepiness * 
Payoff (t-1) 

--- --- --- --- .0010 
(.0022) 

.0063 
(.0030)** 

Chi-squared 
(model test) 

55.41*** 54.94*** 56.49*** 55.77*** 57.21*** 58.93*** 

*p<.10, **p<..05, ***p<.01  for 2-tailed tests.  The variable Nightly Sleep is the average 
min/night sleep over the treatment week as scored by actigraphy. Sleepiness measure used was 
the Karolinska sleepiness scale (Åkerstedt and Gillberg, 1990). 
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APPENDIX:  Additional tests 

 

We conduct one-sample proportions tests first on whether random strategy choice can be rejected 
(i.e., is the TOP strategy for a row player or the LEFT strategy for a column player significantly 
different from 50%).  For this, an individual subject’s dichotomous choice (TOP or LEFT = 0,1) 
in a given trial is the unit of observation, we cluster observations by subject and assume an intra-
cluster correlation of r =.50, and we conduct separate tests for row versus column players and 
SR versus WR treatment conditions.   

For SR subjects, BOS choice of the TOP or LEFT strategy were significantly greater than 
random choice (p <.01 in both cases).  In the PK game, SR subjects played LEFT significantly 
more frequently than random choice (p <.01) but for the choice of the TOP strategy (i.e., SR 
subjects who were row players) we cannot reject random choice (p=.55)—this is no doubt due to 
early round dominance of BOTTOM strategy choices in PK (see Fig 3).  For the WR subjects, 
random choice cannot be rejected for either column or row players in the BOS game (p >.10).  
Random choice is rejected for WR column players (LEFT choice) in the PK game (p <.05), but 
not for WR row players.  The regularity is that in the PK game, we can reject random choice 
only for column players, no matter the SR/WR status, but we can reject random choice in the 
BOS game for SR players but not WR (no matter the row/column role). 

If testing choice against the predicted mixed strategy Nash proportion of TOP or LEFT choices, 
we only reject mixed strategy Nash proportions for SR subjects choosing TOP (row players) in 
the PK game (p <.01).  In all other instances, the proportion of SR subject choices are not 
significantly different from the mixed strategy Nash proportions (p>.10).  Notably, for WR 
players, we reject that the proportion of choices are equal to the mixed strategy Nash prediction 
in the BOS game (p<.01 in tests on both row and column player choices).  In the PK game, WR 
subject choices are significantly different from mixed strategy proportion for TOP choices (p 
<.01) but not for LEFT choices (p =.11).6   

In other words, in the PK game, both SR and WR subjects play the predicted mixed strategy 
Nash proportion strategy choice only when in the column-player role.  In the BOS game, which 
includes both pure and mixed strategy equilibria, SR players’ strategy choices are not 
significantly different from the mixed strategy Nash prediction, whereas WR players’ choices are 
not significantly different from random choice. 

 

                                                             
6 We chose to test the split samples or row versus column player choice to avoid potential confounding factors of 
how the game matrix orientation of strategy options (left/right versus top/bottom) may impact player choice.  As can 
be seen in Fig. 3 PK game outcomes, the random assignment as a row or column player appears important, though 
we do not have an explanation for this. 


