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Coordination effort in joint action is reflected in pupil size 
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A B S T R A C T   

Humans often perform visual tasks together, and when doing so, they tend to devise division of labor strategies to 
share the load. Implementing such strategies, however, is effortful as co-actors need to coordinate their actions. 
We tested if pupil size – a physiological correlate of mental effort – can detect such a coordination effort in a 
multiple object tracking task (MOT). Participants performed the MOT task jointly with a computer partner and 
either devised a division of labor strategy (main experiment) or the labor division was already pre-determined 
(control experiment). We observed that pupil sizes increase relative to performing the MOT task alone in the 
main experiment while this is not the case in the control experiment. These findings suggest that pupil size can 
detect a rise in coordination effort, extending the view that pupil size indexes mental effort across a wide range of 
cognitively demanding tasks.   

1. Introduction 

In everyday life, humans frequently perform tasks together (e.g., 
when jointly shopping groceries or solving puzzles). In these tasks, 
humans often tend to distribute the labor. For instance, when shopping 
in the supermarket, one person may look for vegetables while another 
person may look for fruits. While such labor divisions clearly help per
formance efficiency, they also demand a coordination effort as co-actors 
need to coordinate their actions (e.g., by anticipating the partner’s ac
tions and accordingly adapting their own actions). 

In recent years, several studies have investigated factors that influ
ence labor division strategies in visuospatial tasks such as visual search 
(Brennan, Chen, Dickinson, Neider, & Zelinsky, 2008; A.A. Brennan & 
Enns, 2015a, 2015b; Szymanski et al., 2017; Wahn, Czeszumski, Lab
usch, Kingstone, & König, 2020) or a multiple object tracking (MOT) 
task (Wahn & Kingstone, 2020; Wahn, Kingstone, & König, 2017; Wahn, 
König, & Kingstone, 2020) – see Wahn, Kingstone, and König (2018), for 
a recent review. For a MOT task, Wahn et al. (2017) investigated how 
the formation of division of labor strategies depends on the information 
that co-actors receive about each other. In particular, a pair of partici
pants first view several objects presented on separate screens (one for 
each participant). A subset of these objects would turn gray to indicate 
that these are the target objects. Then these targets revert back to their 
original color and all the objects begin to move randomly across the 

screen for several seconds while participants attempt to track the tar
gets. After the objects stop moving, each person selects the objects that 
they believe are the targets. The members then see the objects that were 
selected by their partner. Over the course of a few trials, participants 
typically devise labor division strategies with the most common strategy 
being a left and right labor division. That is, one person tracks the 
leftmost targets and the other the rightmost targets. Such division of 
labor strategies are beneficial because they allow pairs of participants to 
track more targets together than either of the pair members would be 
able to do alone; in other words, there is a clear group benefit (Wahn 
et al., 2017). 

We have since replicated this left and right labor division preference 
in follow-up studies involving human-human (Wahn & Kingstone, 2020; 
Wahn, König, et al., 2020) and also human-computer pairs (Wahn & 
Kingstone, 2021). That is, for human-computer pairs, we found that 
participants will coordinate labor division also with a computer partner 
if the computer is initially described as behaving in a human-like 
manner, and if the computer adopts a human-like strategy in the MOT 
task (i.e., consistently tracking the leftmost or rightmost targets). As for 
human-human pairs, we also found that participants attained a group 
benefit together with the computer partner (Wahn & Kingstone, 2021). 

To date, however, little research has explored if the coordination 
effort associated with labor division is related to physiological correlates 
of mental effort while physiological correlates in joint tasks of, for 
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instance, error processing (Czeszumski, Ehinger, Wahn, & König, 2019; 
Loehr, Kourtis, Vesper, Sebanz, & Knoblich, 2013), decision-making 
(Baumgart et al., 2020) or leader-follower dynamics (Konvalinka 
et al., 2014) have been explored. A physiological correlate that has often 
been linked to a variety of cognitive processes – one of them being 
mental effort – is pupil size (for a recent review, see Mathôt (2018)). 
Particularly for the MOT task, several studies have found that pupil size 
increases with an increasing number of tracked targets (Alnæs et al., 
2014; Wahn, Ferris, Hairston, & König, 2016; Wardhani, Mathot, 
Boehler, & Laeng, 2019), suggesting that pupil size increases with 
mental effort. 

In the present study, we aim to extend these earlier findings by 
examining if pupil size can detect an increase in mental effort assumed 
to be involved with coordination efforts. In particular, we ran two 
separate experiments (a main experiment and control experiment), in 
which each group of participants performed a MOT task jointly with a 
computer partner (as in our earlier study (Wahn & Kingstone, 2021)) 
and also alone. In the main experiment, participants were required to 
coordinate a labor division strategy with their computer partner. In the 
control experiment, no coordination effort was required as a pre- 
determined labor division was assigned to the participant. If pupil size 
is sensitive to a coordination effort, we expect that it will increase in the 
main experiment – relative to performing the MOT task alone – while 
this should not be the case for the control experiment. 

2. Materials and methods 

2.1. Participants 

29 students (22 female, 7 male, M = 19.28 years, SD = 1.28 years) of 
the University of Groningen participated in the present study. 16 stu
dents participated in our main experiment (matching the number of 
participants in our earlier studies (Wahn et al., 2017; Wahn & Kingstone, 
2021)) while the remaining 13 participants took part in our control 
experiment. Because of lab shutdown due to measures against the 
Corona virus, the intended sample size of 16 for the control experiment 
was not reached. Yet, for reasons that will be discussed later, we are 
confident that the sample size for the control experiment is still suffi
cient. The study was approved by the ethics review board of the Uni
versity of Groningen (ECP approval code: PSY-1920-S-0254). All 

participants gave their consent in written form and received course 
credits for participation. 

2.2. Experimental setup 

Participants were seated in front of a computer screen (screen reso
lution: 1920 × 1080; 24′′ monitor; 60 Hz refresh rate) at a 100 cm dis
tance. Participants’ head rested on a chinrest and a keyboard and 
computer mouse were placed in front of them within easy reach. Eye
tracking data was collected using an EyeTribe (30 Hz sampling rate). Eye 
position was calibrated using a 9-point calibration. The accuracy of the 
EyeTribe’s measurements have been assessed for research purposes in a 
recent paper (Dalmaijer, 2014) and deemed sufficient for fixation ana
lyses and pupilometry. 

2.3. Experimental procedure 

In the main experiment, participants performed a solo and joint 
condition in separate blocks of trials. In the solo condition (see top row 
in Fig. 1, for an example trial), participants first saw 19 stationary ob
jects (0.36 visual degrees radius) on the computer screen. The locations 
of these objects were randomly selected. Either 0 (“non-tracking” trials) 
or 6 (“tracking” trials) objects turn white to indicate the target objects. 
The objects reverted to looking the same and started moving across the 
screen for 11 s. The objects’ movement directions and speed (varying 
between 0.04 and 0.05 visual degrees per frame) were randomly chosen. 
Moreover, objects repelled each other in a physically plausible way (i.e, 
angle of incidence equaled the angle of reflection) and “bounced” of the 
screen borders. In the tracking trials, participants were required to track 
the movements of the target objects. In the non-tracking trials, partici
pants were only required to look at the central dot (0.06 visual degrees 
radius). The purpose of the non-tracking trials was to replicate earlier 
results (Wahn, Ferris, et al., 2016) by assessing the relative increase in 
pupil sizes due to performing the MOT task. After objects stop moving, 
the trial was complete in the non-tracking trials. For the tracking trials, 
using the computer mouse, participants selected the objects that they 
thought were the targets. Participants could select as many objects as 
they wished, and confirmed their selection and ended the trial by 
clicking on the middle dot. Participants were instructed to be accurate in 
their selections and that each correct selection would count as one point 

Fig. 1. Main experiment: Example trial sequence of a tracking trial, separately for the solo (top row) and joint (bottom row) conditions. Participants first saw 19 
stationary objects. Then, a subset of six objects was indicated as target objects (in white) in the tracking trials. In the non-tracking trials, zero targets were indicated. 
During the tracking period, target indications were removed and objects moved across the screen. After the objects had stopped moving, participants could select the 
objects that they thought were targets, using the computer mouse, and subsequently confirmed their selections by clicking on the middle dot, which ended the trial 
for the solo condition. For the joint condition, after object selections, participants saw in yellow the object selections by the computer partner (in addition to their 
own selection shown in white). Overlapping selections were shown in yellow and white. (For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of this article.) 
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toward their performance score, whereas each incorrect selection would 
result in one point being subtracted. No performance feedback was 
given. The solo condition contained a total of 25 trials (20 trials tracking 
trials; 5 non-tracking trials). Every fifth trial was a non-tracking trial. 
Participants knew that only in the tracking trials, targets were displayed. 
So it was evident at the beginning of a trial whether they would perform 
a tracking or non-tracking trial. 

The sequence of events was the same for the joint condition as for the 
solo condition with the only change being that after participants 
confirmed their target selections, they would see in yellow the selections 
of the computer partner. Selections that overlapped between the 
participant and computer partner were shown in yellow and white (see 
last box, bottom part of Fig. 1). In earlier work on human-human pairs 
(Wahn et al., 2017) and on human-computer pairs (Wahn & Kingstone, 
2021), this selection information was sufficient for participants to co
ordinate their actions to efficiently divide the labor. 

For the joint condition, participants were instructed to work together 
with the computer partner by maximizing the number of correct target 
selections. They were also informed that overlapping correct selections 
would not count twice to their pair performance score and thus it is 
better to minimize the overlap in selections. As in our earlier study on 
human-computer pairs (Wahn & Kingstone, 2021) and prior to per
forming any trials, the computer partner was described in the following 
way: “The computer partner has been designed to behave in a human- 
like way. Specifically, we took data from human participants when 
they performed this tracking task together and used this data to model 
the behavior of the computer partner.” The computer partner either 
consistently tracked the three leftmost or rightmost targets. The joint 
condition contained a total of 50 trials (40 tracking trials; 10 non- 
tracking trials). Again, every fifth trial was a non-tracking trial. Note 
that the trial number in the joint condition was doubled (relative to the 
solo condition) to make sure that participants have a sufficient number 
of trials to establish labor division strategies (Wahn et al., 2017; Wahn & 
Kingstone, 2021) and for the purpose of comparing the joint conditions 
across experiments for later trials (when labor division strategies are 
likely already formed). In particular, in our human-computer study 
(Wahn & Kingstone, 2021), pairs established devision of labor strategies 

relatively early in the experiment (i.e., within the first several trials). 
In the control experiment, using a different group of participants, we 

only changed the joint condition by indicating to participants that they 
should track a certain set of targets when the targets were displayed at 
the beginning of a trial (i.e., either consistently the three leftmost or 
rightmost targets, referring to the positions of the targets at the start of 
the trial). Moreover, participants were informed that the computer 
partner would track the complementary set of targets. Thus, in the 
control experiment there is no coordination effort required to distribute 
the labor with the computer partner (for an example trial sequence, see 
Fig. 2). 

For both experiments, the order of conditions was counterbalanced 
across participants. Note, however, that for the control experiment the 
number of participants for each order is not equal (8 for solo first; 5 for 
solo second) while for the main experiment we had an equal number of 
participants for each order (8 solo first; 8 solo second). Prior to running 
the experiment, participants performed a few trials for each condition to 
become familiar with the trial sequence. Each experiment took about 40 
min to complete. 

The experiments were programmed using Python 3.7.4. We ran them 
in OpenSesame (Mathôt, Schreij, & Theeuwes, 2012) and used the 
PyGaze package (Dalmaijer, Mathôt, & Van der Stigchel, 2014) to 
integrate the EyeTribe within the experiment. 

2.4. Methods of data analysis 

2.4.1. Eyetracking data pre-processing 
Prior to the analysis of pupil size, we removed all recorded samples 

from the eyetracking data, in which no data was recorded (e.g., due to 
blinks; 1% of samples removed for the main and control experiment, 
respectively). We then calculated the median pupil size between 3 and 8 
s of the tracking period for each trial, matching our approach to the 
pupil size analysis in Wahn et al. (2016a). We chose this time window to 
avoid any influences on pupil sizes related to seeing the target in
dications at the beginning of a trial and motor preparation for the target 
selections toward the end of a trial. We also calculated the eye position 
deviation (in visual degrees) from the central dot for each sample and 

Fig. 2. Control experiment: Example trial sequence of a tracking trial, separately for the solo (top row) and joint (bottom row) conditions. Participants first saw 19 
stationary objects. For the solo condition, a subset of six objects was indicated as target objects (in white) in the tracking trials. Note, in the non-tracking trials, zero 
targets were indicated. In the joint condition, the labor division was pre-determined: Three targets were assigned to the participant (shown in white), three targets to 
the computer partner (shown in yellow). In the tracking period, target indications were removed and objects moved across the screen. After objects stop moving, 
participants could select the objects that they believed to be the targets using the computer mouse. They confirmed their selections by clicking on the middle dot, 
which also ended the trial for both the solo and joint conditions. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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took the median deviation across the extracted time window in the 
tracking period. We removed all trials, in which participants’ deviation 
was more than 2 visual degrees from the center (4% of trials removed for 
the main experiment; zero trials removed for the control experiment). 
We used the median to have a more robust measure (with regard to 
outliers) to extract data for each trial. However, the median was only 
used to aggregate data across time within a single trial. For all subse
quent analysis procedures (e.g., aggregating data across trials), the mean 
was used. 

For our analyses, we matched the number of trials for the solo and 
joint condition (i.e., used trials of the first half of the joint condition) to 
avoid the potential confound that a longer exposure to the joint condi
tion may have on pupil size. As noted above, the trials in the joint 
condition were doubled to allow comparisons between the joint condi
tions across experiments, for which we used all of the trials. 

As the pupil sizes were recorded in an arbitrary unit (i.e., pixels) and 
hence it is difficult to adequately assess the magnitude of effects, we also 
provide the relative percentage increase in pupil sizes (between condi
tions) as a more intuitive measure of the reported effects as well as 
Cohen’s d as an effect size measure for the effects of interest. 

3. Results 

3.1. Main experiment 

As a replication of earlier results (Wahn, Ferris, et al., 2016), we 
assessed whether participants had larger pupil sizes in tracking trials 
compared to non-tracking trials, separately for the solo and joint con
ditions. For this purpose, we used the averaged pupil sizes across trials 
(for each participant and condition) and paired samples t-tests. For each 
comparison, we also computed percentage increase in pupil sizes in the 
tracking trials relative to the non-tracking trials. Pupil size significantly 
increased with tracking for the solo condition (t(15) = 2.42, p = .023, 
2.91% increase, Cohen’s d = 0.60, non-tracking trials M = 18.05 pixels 
(SE = 0.36), tracking trials M = 18.56 pixels (SE = 0.36)) and also for the 
joint condition (t(15) = 3.54, p = .003, 3.82% increase; Cohen’s d =
0.88, non-tracking trials M = 18.33 pixels (SE = 0.34), tracking trials M 
= 19.04 pixels (SE = 0.42)). These findings replicate the relation be
tween attentional load (operationalized as targets tracked in a MOT 
task) and pupil size (Alnæs et al., 2014; Wahn, Ferris, et al., 2016; 
Wardhani et al., 2019). For the rest of the main experiment analyses, we 
will consider the tracking trials. 

Focusing now on the tracking trials, in order to address our research 
question of whether pupil size differs between solo and joint conditions, 

we ran a linear mixed model (Bates, Mächler, Bolker, & Walker, 2015) 
with the factors Condition (Solo, Joint) and Order (Solo first, Solo sec
ond), random intercepts for each participant, and pupil size (in pixels) as 
the dependent variable (for a descriptive overview of the Condition 
factor, see Fig. 3a). To assess significance, we used the Satterthwaite’s 
method (Luke, 2017; Satterthwaite, 1941) and type III sum of squares. 
We did not add random slopes to the model as that would have led to a 
model convergence error. We find a significant main effect of Condition 
(F(1,16) = 5.94, p = .027) but no other significant effects (main effect of 
Order: F(1,16) = 2.26, p = .152; interaction effect: F(1,16) = 0.85, p =
.370). For the main effect of Condition, the pupil size increase in the 
joint condition (M = 19.04 pixels, SE = 0.42) relative to the solo con
dition (M = 18.56 pixels, SE = 0.36) is (on average) 2.63% (Cohen’s d =
0.57, M difference = 0.48 pixels, SE = 0.21), which is similar to the in
crease in pupil size we found above when comparing the non-tracking 
trials and tracking trials in the solo condition (2.91%), and in general 
similar to the size of cognitively driven pupil size changes (Mathôt, 
2018). In short, pupil size was larger for the joint condition than for the 
solo condition. 

As a control analysis, we ran the same model with the eye deviation 
(from the center) added as a covariate and obtained the same results. We 
again found a significant main effect of Condition (F(1,16.85) = 5.18, p 
= .036) and no other significant effects (main effect of Order: F(1,15.90) 
= 1.99, p = .178; interaction effect: F(1,20.21) = 0.34, p = .565; effect of 
eye deviation: F(1,30.26) = 0.32, p = .577). 

Given that pupil size increased in the joint condition relative to the 
solo condition, we next tested whether participants actually distributed 
the labor in the joint condition. To quantify the efficiency of how well 
the labor is distributed, we assessed for each trial how many objects 
were selected both by the computer and the participant (“overlapping 
selection”). Ideally, this number should be low if a participant and the 
computer partner divided the labor well. We then divided the number of 
overlapping selections by the total number of selections for each trial to 
obtain the fraction of overlapping selections (henceforth referred to as 
“overlap”). For this measure, a low score would indicate an efficient 
labor division whereas a high score would indicate a non-efficient labor 
division. To have a baseline to which compare the overlap, we calcu
lated the expected overlap for the solo condition by simulating the se
lections the computer partner would take in this condition. The rationale 
for this baseline is that the computer partner’s behavior is the same for 
the solo and joint condition and that a reduction in overlap would only 
be present due to a change in the participants’ behavior. 

We ran a linear mixed model with the factors Condition (Baseline, 
Joint) and Order (Solo first, Solo second), random intercepts for all 

Fig. 3. Main experiment results: Averages across participants are displayed for (a) pupil size, (b) overlap (i.e., the fraction of overlapping selections relative to the 
total number of selections), and (c) left-right scores, separately of the levels of the within-subject factor Condition. The gray lines indicate the individual participants’ 
data. Error bars in all panels are standard error of the mean. 
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participants, and the dependent variable overlap. We found a significant 
main effect of Condition (F(1,16) = 5.21, p = .037) but no other sig
nificant effects (main effect of Order: F(1,24.46) = 0.16, p = .684; 
interaction effect: F(1,16) = 0.70, p = .416). These results indicate that 
participants distributed the labor in the joint condition (for a descriptive 
overview, see Fig. 3b), replicating our earlier results (Wahn & King
stone, 2021). 

While the analysis above confirmed that participants distributed the 
labor, we also verified whether this overlap reduction was attained by a 
left and right labor division. That is, one possibility is that participants’ 
reduction in the overlap could have been attained by simply trying to 
avoid the selections of the computer partner (without a clear sense 
whether they follow a certain pattern or not). For this purpose, we 
computed a measure quantifying the extent to which participants used 
such a labor division. For this measure, we first extracted for each trial 
the initial horizontal starting positions (in pixels) of all correct object 
selections by the participant and computer partner. We then averaged 
across these positions for each pair member and computed the absolute 
difference between the participant and computer partner averages. The 
resulting values (henceforth referred to as “left-right scores”) indicate to 
what extent pair members used a left and right labor division. As for the 
overlap, we compared the left-right scores to the hypothetical left-right 
scores pair members would have attained in the solo condition (for a 
descriptive overview, see Fig. 3c). 

We again ran a linear mixed model with the factors Condition, Order, 
random intercepts for all participants, and the left-right scores as the 
dependent variable. We found a significant main effect of Condition (F 
(1,16) = 9.22, p = .009) but no other significant effects (main effect of 
Order: F(1,23.67) = 0.82, p = .374; interaction effect: F(1,16) = 3.76, p 
= .070). Finally, we correlated the left-right scores with the overlap, 
returning a significant negative correlation (r = -.90, p < .001). These 
findings indicate that participants used a left and right labor division. 

Given that participants clearly divided the labor with the computer 
partner, we asked whether this labor division was actually beneficial in a 
sense that the human-computer pairs in the joint condition out
performed participants in the solo condition. To answer this question, 
we ran a linear mixed model with the factors Condition, Order, random 
intercepts for all participants, and the performance as the dependent 
variable. Importantly, for the joint condition we used the pair perfor
mance and for the solo condition the individual performance as the 
dependent variable. We found a significant main effect of Condition (F 
(1,16) = 128.65, p < .001), suggesting that human-computer pairs 
clearly outperformed individual humans in the solo condition. More
over, we found a significant interaction effect (F(1,16) = 24.07, p <
.001) while the Order effect was not significant (F(1,16) = 0.476, p =
.500). The significant interaction effect was driven by a larger perfor
mance advantage for the joint condition relative to the solo condition 
when the solo condition was performed first (solo: M = 1.71 points (SE =
0.25 vs. joint: M = 3.88 points (SE = 0.23) compared to when the solo 
condition was performed second (solo: M = 2.31 points (SE = 0.14) vs. 
joint: M = 3.66 points (SE = 0.21). 

3.2. Control experiment 

As above for the main experiment and as a replication of earlier re
sults (Wahn, Ferris, et al., 2016), we first assessed if participants had 
larger pupil sizes in tracking trials compared to non-tracking trials, 
separately for each condition, using the averaged pupil sizes across trials 
(for each participant and condition) and paired samples t-tests. Again, 
for each comparison we also computed the percentage increase in pupil 
sizes in the tracking trials relative to the non-tracking trials. Also for the 
control experiment, pupil size significantly increased with tracking for 
the solo condition (t(12) = 5.04, p < .001, 4.12% increase, Cohen’s d =
1.40, non-tracking trials: M = 16.28 pixels (SE = 0.44), tracking trials: M 
= 16.97 pixels (SE = 0.55)) and for for the joint condition (t(12) = 3.33, 
p = .006, 2.30% increase, Cohen’s d = 0.92, non-tracking trials: M =

16.61 pixels (SE = 0.42), tracking trials: M = 17.01 pixels (SE = 0.49)). 
When comparing these percentages in pupil size increase across exper
iments, separately for the solo and joint conditions, we found no sig
nificant differences (solo condition: t(27) = -0.81, p = .423; joint 
condition: t(27) = 1.14, p = .262). 

With the control experiment, we assessed whether the increase in 
pupil size in the joint condition (relative to the solo condition) found in 
the main experiment is specifically related to a coordination effort 
associated with implementing division of labor strategies. As a 
reminder, in the control experiment division of labor strategies were 
pre-determined. If the increase in pupil sizes in the joint condition 
(relative to the solo condition) in the main experiment is specifically 
related to participants’ coordination effort to devise labor division 
strategies, then a pupil size increase should be absent in the control 
experiment. 

We ran the same linear mixed model as before with pupil size as the 
dependent variable and the factors Condition and Order and random 
intercepts for all participants. We no longer find a significant main effect 
of Condition (F(1,13) = 0.55, p = .471) nor any other significant effects 
(Order: F(1,13) = 0.10, p = .755; interaction effect: F(1,13) = 4.29, p =
.059). We also computed a Bayes factor for the Condition effect (Cohen’s 
d = 0.06) and found that the data is 3.51 more likely under the null 
hypothesis than under the alternative hypothesis (for a descriptive 
overview, see Fig. 4a), which can be considered “substantial evidence” 
for the null hypothesis (Wetzels et al., 2011). For computing the Bayes 
factor, we used the BayesFactor package in R, which uses a Jeffreys prior 
for the variance and a Cauchy prior for the standardized effect size 
(Rouder, Morey, Speckman, & Province, 2012). This clear null finding 
for the control experiment suggests that the difference in statistical 
power for the control and main experiments due to the different sample 
sizes is not an issue. In sum, these findings suggest that for the control 
experiment pupil size is not increased in the joint condition (relative to 
the solo condition). 

To verify that participants followed the instructions to track the 
indicated targets, we computed the overlap and the left-right scores for 
the control experiment as well. Running the same linear mixed models 
as for the main experiment, we find for the overlap a significant main 
effect of Condition (F(1,26) = 21.05, p < .001) and no other significant 
effects (Order: F(1,26) = 0.01, p = .930; interaction effect: F(1,26) =
0.00, p = .972) – for a descriptive overview, see Fig. 4b. The same is also 
true for the left-right scores: We find a significant main effect of Con
dition (F(1,26) = 5.56, p = .026) and no other significant effects (Order: 
F(1,26) = 0.40, p = .531; interaction effect: F(1,26) = 0.118, p = 0.734) 
– for a descriptive overview, see Fig. 4c. In short, participants followed 
the task instructions in the control experiment by tracking the indicated 
targets. 

3.3. Comparisons across experiments 

While the results suggest that differences in pupil size in the main 
experiment are related to a coordination effort to implement labor di
vision strategies, an open question is whether the percentage increase in 
pupil size between the solo and joint condition is also larger in the main 
experiment compared to the control experiment. Comparing these in
creases between experiments using an independent t-test, we only find 
on a descriptive level (main: 2.63% vs. control: 0.42%) support for this 
comparison but it did not reach significance (t(27) = 1.57, p = .128, 
Cohen’s d = 0.59). 

In addition, one could suggest that the increase in pupil size in the 
main experiment could simply be driven by an increase in the individual 
effort by the participants to track targets. In other words, participants 
may have tried to track more targets in the joint condition in the main 
experiment relative to the solo condition, which could alternatively 
explain an increase in pupil size in the joint condition compared to the 
solo condition. Conversely, given that the number of tracked targets was 
already pre-determined, such a (potential) increase in the individual 
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effort may not have been present in the control experiment. A different 
point is that we also have not addressed whether there are time-on-task 
effects (i.e., training or fatigue effects) with regard to the individual 
performance of participants. To address this alternative explanation of 
our pupil size results and potential time-on-task effects, we ran a linear 
mixed model with the factors Condition, Order, and Experiment, 
random intercepts, and participants’ individual performance as the 
dependent variable. For this model, neither the main effects (Condition: 
F(1,29) = 0.12, p = .730; Order: F(1,29) = 2.05, p = .163; Experiment: F 
(1,29) = 1.54, p = .225) nor interaction effects were significant (Con
dition x Order: F(1,29) = 2.40, p = .132; Condition x Experiment: F 
(1,29) = 2.41, p = .131; Order x Experiment: F(1,29) = 1.38, p = .250; 
Condition x Order x Experiment: F(1,29) = 1.67, p = .288). These 
findings suggest that the participants’ individual effort to track her/his 
own targets stayed relatively constant across conditions. Taken together 
with our results from the main experiment, our findings suggest that the 
differences in pupil size for the main experiment between the joint and 
individual condition are likely due to a rise in mental effort due to 
coordinating labor with the computer partner. In addition, given there 
are no significant Order effects (or interaction effects involving the 
factor Order), our findings suggest that there are no time-on-task effects. 

Another open question is whether this rise in effort to divide the 
labor leads to a comparable overlap and pair performances relative to 
the control experiment, where participants already were instructed to 
use a perfect labor division. To address this question, we directly 

compared the overlap and pair performances between experiments. 
Given that participants may still devise labor division strategies in the 
first half of trials in the joint condition, we ran linear mixed models that 
not only include the between-subject factor Experiment (Main, Control) 
but also the within-subject factor Half (1st, 2nd) and we again included 
random intercepts for participants. The dependent variables are the pair 
and overlap performances, respectively (for a descriptive overview, see 
Fig. 5). 

For the pair performances, we find a significant main effect of 
Experiment (F(1,58) = 4.02, p = .049) but no other significant effects 
(Half: F(1,29) = 1.31, p = .262; Experiment x Half: F(1,29) = 0.31, p <
.580). The same is also true for the overlap. We find a significant main 
effect of Experiment (F(1,57.88) = 31.36, p < .001) but no other sig
nificant effects (Half: F(1,29) = 0.11, p = .742; interaction effect: F(1,29) 
= 0.02, p = .876). In sum, the participants’ division of labor strategies in 
the main experiment result in a lower pair performance (and higher 
overlap) than the pre-defined strategies in the control experiment, 
suggesting that participants’ labor division strategies do not reach the 
levels of efficiency as in the control experiment. 

4. Discussion 

In the present study, we investigated whether pupil size – a well- 
established physiological correlate of mental effort – would increase 
with coordination effort. In particular, we tested whether the effort 

Fig. 4. Control experiment results: Averages across participants are displayed for (a) pupil size, (b) overlap (i.e., the fraction of overlapping selections relative to the 
total number of selections), and (c) left-right scores, separately of the levels of the within-subject factor Condition. The gray lines indicate the individual participants’ 
data. Error bars in all panels are standard error of the mean. 

Fig. 5. Comparisons of joint conditions across experi
ments: Averaged performances across participants for 
(a) pair performance and (b) overlap, separately for the 
main and control experiment. The pair performances 
are the combined scored points from the participant 
and computer partner for each trial. In particular, each 
correct selection adds one point to the performance; 
each incorrect selection subtracts one point. Impor
tantly, overlapping correct selections were counted 
only once to the pair performance. The overlap is 
computed by dividing the overlapping selections by the 
total number of selections for each trial. Error bars in all 
panels are standard error of the mean.   
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associated with implementing labor division strategies in a joint MOT 
task would result in a pupil size increase relative to a condition, in which 
the MOT task is performed alone. In our main experiment, we found that 
pupil size increased by about 3% when a coordination effort was 
required relative to when the MOT task was performed alone. The 
magnitude of this effect is comparable to other cognitively driven 
changes in pupil sizes such as the effect of tracking several objects in a 
MOT task (Wahn, Ferris, et al., 2016) or holding several items in 
working memory (Mathôt, 2018). Importantly, we did not find this pupil 
size increase in a control experiment, in which no coordination effort 
was required. These results indicate that pupil size increases with mental 
effort associated with coordinating labor division in a joint visuospatial 
task. On top of that, we also replicate earlier findings showing that pupil 
size increases with attentional load in a MOT task (Alnæs et al., 2014; 
Wahn, Ferris, et al., 2016; Wardhani et al., 2019), that participants are 
willing to divide labor with a computer partner, and that this labor di
vision is clearly beneficial, resulting in a group benefit (Wahn & King
stone, 2021). 

Previous work (for a recent review, see Mathôt (2020)) has linked 
changes in pupil size to a variety of different types of mental effort (e.g., 
memory or attentional load), which suggest that changes in pupil size 
may reflect a general increase in mental effort, regardless of the cogni
tively demanding task. The present findings lend strong support to this 
view by showing that changes in pupil size are also sensitive to a co
ordination effort. 

We propose that the coordination effort indexed by a pupil size in
crease likely represents the combined effort related to several coordi
nation mechanisms that are required to successfully coordinate with 
others. To split this combined effort into its constituent parts, we suggest 
that one crucial aspect of it is uncertainty about the actions of the 
computer partner, or, in other words, the effort related to deciphering 
the “intentions” of the computer partner (i.e., that it consistently 
chooses the leftmost or rightmost targets). Relatedly, previous work on 
pupil sizes and uncertainty indeed has shown that pupil sizes increase 
with uncertainty (Richer & Beatty, 1987; Urai, Braun, & Donner, 2017) 
and hence the uncertainty about the computer’s actions could (at least in 
part) drive the present effects. Another component is the effort related to 
adapting one’s own behavior to the computer’s actions to facilitate co
ordination (i.e., by tracking a complementary set of targets). A future 
study could aim to disentangle these two components to assess their 
individual and combined effects on pupil size. 

In the present study, the coordination effort was one-sided because 
the computer’s behavior remained consistent throughout. As a result, all 
the required coordination effort was carried out by the participant. We 
know from human-human pairs (Wahn et al., 2017) that such one-sided 
coordination efforts are not unusual. That is, there are several instances 
where one co-actor in a pair does not deviate from her/his own tracking 
behavior and only the other co-actor adapts her/his actions by tracking a 
complementary set of targets. Thus, the present study investigated (to a 
degree) coordination behavior that could also occur in human-human 
pairs. Nonetheless, it would be interesting to investigate in future 
studies whether pupil size increases to a lesser degree if both co-actors 
are exerting efforts to coordinate task load, thus distributing the 
required effort across both co-actors. 

With regard to other joint tasks, coordination efforts may also 
involve other cognitive processes such as, for instance, co-representing 
(Schmitz, Vesper, Sebanz, & Knoblich, 2018) or predicting (Konva
linka, Vuust, Roepstorff, & Frith, 2010) the co-actor’s actions – for a 
recent review on cognitive mechanisms in joint tasks, see Vesper et al. 
(2017). Relatedly, labor coordination may also occur spontaneously as 
an emergent phenomenon (Richardson et al., 2015) rather than as a 
planned coordination (as in the present study). Therefore it is an open 
question whether such emergent labor divisions also require a coordi
nation effort that is reflected in pupil size. Another consideration is that 
the coordination of labor could also occur more in real-time (Benerink, 
Zaal, Casanova, Bonnardel, & Bootsma, 2016, 2018) than in the present 

study. As noted above, part of the participants’ coordination effort in the 
current study involved deciphering the “intentions” of the computer 
partner and then adapting their behavior accordingly for the subsequent 
trial(s). In contrast, such action adaptions may also occur in real-time (i. 
e. participants directly react to, or anticipate, the actions of their part
ner). For such more real-time joint tasks, coordination efforts likely 
reflect other coordination mechanisms, and it is again an open question 
if pupil size is also sensitive to such real-time coordination efforts. 
Taking a different tack, labor divisions can also occur in other cognitive 
domains such as memory (Bietti & Sutton, 2015; Rajaram & Pereira- 
Pasarin, 2010), problem-solving (Laughlin, Bonner, & Miner, 2002; 
Laughlin, Hatch, Silver, & Boh, 2006; Roberts & Goldstone, 2011), 
decision-making (Kerr & Tindale, 2004), and visuomotor processing 
(Knoblich & Jordan, 2003; Newman-Norlund, Bosga, Meulenbroek, & 
Bekkering, 2008; Reed et al., 2006; Ganesh et al., 2014; Van der Wel, 
Knoblich, & Sebanz, 2011; Takagi, Ganesh, Yoshioka, Kawato, & Burdet, 
2017; Wahn, Schmitz, König, & Knoblich, 2016; Wahn, Karlinsky, 
Schmitz, & König, 2018). For several of these domains, the involved 
cognitive effort has been related to changes in pupil size (for a review, 
see: Mathôt (2020)). However, it has not been tested whether pupil size 
will also be sensitive to a coordination effort in such tasks as well. Taken 
together, addressing these questions in future studies will reveal if 
changes to pupil size are also sensitive to a wide variety of coordination 
efforts across joint tasks as it follows that, depending on the task, other 
cognitive processes will surely be required for coordinating actions with 
others. Finally, from a more technical perspective, a future study could 
also test whether it would be possible to use pupil size to determine 
(Mathôt, Melmi, Van Der Linden, & Van der Stigchel, 2016) if coordi
nation strategies are ongoing (e.g., being formulated) or not (e.g., have 
been established). 
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