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Abstract
In the present project, we reexamined the balloon analogue risk task (BART) by evaluating three variations on the task: one that
does not require pumping, one that controls for trial duration, and another that withholds feedback on popping until the end of
each trial. To accurately assess the censored data produced by the BART, performance was compared across these variations
using Bayesian analysis with censored regression. The first experiment compared a task that required pumping to one that did not,
and revealed that the tendency to respond earlier than is optimal does not reflect an avoidance of effort. The second experiment
included a condition in which the duration of each trial was held constant by continuing to automatically inflate a balloon to its
maximum size after a cash-in response; feedback on the pop time was withheld until the end of each trial. This condition revealed
that the tendency to respond earlier is not driven by a desire to finish the task quickly by cashing in early, but the results also
strongly suggested that the immediate experience of popping created a greater aversion to risk (although this condition difference
was inconsequential by the end of the experiment). The article concludes by considering the implications of these results for
cognitive neuroscience approaches to understanding performance on the BART.
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In the study of decision making, researchers often ask people
to choose between options that differ in multiple ways, with
one option being better on one or more dimensions, and the
other option better on the other dimensions (e.g., Chatterjee &
Heath, 1996; Kahneman & Tversky, 1979; Rachlin, Raineri,
& Cross, 1991; Young, Webb, Rung, &McCoy, 2014). These
types of designs help determine the relative importance of the
dimensions for each participant.

In one such task, the balloon analogue risk task, or BART
(Lejuez et al., 2002), participants are asked to pump up a series
of visual representations of a balloon. On each trial, the larger
the balloon is before the participant stops pumping, the greater
the reward magnitude. But each pump increases the likelihood
that a balloon will pop; popping results in no reward on that
trial. The BART involves the trade-off between reward mag-
nitude and reward probability: Cashing in quickly results in a
high probability of a low-magnitude reward, whereas cashing

in later results in a lower probability of a higher-magnitude
reward. The BART, however, involves more trade-offs than
that. First, pumping the balloon requires effort. Second,
pumping the balloon requires time, and cashing in earlier on
each trial produces a shorter experiment as well as requiring
less physical effort. Thus, a participant’s decision to produce
fewer pumps could reflect a desire for some combination of
higher probability, less effort, or a shorter experiment, rather
than a greater average reward magnitude.

In the present study we had two primary goals. First, we
wanted to examine variations on the BART, to determine
whether factors other than risk aversion might play a role in
people’s decisions to cash in earlier than expected. In
Experiment 1 we examined the role of physical effort, and in
Experiment 2 we examined the impact of a desire for a shorter
experiment and, secondarily, the timing of the feedback.
Second, we addressed these questions using a censored regres-
sion analysis, and thus the article also considers whether the so-
called risk aversion on the BART is due to a statistical artifact
(Pleskac,Wallsten,Wang, & Lejuez, 2008). Experiment 1 com-
pared the traditional analytical approach, based on only analyz-
ing trials that do not result in popping the balloon (i.e., adjusted
pumps), to a censored regression approach; due to the
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advantages of censored regression, this method was then used
for Experiment 2.

The multiple advantages of responding earlier rather than
later on the BART may partly explain the common observa-
tion that participants cash in earlier than is Boptimal,^ where
optimal is defined as the point at which the expected value of
the reward is maximized. Lejuez et al. (2002) reported that
participants only pumped their blue balloon 28 times, when 64
pumps was optimal (44% of optimal), whereas they pumped
the yellow and orange balloons 11 and 3.5 times, relative to
the optimal 16 and 4 pumps, respectively (about 69% and
82% of optimal). The researchers described this result as ev-
idence of risk aversion among the participants. However, the
strength of the tendency to cash in too early was greater for
conditions in which the additional effort and time required to
maximize the expected value was greater. Paradoxically, the
tendency to cash in early was greatest when the risk of pop-
ping the balloon was lowest. Importantly, the premature
cashing in was also evident in studies that have used only
the Bthickest^ balloon (i.e., the balloon least likely to pop, or
the blue balloon in Lejuez et al., 2002). For example, the
participants pumping thick balloons in Hunt, Hopko, Bare,
Lejuez, and Robinson (2005) cashed in after an average of
35 pumps (55% of optimal), and the participants in Crowley
et al. (2009) averaged 26 pumps (41% of optimal).

An alternative explanation of the reported risk aversion was
explored by Pleskac et al. (2008). They noted that when the
balloon pops, the researcher does not know how many times
the participant would have pumped up the balloon before
cashing in. Given that participants are only scored on trials in
which they cash in (Lejuez et al., 2002), this creates a down-
ward bias in the scoring of their performance, due to truncation
of the distribution of the number of pumps. Pleskac et al. pro-
posed a variation on the BART in which participants indicated
the number of pumps they wished to produce before each trial
started; the computer then produced this number of pumps for
the participant. This automated BART produced a slightly larg-
er number of pumps than the manual version, both when using
adjusted pumps that artificially truncated the distribution of the
automatic condition (to match the truncation of the standard
BART) and when using the unadjusted number of pumps by
censoring both distributions, by treating trials ending in a pop
as involving the number of pumps produced at popping. There
was no attempt to model the entire pump distribution, so as to
include those values not observed due to premature balloon
popping in the original BART.

Censoring is a statistical outcome common in survival
analysis—a person who is still alive at the end of a medical
study is treated as having a longevity score equal to his or her
value at study termination. For example, in a study examining
patient survival up to 10 years after surgery, a patient still alive
at the end of the study would be assigned a longevity score of
10 years. This patient’s score is said to be censored, to

distinguish it from a patient’s score who died exactly 10 years
after surgery. Statisticians can analyze censored data using
censored regression, which models the unobserved tail of the
distribution by considering the observed data and the number
of censored observations (Tobin, 1958). A standard regression
must either treat censored data as missing at random (which
they are not) or replace these missing values with the maxi-
mum possible value that could be observed. In analyses of the
BART, the former approach is adopted when an analysis is
based on the adjusted score, and the latter approach when
analysis is based on the unadjusted score; both approaches
result in downward bias of the estimated number of pumps
(for further discussion, see Pleskac et al., 2008). Furthermore,
analyzing only the adjusted pumps results in a smaller sample
size, by omitting popped trials. These trials contain informa-
tion—namely, that the participant had planned to wait at least
that long—that is lost in the traditional analytic approach.

Given that censored regression can derive the most likely
distribution of a dependent variable involving censored data,
we used a Bayesian analysis to perform a multilevel censored
regression for each of the designs that we assessed. This ap-
proach allowed us to determine whether our manipulations
were affecting cash-in behavior, regardless of whether the
methodology can produce censoring (like the original
BART) or not (like the automatic BART).

In the present study, we more fully examined the risk aver-
sion claims for the BART by systematically testing variations
of the task. In Experiment 1, two versions of the BART were
examined: one in which the balloon had to be pumped up, and
one in which the balloon automatically increased in size and the
participant only needed to respond once in order to terminate
the trial, and thus cash in. If participants waited longer when the
pump requirement was removed, then effort was playing a role
in the decisions to cash in early when pumping was required.

In Experiment 2 we compared a version in which pumping
was not required and the balloon popped at a scheduled time
(the inflate-to-pop condition) to a version in which pumping
was still not required but the balloon inflated to its maximum
on each trial, regardless of when the participant cashed in (the
inflate-to-full condition). In the inflate-to-full condition, par-
ticipants did not know that the balloon popped until the trial
was complete, and zero points were awarded when their cash-
in time was longer than the scheduled pop time (cf. Jentsch,
Woods, Groman, & Seu, 2010). In both conditions, the trial
duration was held constant, in order to control for the amount
of time to complete the task (there was thus no time benefit to
cashing in early). The inflate-to-full condition also eliminated
the data truncation caused by popping (cf. Pleskac et al.,
2008). However, this method of eliminating truncation by
removing the immediate experience of popping could result
in less risk aversion, a situation that might also exist in Pleskac
et al.’s automatic BART, in which participants are required to
choose the number of pumps at the beginning of each trial.
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Experiment 1

In our first experiment, participants were assigned to one of
two conditions: Either the balloon inflated automatically and
only a cash-in response was required, or the participants had to
manually inflate the balloon (a conceptual replication of the
traditional BART task). We designed this first experiment to
assess what changes, if any, the removal of the pumping re-
sponse would make to the measured behavior on the task. If
participants in the manual condition cashed in earlier, then
effort was playing at least some role in these decisions.

Participants assigned to the automatic condition simply
watched the video of the balloon inflating and made a single
response to cash in on the balloon (the size of the balloon at
cash-in was directly related to the number of points earned on
the trial). If they waited too long, the balloon popped (i.e., the
video ended), and they received zero points. Participants in the
manual condition were required to press the space bar to in-
flate the balloon. The participants in this condition watched
the same video as those in the automatic condition, but the
video would pause after every 100ms. Once the video paused,
participants had to choose between the risky choice (press the
space bar and let the balloon continue inflating) and the safe
choice (cash in and receive the available points). As with the
participants in the automatic condition, if participants waited
too long to cash in, the video would end and they would
receive zero points. The video played for a maximum of
3,400 ms (100- to 3,400-ms range) in the automatic condition,
and up to 34 × 100-ms bins in the manual condition.

In addition to the manipulation above, we also used five
balloon thicknesses to create five levels of riskiness associated
with waiting. In the most common implementation of the
BART (Aklin, Lejuez, Zvolensky, Kahler, & Gwadz, 2005;
Fein & Chang, 2008; Hopko et al., 2006; Lejuez et al., 2003),
participants experience balloons with a single thickness (typ-
ically, 128 pumps max, with 64 pumps being optimal). We
were interested in observing how behavior changed on the
basis of the riskiness contingency, and whether this sensitivity
would differ between the automatic and manual conditions;
using multiple thicknesses also avoided ceiling and floor ef-
fects that might be observed with some participants. We hy-
pothesized that participants would learn to wait longer for
thicker balloons, but we had no expectations regarding differ-
ential sensitivity to this manipulation across the conditions.

All analyses were conducted using Bayesian multilevel
gamma regression analysis, as implemented in the brms pack-
age for R. For the censored analysis, popped trials were clas-
sified as censored when the balloon popped—the balloon size
when it popped became the censored value. For further dis-
cussion of censored regression in multilevel models, see
Rodriguez (2007). For the standard analysis, only the trials
ending in a cash-in were analyzed (i.e., censored trials were
omitted), but we used the sameBayesianmethod of estimation

to allow for direct comparison of the two approaches to ana-
lyzing the data.

Method

Participants A total of 114 introductory psychology students
(36 men and 78 women) at Kansas State University received
course credit for their voluntary participation.

Stimuli In our task, each stimulus comprised a single balloon
animation with a predetermined random size at which the
balloon would pop. Each participant was programmed to re-
ceive the same pop times in the same order, but their experi-
ences differed depending on their cash-in behavior. The bal-
loon animation was a colored circle with a diameter that in-
creased linearly over time (see Fig. 1 for screenshots of the
displays) from its minimal diameter of 0.6° visual angle to a
maximum of 22.4° of visual angle.

Traditionally, the distribution of pop times had been deter-
mined by Eq. 1:

Probability of Popping ¼ 1

n−iþ 1
ð1Þ

where the probability of popping is the probability of the bal-
loon popping on the ith pump, and n is the maximum number
of pumps (Lejuez et al., 2002; Wallsten, Pleskac, & Lejuez,
2005). The pop times were then selected from this distribution
in a pseudorandom manner, such that the average pop time
was maintained across blocks. For the present study, the dis-
tribution of pop times was determined by a superellipsoid
function first adopted by Young, Webb, and Jacobs (2011),
using Eq. 2 (see Fig. 2):

Probability of Popping ¼ 1−
3400−t
3400

� �power� � 1
power

ð2Þ

where the probability of popping is the probability of the bal-
loon popping at time t, and power is a parameter in the
superellipsoid function that defines the rate of change in prob-
ability across the duration. The probability of the balloon pop-
ping at higher powers accelerated much earlier, resulting in a
balloon that popped after waiting a short time (i.e., thus
representing thinner balloons). At low powers the probability
of the balloon popping increased much later, resulting in a
balloon that popped only after waiting a long time (i.e., thus
representing thicker balloons). This equation has the benefit of
having the same maximum balloon size across variations in
thickness, although the larger sizes are rarely experienced for
the thinner balloons. To ensure equality across the two condi-
tions, the likelihood of popping for the automatic condition
was determined at 100-ms intervals, to match the size of the
intervals in the manual condition.
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Participants also completed a questionnaire, which consisted
of the UPPS-P (Whiteside&Lynam, 2001) and questions about
participants’ video game experience and sex. The UPPS-P is a
59-item impulsivity questionnaire that consists of five sub-
scales. Order of completion was counterbalanced between sub-
jects, such that half of the participants completed the UPPS-P
and demographic questionnaire first, and the other half com-
pleted the BART first. These data were gathered for exploratory
purposes, but no clearly significant effects emerged, and thus
these variables will receive no further attention.

Procedure Participants completed all of the assigned tasks at
one of four identical workstations. Participants were read the
instructions and began the task: They were told they would be
inflating 250 balloons and that the color of the balloon would
change, which would signify that the balloon might now pop
earlier or later than it had been. Five colors were experienced
within each 50-trial block, but the assignment of colors to
power values was counterbalanced such that each color was
not predictive of power when it was encountered again later in

the experiment. Data collection was programmed using
PsyScope (Cohen, MacWhinney, Flatt, & Provost, 1993) on
four Mac Mini computers.

At the beginning of each trial, a fixation cross was pre-
sented centrally, and participants pressed any key to begin
the balloon animation. In the automatic condition, the bal-
loon animation played until either the balloon popped or the
participant had cashed in using the Bc^ key (whichever hap-
pened first); inflation was smooth and continuous, as it
would be if accomplished by a machine rather than by an
individual blowing up a balloon. Immediately after the bal-
loon animation terminated, a feedback screen was present-
ed. The feedback screen included the central fixation cross,
as well as the number of points previously earned, a plus
sign, and the number of points earned on the current trial
(see Fig. 1). Participants could press any key to terminate
the feedback and begin the inflation of the next balloon. In
the manual condition a trial progressed similarly to the trials
in the automatic condition, except that the balloon anima-
tion paused every 100 ms, and the participant had to press

Fig. 1 Screenshots of the stimuli used in both Experiments 1 and 2. (Top)
The feedback screen participants were shown at the end of each trial,
which included a fixation cross, the number of points earned so far in
the experiment, and the number of points earned on the most recent

balloon. (Bottom) A depiction of the balloon stimulus seen by partici-
pants (after 1,000 ms, or ten pumps). Participants saw five different col-
ored balloons
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either the space bar, to have the balloon continue expanding,
or the Bc^ key, to cash in.

We divided the 250 trials into five blocks of five sets of ten
balloons each (see Fig. 3). At the end of each set of ten bal-
loons, the color of the balloon changed, as a cue to the partic-
ipant that the balloon thickness was different. The balloon
thickness (power value) changed at the end of each set of
trials, but participants had to learn this new environmental
contingency through trial and error. Each power value was
experienced five times, and the order of experience was
Latin-square counterbalanced within participants.

Results

The data and R scripts for both Experiments 1 and 2 are
available on the Open Science Framework, at https://osf.io/
zq23u/. All participants completed the tasks within the
allotted time of 1 h. One participant was dropped for only
cashing in on one trial. Although the rest of the participants
were included in order to avoid differential attrition, three
participants in the manual condition eventually produced a
stereotypic behavior in which they cashed in all balloons
with the same number of pumps (usually one), which
suggests that at least some of the participants in the manual
condition were choosing a least-effort strategy. Cash-ins be-
low 100 units in size were excluded for being too fast, which
resulted in 827 trials being excluded (roughly 3% of the data).

To equate behavior across the two tasks, the time to cash in
was assessed using the size of the balloon at cash in. This
metric of balloon size corresponded to the number of

milliseconds waited in the automatic condition, and to 100
times the number of pumps in the manual condition. Note that
if the balloon popped before cash-in, for the censored regres-
sion the size of the balloon when it popped was used as the
data value and also tagged as a censored data point.

Plots of the full distribution, geometric means, and optimal
sizes (to maximize the expected value) are shown in the top
part of Fig. 4. It is apparent that participants were cashing in
much earlier than was optimal, especially for the thickest bal-
loons (powers less than 0.75). Note that these distributions and
geometric means are based on collapsing across all partici-
pants, and thus do not reflect the different numbers of trials
that each participant contributed to these distributions, either
due to differences in pop rates or failures to complete the
experiment. A multilevel model will be used to appropriately
weight each participant in the statistical analysis.

We ran a generalized linear multilevel censored regression
(Pinheiro & Bates, 2004) on balloon size at cash-in and spec-
ified a gamma error distribution (with a log link function), due
to the strong skew evident in the latencies. For all of the
Bayesian analyses the warm-up or burn-in period was 500,
with an additional 1,000 iterations to estimate the posterior
distribution of each parameter; three chains were run with
these values. The weak priors were N(0.0, 0.5) for the condi-
tion regression weights, N(6, 1) for the intercept, N(0, 1) for
the power slope,Cauchy(0, 2) for the standard deviations, and
LKJ(2) for the correlations. The slope estimate of the power
parameter that dictates balloon thickness and the intercept
were allowed to vary across participants as random effects.
Power and condition (automatic vs. manual) as well as their
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interaction were evaluated as fixed effects. To avoid issues
with multicollinearity, the power value was centered and con-
dition was effect-coded. Visual examination of the perfor-
mance of the chains and the R-hat values (all 1.05 or below)
indicated that convergence of the chains was good (i.e., the
posterior distribution was very similar, regardless of the dif-
ferent starting values used in the three chains). For a Bayesian
multilevel analysis of BART data for testing nonlinear
models, see van Ravenzwaaij, Dutilh, and Wagenmakers
(2011).

To demonstrate the consequences of only analyzing the
trials on which the balloon did not pop (the standard approach
to the assessment of performance on the BART), we also ran
the same regression but omitted the trials on which the balloon

popped, thus eliminating censored trials. The results of this
analysis illustrate the degree to which the standard approach
underestimates the extent to which people would pump up the
balloon.

The Bayesian estimated posterior credibility intervals are
shown in Table 1 for both the censored regression and the
regression based only on the trials that did not end with a
pop. The averages are back-transformed in the text below,
for simplicity of presentation. For the more valid censored
regression, the participants in the automatic condition were
estimated to cash in at a balloon size of 845 units (845 ms in
the automatic condition, or about eight or nine pumps in the
manual condition), and they were sensitive to balloon thick-
ness (M = – 1.15; see the left side of Fig. 5), meaning that
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Fig. 4 Balloon size at cash-in for each condition, with the geometric
mean (diamond) and optimal value (filled dot), for Experiment 1 (top)
and Experiment 2 (bottom). The full data set is represented, and the

results do not reflect that participants contributed different amounts of
data due to popping or premature termination of the experiment
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participants tended to wait longest to cash in balloons at the
0.25 power value (thickest balloons) and to wait least to cash
in balloons at the 1.25 power value (thinnest balloons).
Participants in the automatic condition cashed in earlier (mean
size of 821 units) than participants in the manual condition
(mean size of 871 units), indicating that increased effort did
not result in cashing in earlier; the difference was small
(equivalent to the size difference that one pump produces),
and zero was a credible value. Participants in the manual con-
dition were more sensitive to changes in the balloon thickness
(mean slope = – 1.30) than were those in the automatic con-
dition (mean slope = – 1.00; see the left side of Fig. 5); zero
was not a credible value when estimating this difference.

The standard regression of the balloon sizes at cash-in are
also shown in Table 1 and on the right side of Fig. 5. It is
readily apparent that excluding popped trials from the analysis
results in a downward-biased estimate of the predicted cash-in
balloon size (by 146 units of balloon size at the average power
of 1.0). This analysis also significantly underestimated the
uncertainty in individual differences, because the unobserved

longer tail of the distribution had no influence on the assess-
ment of variability; the 95% credibility interval for the stan-
dard deviation of the intercepts across participants was [0.19,
0.24] for the standard analysis of truncated values, versus
[0.24, 0.31] for the censored regression. Furthermore, the
standard method of estimating wait times does not incorporate
the differential likelihoods of popping the balloon across the
two conditions—27% for the automatic condition and 36%
for the manual condition—as well as variations in the likeli-
hood of popping for the different balloon thicknesses (i.e.,
values of the power parameter). Because the participants in
the manual condition popped the balloon more often, there
was more truncation of the upper tail, thus driving down their
estimated balloon size at cash-in.

Discussion

The purpose of Experiment 1 was to determine whether manu-
ally inflating the balloon would produce less waiting than was
observed when the balloon inflated automatically, due to an

Table 1 Parameter estimates (as 95% credibility intervals) for the balloon size analyses

Experiment 1 Censored Experiment 1 Truncated Experiment 2 Censored

Intercept [6.68, 6.78] [6.51, 6.59] [6.75, 6.97]

Power [– 1.22, – 1.07] [– 1.49, – 1.35] [– 0.97, – 0.71]

Condition [– 0.09, 0.02] [– 0.05, 0.03] [0.02, 0.21]

Condition × Power [0.07, 0.23] [0.08, 0.23] [0.08, 0.35]

Power was centered by subtracting 0.75. Condition was effect coded as [– 1 = press, + 1 = no press] for Experiment 1 and [– 1 = inflate to pop, + 1 =
inflate to full] for Experiment 2
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Fig. 5 (Left) Average balloon size at cash-in for each of the conditions in
Experiment 1, as estimated by a censored gamma regression. (Right)
Average balloon size at cash-in for each of the conditions in

Experiment 1, as estimated by a gamma regression of the trials on which
the balloon did not pop. Error ribbons show 95% credibility intervals
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avoidance of effort. The results suggest that manually inflating
did not produce a tendency to cash in earlier, but rather a bit
later (equivalent to one pump in size). Thus, we found no evi-
dence that effort plays much of a role in explaining the tendency
to cash in a balloon earlier, especially for the thickest balloons,
which required even more effort to obtain the greatest reward.
The slightly quicker cash-ins for the automatic condition could
have been caused by the rapidity at which the balloon inflated
when pumping was not required.

A key result was the ability of the censored regression to
appropriately estimate the balloon size at which people would
cash in. When we analyzed the data using the traditional ap-
proach, in which popped trials were omitted, the analysis great-
ly underestimated the predicted balloon size at cash-in, and
overestimated the size of the power slope (see Table 1).
However, even with the proper, censored regression, people
still cashed in much too early for the thickest balloons. This
may have been due to experience with the thinnest balloons
carrying over to trials involving the thicker ones—the partici-
pants may have defaulted to cashing in faster until they learned
that the new balloon color corresponded to a thicker balloon.
Previously published work showing early cashing in when
only a thick balloon is present suggests that the risk-aversive
behavior might persist even without the carryover (Hunt et al.,
2005). Unfortunately, these earlier studies used a standard anal-
ysis that only considered the number of pumps on trials that did
not result in popping. For example, in the Hunt et al. study,
31% of the trials ended in the balloon exploding, resulting in
truncation of nearly one-third of the upper tail of the distribu-
tion of the number of pumps. Regardless, there is considerable
evidence of risk aversion in a related task in which the proba-
bility of receiving a reward changed within a trial (Young &
Cole, 2012; Young et al., 2014).

The difference in estimates derived form the censored re-
gression and the standard analysis highlights that any assess-
ment of performance on the BART that does not use censored
regression must report any differences in popping probability
across conditions or participants. It would be easy to assume
that the number of pumps and the probability of popping are
highly correlated, but participants with higher trial-to-trial var-
iability in their pumping (perhaps reflecting more exploratory
behavior) would be more likely to pop the balloon than would
a participant with a similar average number of pumps and less
variability in that number.

Although the observed tendency to cash in earlier than is
optimal could demonstrate risk aversion, especially when
larger rewards are more readily available (for the thickest bal-
loons), some degree of underinflation could have been caused
by participants wanting to complete the experiment sooner.
The differential benefit of cashing in sooner has its biggest
effect for the thickest balloons, because they require longer
waiting in order to achieve optimal behavior. This explanation
was evaluated in Experiment 2.

In Experiment 2 we also evaluated whether the immediate
experience of popping contributed to the observed risk aversion.
Our laboratory’s ultimate goal was to create a variation of the
BART in which information about the loss of points would be
withheld until the end of the trial, so that the task would be more
amenable to use in an electroencephalography (EEG) study of
decision making. Popping creates a visual discontinuity that
would produce a large effect on the EEG signal that could prove
problematic for interpretation. Furthermore, popped trials do not
produce a cash-in response for which a response-related EEG
signal could be assessed. But, by decreasing the temporal con-
tiguity between a behavior and its consequences (a situation that
also exists in the automatic BART; Pleskac et al., 2008), a task
without visual popping could decrease the salience of the loss of
points associated with the popping, and thus create less risk
aversion than would normally be observed.

Experiment 2

In Experiment 2, participants were assigned to one of two con-
ditions, both of which involved automatic inflation of the bal-
loons. In the first condition (inflate to pop), when the balloon
popped it disappeared as usual, but the screen remained blank
until the programmed presentation time of the feedback (3,400
ms after each balloon began inflating). This ensured that each
trial had the same duration, and it removed any incentive to cash
in earlier to more quickly complete the experiment. The second
condition (inflate to full) was identical to the first, except that the
balloon did not disappear when the balloon popped. Thus, there
was no indication of the pop time until after the end of the trial,
when the feedback screen was displayed; participants who had
responded after the scheduled pop time earned no points on that
trial. This condition allowed the participant to respond at any
time during the 3,400-ms balloon inflation, and thus also served
to prevent any data truncation caused by the popping.

Method

Participants A total of 54 introductory psychology students at
Kansas State University received course credit for their vol-
untary participation. None of these participants took part in
Experiment 1. Given the absence of demographic effects in
Experiment 1, we used a smaller sample and did not collect
demographic information in Experiment 2.

Stimuli and procedure The stimuli and procedures were iden-
tical to those of Experiment 1, with the following exceptions.
The inflate-to-pop condition was a conceptual replication of
the automatic condition from Experiment 1. In this condition,
the balloon animation terminated at the preprogrammed pop
time or whenever the participant cashed in the balloon.
However, this condition was modified from the automatic
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version used in Experiment 1, such that the length of the trial
was held constant. When the balloon animation terminated,
the screen remained solid white until the end of the 3,400-ms
interval (the maximum length of time the balloon could have
been on the screen), at which point participants were informed
of the amount of points earned on the trial. In the inflate-to-full
condition, participants were instructed that the balloon would
inflate to the same size on every trial, regardless of the cash-in
latency and predetermined pop-time; the number of points
earned was displayed at the same time as in the other condi-
tion. Because the purpose of the study was strictly methodo-
logical, we did not collect individual differences variables, but
their characteristics would be similar to those from the first
experiment, because they were drawn from the same
population.

We again ran a generalized linear mixed-effect censored
regression on balloon size at cash-in and specified a gamma
error distribution (with a log link function). In the inflate-to-
full condition, none of the outcome values were censored, by
design. The default priors were N(0.0, 0.5) for the regression
weights, but we used a weakly informative prior for the inter-
cept, N(6.0, 1.0), and the power slope, N(– 1.0, 0.5) (the latter
prior was different from that used in Exp. 1 because it was
informed by those results), a weakly informative Cauchy(0.4,
0.2) for the standard deviations, and LKJ(2.0) for the correla-
tions. Otherwise, the analysis was identical to the censored
regression used in Experiment 1. We should note that the
narrower priors on the power slope and standard deviation
had minimal impact on these results—the credibility intervals
were nearly identical to those from an analysis using uninfor-
mative priors. Regardless, the use of these more informed
priors was in the original analysis plan, and thus was adopted.

Results and discussion

All participants completed the task within the allotted time of
1 h. Cash-in latencies below 100 units in size were excluded
for being too fast, which resulted in 126 trials being excluded
(less than 1% of the data); the metric of balloon size corre-
sponds to the number of milliseconds waited. Four partici-
pants stopped responding (after 6, 27, 125, and 141 trials).
Because all were in the inflate-to-full condition, their data
before they stopped responding were retained, but the data
after they stopped was dropped from the analysis.

Plots of the full distribution, geometric means, and optimal
size (to maximize the expected value) are shown in the bottom
part of Fig. 4. It is again apparent that participants were
cashing in much earlier than was optimal for the thickest bal-
loons (powers less than 0.75), but they actually appear to have
cashed in later than optimal in the inflate-to-full condition for
the thinner balloons (powers of 1.00 and 1.25). These distri-
butions and geometric means are based on collapsing across
all participants, regardless of sample size.

The Bayesian estimated posterior credibility intervals are
shown in the right column of Table 1, and the model fit is
shown in Fig. 6. Participants in the inflate-to-full condition
were estimated to cash in at a balloon size of 1,075 units (or
1,075 ms), whereas those in the inflate-to-pop condition
cashed in much earlier, at a size of 846 units. Additionally,
in the inflate-to-full condition the participants showed weaker
sensitivity to the thickness manipulation (mean slope = –
0.62), whereas participants in the inflate-to-pop condition
showed stronger sensitivity (mean slope = – 1.06). For the
condition differences in average cash-in time (i.e., intercept)
and sensitivity to power (i.e., slope), zero was not a credible
value (see the bottom two rows in the right column of Table 1).

The observed estimates for the inflate-to-pop condition in
which the duration of trials was constant were very similar to
those in the Experiment 1’s automatic condition (mean bal-
loon sizes of 812 in Exp. 1 and 846 in Exp. 2, mean power
slopes of – 1.03 in Exp. 1 and – 1.06 in Exp. 2). This obser-
vation suggests that the participants’ tendency to cash in ear-
lier than was optimal was not strongly driven by a desire to
shorten the experiment. However, the difference between the
inflate-to-full and inflate-to-pop conditions suggests that
experiencing the popping is a significant contributor to the
risk aversion observed in the BART task.

In a final exploratory analysis, we examined how behavior
changed across the balloons within each set of ten trials, as
well as how it changed across the 25 sets of balloon types (see
Fig. 3 for the design). A Bayesian censored regression was fit
by including trial (within set) and set (1 to 25). The results are
shown in Fig. 7. Not surprisingly, at the beginning of a set of
ten trials there is no real sensitivity to the balloon thickness,
and sensitivity increased significantly across the ten trials.
There was also evidence of learning across the experiment,
with the response to the thin balloons in the inflate-to-full
condition showing the largest change across the experiment.
By the last set of balloons, the behavior in the two conditions
was very similar. The slower development of strong sensitiv-
ity to balloon thickness in the inflate-to-full condition suggests
that participants were slower to learn the task contingencies
when the feedback was delayed to the end of the trial, rather
than immediate (recall that in the inflate-to-pop condition, the
popping provided immediate feedback that the participant
would earn zero points at the end of the trial). Finally, at the
end of the experiment, participants were still cashing in sooner
than was optimal for the two thickest balloons.

General discussion

These two experiments suggest that the tendency to respond
earlier than is optimal in the BART is not a by-product of a
desire to reduce effort or to complete the task early. The
earlier-than-optimal cash-ins were robust for the thickest
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balloons with the least risk. In contrast, the immediate expe-
rience of popping appears to be a major contributor to risk
aversion. Because experiencing the popping is more common
for the thinner balloons (higher power values), it was not
surprising that the condition difference in Experiment 2 was
larger for the thinner balloons (see Fig. 6).

The majority of the published studies involving the BART
have only used the thickest balloons (e.g., Hopko et al., 2006;
Lighthall, Mather, & Gorlick, 2009; Pleskac et al., 2008;
Wright & Rakow, 2017), because greater individual differ-
ences were observed in this condition by Lejuez et al.
(2002). The robust tendency to avoid risk in precisely the
conditions in which risk is lowest may be a consequence of
more reward being available in those conditions. Acheson,
Reynolds, Richards, and De Wit (2006) documented that par-
ticipants earning 1¢ per pump were less risk-averse (M = 48
pumps) than those earning 5¢ per pump (M = 37 pumps) or
25¢ per pump (M = 31 pumps). For the thinnest balloons in
both the present study and the one reported by Lejuez et al.
(2002), very little reward was at stake, because these balloons
invariably popped before much reward was available. This
raises the question of whether the thinner balloons might
prove of greater utility to studying risk aversion if the reward
rate increased to offset the greater risk. For example, if Lejuez

et al.’s (2002) orange balloons (with an optimal pump number
of 4) accumulated 16 times as much reward for each pump
than did the blue balloons (with an optimal pump number of
64), participants might cash in much earlier and, perhaps,
show the larger degree of individual differences that Lejuez
et al. (2002) observed for the blue balloons.

Although the present studies strongly indicate that effort
reduction and time reduction played little role in the high level
of risk aversion for thicker (less risky) balloons, the truncation
of wait durations caused by popping clearly has an effect.
Regardless, participants in the inflate-to-full condition still
showed risk aversion for the thick balloons when a censored
regression was used (see Fig. 6), despite their experiencing
many fewer pops for those balloons. This behavioral pattern
gives rise to an alternative explanation of both of these ten-
dencies: carryover effects. Because participants experienced
multiple balloon types within a session, they may have evi-
denced carryover from the other balloon thickness conditions.

For example, when a new balloon type is encountered, the
default behavior may be to assume that the expected pop time
will be the typical pop time across all balloon types; only by
experiencing many balloons of the same thickness (and be-
haviorally sampling a range of wait times) would a participant
begin to learn the optimal behavior. Indeed, Fig. 7 reveals that

0

500

1000

1500

2000

0.25 0.50 0.75 1.00 1.25
Power

S
iz

e

Condition
Inflate to Full

Inflate to Pop

Fig. 6 Average balloon size at cash-in for each of the conditions in Experiment 2, as estimated by a censored gamma regression. Error ribbons show 95%
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at the beginning of each set of ten balloons, participants
tended to cash in at a balloon size of around 1,000, which is
the optimal size for the medium-thickness balloon (power =
0.75).

This argument raises the possibility that participant differ-
ences in risk aversion may also reflect participant differences
in their ability to learn the optimal behavior. A participant who
is slow to adjust behavior in response to changing task con-
tingencies would produce weak sensitivity to balloon thick-
ness. Pleskac et al. (2008) found nearly optimal behavior in
their automated BART task, but interpreting that result is com-
plicating by an additional methodological change: they in-
formed participants of the optimal number of pumps before
beginning the experiment. Indeed, an experiment involving a
variation of the automatic BART that did not inform partici-
pants of the optimal number of pumps produced many fewer
pumps (33 adjusted pumps vs. Pleskac et al.’s 56 adjusted

pumps; Wright & Rakow, 2017). Even if behavior approaches
optimality under ideal conditions (repeated exposure to the
same risk level), individual differences in the rate at which
optimality is achieved would need to be examined as an alter-
native predictor of those behaviors already demonstrated to
correlate with risk aversion in the BART. Addressing this
question is beyond the scope of the present project but is
worthy of study.

The inflate-to-full condition in Experiment 2 is well-
designed for use in studies involving EEG and functional
magnetic resonance imaging (fMRI). By eliminating the re-
sponse requirement in the standard BART, the removal of a
surfeit of motor activity would make the interpretation of EEG
and fMRI more straightforward. Furthermore, by withholding
feedback until after the balloon is fully inflated, stimulus con-
founds are eliminated, because participants experience the
same stimulus on each trial. However, the BART’s established
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relationship to clinically relevant phenomena (Aklin et al.,
2005; Hopko et al., 2006; Hunt et al., 2005; Lejuez et al.,
2003) is not guaranteed to generalize to the inflate-to-full ver-
sion, in which behavior indicated less risk aversion by the
participants (at least earlier in the experiment). For example,
if the established relationships hinge on participants immedi-
ately experiencing the pop, then none of the reported correla-
tions would be observed for this new version of the BART.
Regardless, the inflate-to-full version does have task charac-
teristics involving risk aversion, sensitivity to changes in risk,
and performance feedback that can uncover important results
regarding the neural basis of these environmental variables
and individual differences (McCoy, 2015).

How people manage the trade-off between magnitude, risk,
effort, and time applies to everyday behaviors as varied as
eating, drug use, driving, and investing. The BART has in-
spired a wide range of important investigations that can pro-
vide insight into more than just the trade-off between magni-
tude and risk. We hope that further investigations involving
variations on this valuable task will continue this trend, and
that a more careful investigation of the individual differences
in the behavioral variables at play will provide novel insights
regarding risk aversion, sensitivity to changing levels of risk,
variability in exploratory behavior, and the ability to learn to
behave more optimally. Finally, we encourage researchers to
use a censored regression approach to analyzing BART data in
order to seamlessly integrate the observed latency to respond
with the censoring that occurs when the balloon pops before
the participant cashes in.
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