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The capacity limits of moving objects in the
imagination

Halely Balaban 1 & Tomer D. Ullman2,3

People have capacity limits when tracking objects in direct perception. But
howmany objects can people track in their imagination? In nine pre-registered
experiments (N = 313 total), we examine the capacity limits of mentally simu-
lating the movement of objects in the mind’s eye. In a novel Imagined Objects
Tracking task, participants continue the motion of animated objects in their
mind up to a pre-defined point. When tracking one object in the imagination
(Experiment 1a), participants give estimations in line with ground truth. But,
when imagining two objects (Experiment 1b), behavior alters substantially:
responses are fit best by the predictions of a Serial Model that simulates only
one object at a time, as opposed to a Parallel Model that simulates objects in
tandem. The serial bottleneck is not due to response/motor limitations
(Experiment 2), and is reduced – but not eliminated – by adding extremely
strong grouping cues (Experiment 3). Additional studies validate that seriality
is found for naturalistic occlusion (Experiment 4) and hyper-simplified physics
(Experiment 5), and is not due to factors like noise or lack of motivation
(Experiments S1-S3). Altogether, we find that the capacity of moving imagined
entities is likely restricted to a single object at a time.

There’s only so much we can hold in mind. A well-studied example is
the limited ability to track objects in a visual scene. Numerous studies
using the Multiple Object Tracking paradigm (MOT1) have tested how
well people track objects that move about, and found that tracking is
limited to a handful of objects2–5, with ongoing, important debates
regarding the exact limitations and their origins6–9. These limitations
have been examined in great detail in direct perception, but what if the
objects are not moving in front of one’s eyes, but in the mind’s eye?
What are the limits of moving objects in the imagination?

People’s tracking of objects extends beyond immediate percep-
tion, though the exact dynamics of tracking unseen objects or pre-
dicting future paths is still debated. In the MOT paradigm, several
studies have suggested that people do not extrapolate trajectories to
track occluded objects10,11, at least under most conditions (see ref. 12,
for anexception), and insteaduse heuristics. On theother hand, amain
current line of research suggests people use ‘mental simulation’ to
engage in physical prediction or inference, proposing that people
continue the trajectories of objects step-by-step in their

imagination13–16. This approach has accounted for how people reason
about the dynamics of objects in a variety of cases17,18. While there are
ongoing discussions about people’s deviation from pure
simulation 19–21, herewe take as a starting point the idea that people can
and do mentally simulate the movement of objects – and use this
process to predict, keep track of, and reason about the motion of
bodies – but also that this simulation is limited. Given this starting
point, our goal was to test whether imagining the future trajectories of
objects can be done for more than a single object at a time.

Compared to the large volume of research that examines the
capacity limits of processing information available to direct percep-
tion, little is known about the limits on tracking imagined objects.
While important recent research on mental imagery has started to
demonstrate that adding more objects to an imagined static scene
increases task difficulty, as reflected in people’s subjective reports and
precision22,23, it does not determine the capacity limits of simulating
objectdynamics in imagination. Toexamine this,wedeveloped a novel
Imagined Objects Tracking task. In this task, people watch animated
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scenes in which objects move up to a pause point. People are asked to
continue the motion of the objects in their imagination and judge the
timing of various outcomes. We focused on timing, as opposed to
other dependent measures such as location accuracy (which has been
extensively examined and validated in previous work on intuitive
physics, but does not determine capacity limits), for two reasons: this
avoids imposing serial response requirements, and leads to quantita-
tively and qualitatively distinct predictions in models of varying
capacity.

We compared people’s performance in Imagined Objects Track-
ing to two computationalmodels that implement different hypotheses
about the capacity limits ofmental simulation (see Fig. 1). According to
the Parallel Model, people can mentally advance multiple objects
simultaneously. According to the Serial Model, people only advance a
single object at a time, unfolding the trajectory of one before going
back to unfold the trajectory of another. The SerialModel predicts that
every additional object differentially increases the overall imagination-
tracking time, delaying people’s response for objects that are
advanced later mentally. We note that several different sub-types of
Serial Models are possible: people might simulate the motion of one
object for a number of steps S, then switch to another object, then
cycle back again to the first. While a Serial Model that moves each
object for a few steps at a time may appear a priori as an appealing
solution to how people should mentally simulate objects, we find it
completely deviates from the data in all of our studies. Furthermore,
while an interleavedmodelmight seem tobe amiddle groundbetween
a fully serial model and a parallel one, its quantitative predictions do
not reflect anything like an averaging of two ‘extremes’. Because the
interleaved model so clearly does not match our data, and because of

its unintuitive predictions, the main text focuses on the serial model
that first completely moves one object before turning to the next, but
see Supplementary Note 3, and the Discussion, for a complete analysis
and consideration of interleaved serial models.We stress that both the
Parallel and Serial Models ‘keep around’ the same number of objects.
The capacity limit we studied is with regards to the mental simulation
of the dynamics of the objects, and it is not the case that the Serial
Model neglects the existence of an object when moving the other
forward in time.

There is an important point to emphasize here, which follows a
similar debate in the classic tracking literature:findingwhat looks like a
'parallel’ process can be difficult to interpret definitely in favor of
parallel processing, since some variant of a serial model can often be
constructed tomimic a specific parallel pattern (e.g., rapid switching in
a specific way). However, the reverse doesn’t hold. Finding a robust
serial pattern would provide strong evidence thatmental simulation is
not done in parallel, and is much harder to interpret under parallel
processing. This does not mean that the specific Serial model we used
and validated here can capture the full computation in people’s minds
across all situations. Rather, the simple Serialmodel tests and validates
the unique predictions of a single-item bottleneck, and is the starting
point for further Serial models. We return to this point in the
Discussion.

In nine pre-registered experiments, we studied the capacity limits
of people’s ability tomentally simulate the futurepaths of objects. As a
benchmark,wefirst testedhowprecisely people track the timingof the
imagined trajectory of a single object (Experiment 1a). Next and most
important, we examined people’s tracking of two objects in the ima-
gination (Experiment 1b), and compared their behavior to the
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Fig. 1 | Theoretical overview. When watching a scene (I), people can track a
handful of objects. But what is the capacity limit of moving objects in the imagi-
nation? In the Imagined Objects Tracking task, people watch animations of moving
objects thatpausemid-motion, and are asked to imagine how themotion continues
and estimate the timing of outcomes – here, the moment when each ball hits the
ground. Response times (reflecting the subjective impact time) are examined
against the actual impact time, which can be manipulated. (II) A priori, moving
objects in the mind’s eye could happen in Parallel (top), with some number of

objects moved forward simultaneously, or Serially (bottom), with only a single
object advanced at a time. The Parallel and Serial Modelsmake distinct predictions
(III) regarding how people would assess the subjective impact time of objects in a
dynamic scene. In the specific example shown in the figure, the Parallel model
predicts the subjective impact time of both balls would be roughly the same, while
the Serial model predicts a noticeable difference between the first ball moved
forward in the imagination (here, the purple ball) and the second (here, the
yellow ball).
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predictions of Parallel vs. Serial mental simulation models. We then
further examinedwhether response requirements uniquely contribute
to capacity limits (Experiment 2), how scene regularities might help
overcoming capacity limits in imagination through grouping (Experi-
ment 3), and how the serial pattern generalizes to naturalistic occlu-
sion (Experiment 4) and simplified physics (Experiment 5).
In supplementary experiments (see Supplementary Note 2), we vali-
dated that our results are not the effect of noise (Experiment S1),
motivation (Experiment S2), or lack of practice (Experiment S3), and
additional fine-grained analyses (see Supplementary Notes 1 and 2)
supported the same conclusions without aggregating across partici-
pants, motion types, or the influence of both items together. Ourmain
finding from these studies is that people’s capacity for moving objects
in the imagination is extremely limited. Even in the minimal case of
continuing the paths of two simple objects, people could only simulate
the motion of one object at a time.

Results
Experiment 1a: tracking a single object in the imagination
Participants in Experiment 1a saw animations of a single ball moving
according to simulated physics, and pausing mid-motion. They were
asked to continue the movement of the ball in their mind’s eye and to
press a key when the ball (in their imagination) hits the ground (Fig. 2,
left). We compared participants’ response times—indicating their
subjective time estimation—with the actual time it would take the ball
to hit the ground, based on the physical simulation. In different ani-
mations, the ball moved either like a cannonball or towards the wall,
and the true impact time of the ball was manipulated by changing its
height and velocity, producing values of 1, 1.2, 1.4, and 1.6 seconds
from animation onset (see the Methods section for more details). The
goal was to establish whether participants could imagine the future
path of a single object in a temporally precise way.

As Fig. 2 (right) shows, responses were linearly modulated by the
true impact time (slightly lagging), F(1.73, 60.49) = 55.01, p = 2.4 × 10−13,
partial η2 = 0.61; linear trend: t(105) = 12.61, p = 9.3 × 10−23, 95% Con-
fidence Interval (CI) for Mean Difference = [369, 507]. Given that the
delay is constant and is notmodulatedby the true impact time,we take
the additive factor to reflect processes unrelated to the imagination
component that is our focus, such as motor planning. The linear trend
was not an artifact of averaging across participants, and can be seen in
the individual data sets of almost all participants (see Supplementary
Note 1). The results suggest that people can indeed track the dynamics
of a single object in their imagination when they observe scenes like

those in our studies. These results serve as the basis for our critical
question, which we tackled in the remaining experiments: What hap-
pens to people’s ability to track objects in the imagination as more
objects are introduced.

Experiment 1b: tracking two objects in the imagination
Experiment 1b was identical to Experiment 1a, except that each scene
included two objects, and the task was to press a different key when
each object hits the ground (Fig. 3, top left). Scenes were created by
combining two balls (one moving like a cannonball and one moving
towards the wall) from the animations of Experiment 1a, with the true
impact time determined independently for each ball, producing a true
difference of either 0, 0.2, 0.4, or 0.6 between them. Again, we com-
pared participants’ subjective estimation of impact time with the
ground-truth impact time, and also broke down the responses by
order, meaning the first key press vs. the second one (see also Sup-
plementary Note 1 for an analysis that focuses on the variation in
responses instead of the means). Participants overall performed the
task well (Fig. 3, top right), with a linear modulation of subjective
impact time by true impact time, F(1.51, 52.86) = 34.99, p = 4.8 × 10−9,
partialη2 = 0.5; linear trend: t(105) = 10.04,p= 5 × 10−17, 95%CI forMean
Difference = [185, 277]ms. However, the second response happened
much later than the first, F(1, 35) = 103.71, p = 5.2 × 10−12, partial
η2 = 0.75. The average delaywas640ms (95%CI for the intercept of the

EXPERIMENT 1A: ONE OBJECT IN IMAGINATION

Task Results

Continue motion of     in
your imagination, click 'F'
when     hits the ground

Fig. 2 | Task andResults (n = 36participants) of Experiment 1a: tracking a single
object in the imagination. Circles indicate mean responses for different true
impact time, error bars show standard error of the mean (SEM), solid line shows
best linear fit, shaded area is 95% confidence interval (CI), and dotted line shows
hypothetical perfect performance (where the subjective impact time equals the
true impact time), as reference.

Model Predictions

EXPERIMENT 1B: TWO OBJECTS IN IMAGINATION

Task

Continue motion of     &   
in your imagination, click
'F' when     hits the ground,
and 'J' when     hits it

Results

1st Ball

2nd Ball

PARALLEL SERIAL

1st Ball

2nd Ball

1st Ball

2nd Ball

Fig. 3 | Task, results (n = 36 participants), andmodel predictions of Experiment
1b: tracking two independent objects in the imagination. Circles and triangles
indicate mean responses for different true impact time and response order (‘1st
ball’ refers to the ball participants responded to first, and ‘2nd ball’ to the ball they
responded to second), error bars show standard error of the mean (SEM), colored
lines showbest linearfit, shadedarea is 95%confidence interval (CI), anddotted line
shows hypothetical perfect performance (where the subjective impact time equals
the true impact time), as reference. Both models made similar predictions for the
first response. For the second response, the Parallel Model predicted a minimal
delay, due to perceptual noise. The Serial Model predicted a large delay for the
second response, due to ending the simulation of the first object before turning to
the second.
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first response: [618, 845]ms, second response: [1032, 1405]ms), and
the interaction between response order and the true impact time was
not significant, F(2.5, 87.43) = 2.06, p =0.12. We note that the additive
delay in response was smaller than in Experiment 1a, which might
reflect a corrective attempt people engage in (i.e., speeding up the
simulations to ‘catch up’ with reality), either explicitly or implicitly.
Furthermore, the slope of responses is shallower than in Experiment
1a, suggesting participants are overall less tuned to subtle differences
in ground truth physics, likely because of the harder task demands.
Because these issues are independent from our main focus on a
potential capacity limit in simulation, we set them aside as a target for
future research.

We created two simulation models of imagination tracking, using
the physics engine that generated the stimuli. The Parallel Model
produces two responses that are very close to each other, because
both balls are advanced simultaneously (Fig. 3, bottom left). Only a
small difference is expected, due to random noise in the simulation,
which makes one random ball slightly faster on each run. Conversely,
in the Serial Model the first ball has to run all the way through before
the second ball can be simulated. Therefore, this model produces a
large delay between the first and second responses (corresponding to
the first and second ball to be simulated, respectively), in the order of
several hundred ms (Fig. 3, bottom right). This is exactly what was
found in our participants’ data, as reflected by model fits: the Serial
Model explained 96% of the variance in average responses, MSE =
0.004, while the Parallel Model explained 20% of the var-
iance, MSE =0.1.

While the results are rather clear cut in favor of the Serial
Model, several concerns present themselves: First, could the serial gap
be explained by a very noisy parallel simulation? To test this, in
Experiment S1 we independently examined the perceptual noise sur-
rounding object locations with a separate group of participants, and
found that it is nowhere near the levels that would be relevant for such
a claim.

A secondconcern is thatpeoplemayactually be able to carryout a
parallel simulation in principle, but simply choose not to in practice,
because such a simulation is more effortful than a serial simulation.
This concern faces several in-principle difficulties: participants are also
presumably motivated by opportunity costs to finish the task quickly,
so why not finish it faster through parallel simulation? And why would
the total effort of serial simulation over longer periods be less than that
of parallel simulation over shorter periods? Beyond such theoretical
issues, we empirically tested themotivation concern in Experiment S2,
which was similar to Experiment 1b except that we informed partici-
pants they would be paid a bonus to the degree to which they were
close to the ground truth timing. We found that a motivation manip-
ulation had no effect, and replicated instead the findings of
Experiment 1b.

Third, one might wonder whether averaging across the first and
second true impact times might obscure important patterns in the
results. Specifically, the models can make interesting predictions
regarding the influence of the other item’s simulation duration (we
thank an anonymous Reviewer for this point). The Parallel Model
predicts that because the simulations happen in tandem and inde-
pendently, each response is only affected by that ball’s true impact
time. The Serial model predicts that the other ball’s true impact time
should influence the second simulation, because the longer the first
simulation takes, the longer the second simulation must wait before it
canbegin. Thefine-grained analysis to examine this requires additional
trials, and sowe ran a longer versionof the task in Experiment S3. First,
we replicated the overall serial pattern, suggesting that it is not the
result of a lack of task practice. Second, and more importantly, the
results followed the serial model’s prediction even in terms of the
other ball’s impact time, which differentially affected the second
response but not the first.

A fourth concern may be that averaging across individuals hides
important variation, such that somepeople are able to simulate two or
more objects in parallel. However, an individual differences analysis
shows this is not the case.

Along somewhat similar lines, a fifth concern is that pooling
together across the two movement types we used could obscure
important differential patterns, and perhaps even lead to opposing
patterns that together average to an illusory serial result (we thank an
anonymous Reviewer for this point). Based on this concern, we con-
ducted several post-hoc analyses based on movement type (colliding
vs. non-colliding), and found that the serial pattern holds when taking
differential trajectories into account.

The full rationale and methods of these additional experiments
and analyses are detailed in the Supplementary Information, but to
summarize briefly, our conclusion from them and the results of
Experiment 1b is that tracking imagined objects via mental simulation
is limited to as little as a single object.

We again stress that these results do not mean the simple Serial
model we used for predictions captures the full dynamics of people’s
mental simulation. Rather, the results suggest thatmental simulation is
not parallel, andworks as somekindof serial process. The simple Serial
model we considered was sufficient for the findings here, and the full
Serial model people use is likely more complex, a point we return to in
the Discussion. Still, even if the full Serial model is more complex than
the one considered here, such considerations are external to the
question of capacity.

Experiment 2: tracking two objects in perception
The results of Experiment 1b suggest an extreme capacity limit in the
imagination, such that people only simulated the motion of a single
object at a time. However, a major objection is that the bottleneck
exists due to a serial response process, instead of in the simulation
process. Notably, the requirements of response selection were delib-
erately minimized: the task involved a constant response mapping,
responses were congruent with the side in which each ball appeared,
separate hands were used for the two response keys, and participants
pressed each key once on each trial. Also, if the bottleneck was such
that simulation happened in parallel, but motor-delay caused a con-
stant delay in execution, then we would expect to see a constant
additive factor that does not depend on the true impact time of the
objects, which contrasts with our findings (for further evidence from
individual differences, see Supplementary Note 1).

Still, to more directly test the possibility that the serial bottleneck
was created by response execution rather than mental simulation, we
conducted Experiment 2. The response requirements of this experi-
mentwere identical to Experiment 1b, but the same scenes now played
all the way through, meaning participants saw the balls actually hit the
ground, without the need to imagine their futurepaths (see Fig. 4, left).
If the serial pattern of Experiment 1b reflects any response-related
factor, the results of Experiment 2 should replicate it. But, if the serial
pattern is specifically due to the need to simulate the future trajectory
of objects, Experiment 2 should be closer to the Parallel Model’s
predictions.

We found that participants performed well overall, with a linear
modulation of subjective impact time by true impact time, F(1.4,
49.04) = 570.03, p = 1.3 × 10−31, partial η2 = 0.94; linear trend:
t(105) = 41.3, p = 9.5 × 10−67, 95%CI forMean Difference = [324, 358]ms.
As can be seen in Fig. 4 (right), instead of replicating the serial pattern
of Experiment 1b, the results of Experiment 2 revealed a much smaller
response delay. The second responses were slower, F(1, 35) = 60.15,
p = 4.1 × 10−9, partial η2 = 0.63, in a way that now interacted with true
impact time, F(2.36, 82.62) = 31.74, p = 4.9 × 10−12, partial η2 = 0.48, due
to a larger effect for smaller impact times. Critically, the effect of
response order was smaller than in Experiment 1b, F(1, 70) = 74.65,
p = 1.2 × 10−12, partial η2 = 0.52. As can be seen also in the Parallel
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Model’s predictions, some effect of response order is always expected
(by definition, the second response is slower than the first), but as
Experiment 2 empirically shows, the effect is largely reduced, aver-
aging at 88ms (95% CI for the intercept of the first response: [181,
239]ms, second response: [514, 678]ms).Modelfits confirmed that the
Parallel model was preferred for tracking in perception: the Parallel
Model explained 97% of the variance in average responses, MSE =
0.001, while the Serial Model explained 47% of the variance,
MSE =0.02.

We stress that we do not take the results of Experiment 2 to
definitively reflect either parallel or serial perceptual tracking. While
the results are more aligned with the Parallel Model, that model refers
to mental simulation, and it is possible that in perception people are
either carrying out the task in parallel, or through very rapid serial
switching.Whether it is one or the other does notmatter to our central
point here: the results of Experiment 2 differed drastically from
Experiment 1b, and show that the serial pattern of Experiment 1b are
not due to a bottleneck in response requirements (which were iden-
tical in Experiment 2). Instead, the results likely reflect a specific serial
constraint on simulating the paths of imagined objects.

Experiment 3: tracking two objects in the imagination with
grouping
The finding that people mentally simulate a single object at a time is
striking when considering the simplicity of the current task compared
to real-world tasks, which regularly involve many objects that can
move in complex paths. Mental simulation likely evolved to employ
different hacks16 thatmight overcome the serial bottleneck foundhere.
One important strategy could leverage regularities in the environment,
such as Gestalt cues, which improve performance in perceptual
tracking24. It seems reasonable to expect that if the motion paths of
different objects are similar enough, the objects will be grouped in
imagination, allowing their physics to be advanced in parallel. We
tested this idea in Experiment 3, which used the same imagination task
as in Experiment 1b, but with three importantmodifications (see Fig. 5,
left): only hyperbole motion was used, the two balls always moved in
the same direction (either to the left or right, instead of toward each
other), and velocity was held constant. This meant that the visible
motion sequence was identical for all items, to encourage participants
to group the two balls in each scene. Because the true impact time was

determined solely by a ball’s initial height, the setup also created a
greater opportunity for using heuristics instead of imagining the exact
trajectory, which could be another way of overcoming the single-item
capacity limit.

Participants performed the task reasonably well, and the sub-
jective impact times were linearly modulated by true impact time,
F(1.05, 36.8) = 36.84, p = 3.5 × 10−7, partial η2 = 0.51; linear trend:
t(105) = 10.51, p = 4.3 × 10−18, 95%CI forMeanDifference = [515, 755]ms.
As can be seen in Fig. 5 (right), the second responses were still much
slower than the first, F(1, 35) = 62.65,p = 2.6 × 10−9, partial η2 = 0.64, in a
way that interacted with true impact time, F(2.16, 75.84) = 4.1, p =0.02,
partial η2 = 0.1, this time because of a larger difference for larger
impact times. The average difference between the first and second
responses was 328ms (95% CI for the intercept of the first response:
[−461, 47]ms, second response: [−670, 28]ms), whichwas smaller than
in Experiment 1b, F(1, 70) = 17.13, p = 9.6 × 10−5, partial η2 = 0.2, but
larger than in Experiment 2, F(1, 70) = 31.17, p = 4.2 × 10−7, partial
η2 = 0.31. Accordingly, we found an intermediate pattern based on the
fit betweenparticipants’data andour computationalmodels: the Serial
Model explained 69%of the variance in responses,MSE =0.04, and the
Parallel Model explained 86% of the variance, MSE =0.02. The results
suggest that grouping could relax the single-item bottleneck of ima-
gination tracking somewhat, but not eliminate seriality completely,
even with identical motion sequences and an opportunity to use
heuristics.

Experiment 4: tracking two objects in the imagination with
natural occlusion
So far, our studies suggest that simulating the movement of objects in
the imagination is limited to a single object, and multiple objects are
simulated serially. Our next two experiments examine the general-
ization of this conclusion beyond the specifics of the stimuli and tasks
used in the previous studies.

One important issue to test was whether the capacity limits we
observed were related in some way to a disruption of tracking, due to
the objects freezing in mid-air instead of disappearing in a more eco-
logical way (see ref. 25, we thank an anonymous Reviewer for pointing
this out. So, in Experiment 4 we repeated the task and stimuli of
Experiment 1b, except that the stimuli included anoccluder (see Fig. 6,
left). The dimensions and placement of the occluder were chosen so

EXPERIMENT 3: GROUPING IN IMAGINATION

Task Results

Continue motion of     &   
in your imagination, click
'F' when     hits the ground,
and 'J' when     hits it

1st Ball

2nd Ball

Fig. 5 | Task and results (n = 36 participants) of Experiment 3, tracking two
objects in the imagination with strong grouping cues. Circles and triangles
indicate mean responses for different true impact time and response order (‘1st
ball’ refers to the ball participants responded to first, and ‘2nd ball’ to the ball they
responded to second), error bars show standard error of the mean (SEM), colored
lines showbest linearfit, shadedarea is 95%confidence interval (CI), anddotted line
shows hypothetical perfect performance (where the subjective impact time equals
the true impact time), as reference.

EXPERIMENT 2: TWO OBJECTS IN PERCEPTION

Task Results

Watch motion of     &    ,
click 'F' when     hits the
ground, and 'J' when     
hits it

1st Ball

2nd Ball

Fig. 4 | Task and results (n = 36 participants) of Experiment 2, tracking two
objects in perception. Circles and triangles indicate mean responses for different
true impact time and response order (‘1st ball’ refers to the ball participants
responded to first, and ‘2nd ball’ to the ball they responded to second), error bars
show standard error of the mean (SEM), colored lines show best linear fit, shaded
area is 95% confidence interval (CI), and dotted line shows hypothetical perfect
performance (where the subjective impact time equals the true impact time), as
reference.
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that the objects disappeared behind it after 500ms of movement, in
keeping with the previous studies.

As shown in Fig. 6 (right), the results of Experiment 4 replicate the
results of Experiment 1b, demonstrating that mentally simulating
items that disappear in a natural way behind an occluder produces a
serial pattern. Participants’ responses were linearly modulated by the
true impact time, F(2.02, 70.85) = 158.91, p = 4.8 × 10−27, partial
η2 = 0.82; linear trend: t(105) = 21.43, p = 3.9 × 10−40, 95% CI for Mean
Difference = [246, 296]ms. As in the experiments that involved items
freezing, the second response happened much later than the first, F(1,
35) = 141.28, p = 7.6 × 10−14, partial η2 = 0.8. Comparing the results to
Experiment 1b, we found a significant interaction of Experiment with
Response Order, F(1, 70) = 15.65, p = 1.8 × 10−4, partial η2 = 0.18, driven
by a larger effect in Experiment 1b. In Experiment 4, the average delay
was 364ms (95% CI for the intercept of the first response: [226,
509]ms, second response: [759, 1097]ms), and the interaction
between response order and the true impact time was significant,
F(2.36, 82.64) = 4.78, p =0.007. Examining model fits showed that the
Serial model explained 96% of the variance in responses, MSE =0.002,
while the Parallel model explained 46% of the variance, MSE =0.03.

The results of Experiment 4 suggest the serial capacity limit is not
due to the freezing of the objects, and is observed also for items that
move more naturally behind occluders. We note that occlusion did
mitigate the serial effect somewhat, and this might reflect any of a
number of factors, like the greater predictability of when objects will
disappear behind the occluder, as opposed towhen theywill freeze, or
the greater familiarity the ecological motion of moving into occlusion
compared to freezing in mid-air. Overall, given how common occlu-
sion is in the real world, the replication of the serial pattern in
Experiment 4 suggests that the single object bottleneck arises under
naturalistic simulation conditions as well, corroborating the impor-
tance of the present findings.

Experiment 5: tracking two objects in the imagination with
minimally-physical scenarios
Another issue to test was whether there is something uniquely com-
plicated about a situation involving realistic physics of objects falling
under gravity, as opposed to the more simplified stimuli often used in
MOT. We note that a priori, this seems unlikely. The simplified 2D
scenes we used can hardly be considered complex, and if anything, we
might expect people to be better adjusted to the more ecological task

of objects colliding and falling under gravity than the not-frequently-
encountered task of objects moving in free-form, as in many MOT
studies.

Still, it is worth bringing our stimuli more in line with many MOT
studies, and examining whether the serial pattern holds for evenmore
simplified simulations. Participants in Experiment 5 performed an
imagination tracking task similar to the one used in the previous stu-
dies, but the scenes were altered so that the stimuli were similar to
manyMOT tasks (see Fig. 7, left): gravitywas turned off, collisionswere
eliminated, the background was gray with two black rectangles on
either side, and two colored disks moved in straight lines and with a
constant speed from roughly the center of the screen to the right and
left sides of the screen.

As shown in Fig. 7 (right), the results of Experiment 5 replicate the
results of Experiment 1b. Participants’ response were linearly modu-
lated by the true impact time, F(1.41, 49.40) = 26.44, p = 3.5 × 10−7,
partial η2 = 0.43; linear trend: t(105) = 8.79, p = 3 × 10−14, 95% CI for
Mean Difference = [149, 237]ms. However, as in the more physical
experiments, the second response happenedmuch later than the first,
F(1, 35) = 132.56, p = 1.8 × 10−13, partial η2 = 0.79. Comparing the results
to Experiment 1b,we founda significant interactionof Experimentwith
Response Order, F(1, 70) = 8.92, p =0.004, partial η2 = 0.11, driven by a
larger effect in Experiment 1b. In Experiment 5, the average delay was
423ms (95% CI for the intercept of the first response: [442, 880]ms,
second response: [1075, 1532]ms), and the interaction between
response order and the true impact time was not significant, F(2.37,
83.15) = 2.07, p = 0.12). In terms of fits, the Serial model explained 98%
of the variance in responses, MSE =0.001, while the Parallel model
explained 27% of the variance, MSE =0.04.

These findings demonstrate that our results are not due to the
specificphysical requirements imposedby themain task. This suggests
that tracking two objects in the imagination using minimally-physical
stimuli that are similar to conventional perceptual tracking tasks is
done serially. Mentally simulating the movement of items appears to
happen on a single-item basis for both more complex and minimal
stimuli.

Discussion
Research spanning decades has demonstrated that people have sig-
nature capacity limits when tracking visible objects. Here, we

EXPERIMENT 4: IMAGINATION TRACKING, OCCLUDED

Task

Continue motion of     &   
behind the occluder, click
'F' when     hits the ground,
and 'J' when     hits it

Results

1st Ball

2nd Ball

Fig. 6 | Task and results (n = 36 participants) of Experiment 4, tracking two
objects in the imagination with natural occlusion. Circles and triangles indicate
mean responses for different true impact time and response order (‘1st ball’ refers
to the ball participants responded to first, and ‘2nd ball’ to the ball they responded
to second), error bars show standard error of the mean (SEM), colored lines show
best linear fit, shaded area is 95% confidence interval (CI), and dotted line shows
hypothetical perfect performance (where the subjective impact time equals the
true impact time), as reference.

EXPERIMENT 5: MINIMALLY-PHYSICAL IMAGINATION TRACKING

ResultsTask

Continue motion of &
in your imagination, click
'F' when     hits the left
black area, and 'J' when     
hits the right black area

1st Disk

2nd Disk

Fig. 7 | Task and results (n = 36 participants) of Experiment 5, tracking two
objects in the imagination with minimally physical dynamics. Circles and tri-
angles indicate mean responses for different true impact time and response order
(‘1st disk’ refers to the disk participants responded to first, and ‘2nd disk’ to the disk
they responded to second), error bars show standard error of the mean (SEM),
colored lines show best linear fit, shaded area is 95% confidence interval (CI), and
dotted line shows hypothetical perfect performance (where the subjective impact
time equals the true impact time), as reference.
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examined capacity limits when objects were moving in the imagina-
tion. We found that the mind’s eye can only track a single object at a
time. More specifically, we found that people could reasonably unfold
the trajectory of a single object in the imagination (Experiment 1a), but
that the addition of just one independent object substantially altered
their responses (Experiment 1b), in line with the predictions of serial
mental simulation. This Serial Model suggests people first had to
mentally advance one object up to some point, before going back and
advancing the second object. We did not observe the capacity bot-
tleneck when people tracked two objects in perception instead of
imagination (Experiment 2), further cementing the notion that the
capacity limit is inmental simulation, not the motor response or other
limits further downstream. Additional experiments, models, and ana-
lyses (see the Supplementary Information) showed that the serial gap
is not the result of noisy parallel simulation, lack of motivation, lack of
practice, or averaging across different motion dynamics, and also that
the limitations hold at the individual participant level. Notably, the
stable serial pattern emerged despite of the well-known difficulty of
observing serial costs in performance (the difficulty of teasing apart
serial and parallel patterns applies when a seemingly parallel pattern
could be interpreted as very rapid serial switching, but that is not the
case here). When we added strong grouping cues to the trajectory of
the objects, we found that the difference between the first and second
response shrank, but was not fully eliminated (Experiment 3). Finally,
the single-object bottleneckgeneralized to other stimuli and tasks, like
when unnatural freezing was replaced by ecological occlusion
(Experiment 4) and when items moved in straight lines without any
aspect of complex physics (Experiment 5). Taken together, our results
suggest that mentally simulating the movement of objects is a serial
process.

The finding that people are able to track only a single object at a
time in their imagination is surprising, seeing as people can usually
track a handful of items in direct perception (though the exact number
is affected by various factors, such as object speed or spacing1,2,5,8). If
seeing things in the mind’s eye is supposed to be akin to seeing with
one’s real eyes26, our findings suggest it isn’t so. However, while
researchers do use the term ‘track’ to include the following of hidden
objects behind occluders in perceptual tasks, it may be that this is an
over-loaded term. ‘Tracking’ in the imagination (or through occlusion)
may be quite different than direct perceptual tracking, as it is themind
itself that is moving the objects, rather than keeping on top of objects
that are being moved by external forces. Such a distinction aligns well
with two lines ofwork in attentionandworkingmemory. First, people’s
ability to extrapolate motion in perceptual tracking was recently sug-
gested to have a capacity limit of only one object6, perhaps due to
challenges of physical simulation27. Second, updating active repre-
sentations was argued to depend on sequentially loading objects, one
at a time, into the ‘focus of attention’28. So, itmaybe that calculating an
object’s future motion (whether in direct perception as in MOT, or in
imagination as in Imagined Objects Tracking) requires constantly
updating the object’s representation in working memory, and that
relies on a serial process (for additional connections between physical
simulation and working memory, see ref. 29. This is further strength-
ened by our finding that the serial pattern canbe observed not only for
items that freeze mid-motion, but for items that undergo natural
occlusion (Experiment 4). The capacity limits we found in the imagi-
nation should then be taken to refer to the simulation part that moves
objects forward, rather than to a later stage that re-processes the
imagined scene. Also, we did not control for eye movements, and it is
possible that people followed imagined trajectories with their eyes,
which contributed to the single-object bottleneck, although this only
raises the question of why people could not shift their eyes to track
both imagined objects (as they do in perception). This is not a limita-
tion of the studies, but rather is in line with how people may carry out
physical predictions30–32, and is an interesting topic for future research.

Independent of capacity limits in perception, another reason why
our findings are surprising is that they contrast with subjective intui-
tions about internal scenes. Many people report being able to imagine
vividly dynamic mental scenes, and a single-object capacity in simu-
lation doesn’t align with that. Why then does it subjectively seem like
we can imagine vividly moving dynamic scenes? This is similar to the
apparent conflict between our intuition and other capacity limits – for
example, in our everyday life, wedonot feel likeweonly have access to
a tiny subset of all of the perceptual input, yet decades of working
memory research have shown that this is indeed the case, and under
naturalistic conditions we simply rely on other mechanisms for com-
pensation, such as long-termmemory or scene scanningwith saccades
(for a reviewof similar ideas, see ref. 33). Aside fromgeneral arguments
regarding the unfaithful nature of introspection34, our third study
showed that grouping does ameliorate the serial effect (though it
doesn’t negate it). Our main effect relied on intentionally creating
scenes in which mental objects move independently of one another,
but thismay not be a typical case. It is likely thatmany dynamicmental
scenes (perhaps also those previously used in intuitive physics
research15,35) rely on strong grouping and hierarchical organization36,
such that the serial process need only update a hyper-parameter that
controls the motion of several objects at the same time. One such
example would be mentally simulating the distance between items,
instead of the location of each item separately, an interesting idea that
can be the target of future work.

Our studies focused on non-interacting objects to keep the find-
ings clear and simple, but objects in the mind can interact. A simple
case study of minimal interaction is two objects moving along a plane
at various speeds and angles, possibly about to collide. In such a case, it
seems unlikely that people use a serial updating process that fully
moves thefirst object, then the second, as no collisionswouldoccur. In
such a case, perhaps people move forward one object for a limited
number of steps S, then switch to another object, and cycle back again.
As detailed in Supplementary Note 3, such ‘interleaved’ serial simula-
tion models did not explain the data in the present studies, but they
may be relevant for interaction/collision situations, possibly with a
dynamically set S. We plan to pursue such cases and models in future
studies.

The complications introduced by interacting objects relate to
another important point: even though the plain Serial Model captures
almost all the variation in people’s responses in our experiments,
mental simulation is almost certainly more complex than this
model. We think of our results as strongly speaking against a parallel
mental simulation across a range of situations, but not as specifying a
completemodel of all aspects of people’s precise serial simulation. For
example, a full model of physical mental simulation must account for
how people resolve collisions (which is known to be challenging and
noisy37), or how people employ heuristics regarding which item to
simulate first. We briefly begin touching upon these issues in the Sup-
plementary Information (see Supplementary Note 1), but the main
point is that these interesting questions are external to our core
investigation here. The present study revolves around the number of
items that can be simulated at once, which we found to be one, but
leaves open questions regarding the precise way this one item is
simulated.

Another intriguing direction for future research concerns the
information that people do manage to simulate. Specifically, it is
unclear whether people imagine the objects along with all of their
features, or are closer to a computerized physics engine that handles
only trajectories38. The current results cannot offer an answer to this
question, and it is independent from the issue of the capacity limit of
the simulation process. Yet, past findings from MOT do point to a
differential status of spatiotemporal information and surface features
at least in perceptual tracking. An extrememanifestation of this is that
while featural information can definitely aid tracking by allowing for
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more efficient deployment of attentional resources39, when the
tracked objects change their features, people might entirely miss
this40. On the other hand,MOT findings suggest that peoplemanage to
rely on featural information for grouping24, and so it would be inter-
esting to test whether the single object capacity limit in mental simu-
lationmight be relaxed not only by physically-relevant information (as
the identical motion paths used in Experiment 3), but also by pre-
senting the objects in the same color.

The capacity limits we found hold independently of the specific
cognitive computations one assumes people use to advance objects in
the mind’s eye. That said, we do adhere to a mental simulation
approach to intuitive physics14, and our computational models did
assume that people track objects in the imagination by mentally
advancing them step-by-step. This view contrasts with research that
argues that humans do not rely on mental simulation for intuitive
physical judgments, and which often points to people’s systematic
mistakes anddeviations fromground-truthphysics as evidence against
simulation. While these two views are often portrayed in opposition,
we see the currentwork as another brick in the bridge between the rich
literature on errors in physical judgments20,41 and the mental game
engine framework. It is part of a general approach that uses game
engines as inspiration for an overall mental simulation account, but
also draws on the shortcuts and workaround used in such engines to
save on time, memory, and overall computation16. Such an approach
has found evidence for people’s use of systematic approximations in
the representations of bodies themselves42, as well as people’s use of
‘partial simulation’, in which they do notmentally simulate parts of the
scene that are deemed irrelevant21. Our present work shows another
central way in whichmental physics parts ways with real physics, while
still being overall consistent with a mental simulation account.

We set out to examine the capacity limits of the imagination. We
found that even in a simple situation the answer to ‘howmany objects
can the mind’s eye keep track of at once?’ is ‘approximately one’. This
might feel like discovering you’ve been tricked. Like realizing that who
you took to be a fantastic juggler is really only tossing and bouncing a
single ball. Still, knowing the trick makes you appreciate the act in a
different way: It’s poor juggling, but it’s a great trick.

Methods
Materials, data, code, and pre-registration protocols for all experi-
ments are available in the following Open Science Framework reposi-
tories: https://osf.io/wzt98/ and https://osf.io/kcmbs/; the protocols
were pre-registered on April 5th 2024 (Exp. 1a, 1b, 2, 3, and S1), July 7th

2024 (Exp. 5 and S2), November 13th 2024 (Exp. 4), and February 27th

2025 (Exp. S3). Studies ran tasks coded in jsPsych (version 7.2.3). Data
was collected using JATOS (version 3.8.6) hosted on MindProbe, and
analyzed using custom Python (version 3.9.6) codes that are available
online as detailed below.

Participants
Research was approved by the Harvard University Ethics Committee
(protocol IRB19-1861), including all studies reported in both the main
text and Supplementary Information. All participants, including in
the Supplementary studies, provided informed consent. Participants
were recruited online43 via Prolific (https://www.prolific.com). They
were paid $1.6, and the median time to complete the studies ranged
between 5.5 and 6.5 minutes. Participation was restricted to English-
speaking US-based participants, with an approval rate of at least 95%,
whodidnot performany of the other tasks in the study (including pilot
studies, see below). We did not independently collect participants’ age
or gender (as we were interested in overall mental simulation capacity
limits), and so we report the aggregated results based on the infor-
mation collected by Prolific, which participants gave consent to use.

Given that Imagined Objects Tracking is a novel task, we ran pilot
studies (with the same tasks described in the pre-registration; data

available at the OSF) to determine the necessary sample size for both
within- and between-subjects comparisons. The smallest effect size
found (an interaction of a within-subjects effect and experiment) was
partial η2 = 0.19, which requires N = 18 in each experiment for 95%
power with α =0.05 (calculated using G*Power 3,44. As a conservative
estimate, we decided to double this number in the full study. In the
case of participants failing the comprehension questions and being
excluded, we recruited additional participants to reach 36. All deci-
sions of screening and re-recruitment were based on pre-registered
criteria, and took place without analyzing the data itself.

Participants were excluded from all analyses if they gave an
incorrect answer to at least one of the pre-task quiz questions, or (in
experiments with 2 entities) if less than 75% of their trials included two
unique responses (i.e., two different response keys). To ensure N = 36
participants in the final sample of each experiment, this required
recruiting N = 47, N = 71, N = 53, N = 56, N = 58, and N = 69 participants
in Experiment 1a, 1b, 2, 3, 4, and 5, respectively. This was a comparable
rate to similar past studies of intuitive physics conducted online19,21.
The pre-task quiz and unique responses threshold were the only cri-
teria used for excluding participants, intentionally focusing only on
task comprehension rather than task performance. The final sample in
Experiment 1a included 16 people who identified as female, 19 asmale,
and one who preferred not to state (mean age 34.4); Experiment 1b
included 18 people who identified as female and 18 as male (mean age
38.6); Experiment 2 included 20 people who identified as female and
16 as male (mean age 40.3); Experiment 3 included 22 people who
identified as female, 13 as male, and one who preferred not to state
(mean age 37.0); Experiment 4 included 15 people who identified as
female and 21 as male (mean age 37.8); Experiment 5 included 24
people who identified as female and 12 as male (mean age 38.2).

Stimuli and procedure
We used an animated dynamic prediction task, similar to tasks pre-
viously used to study intuitive physical reasoning19,21. Participants in
the Imagined Objects Tracking task continue the trajectory of objects
in their mind’s eye, and a measure of the tracked motion is compared
with the ground truth. In the case of the present experiments, the
measure is the time in which an event happened in imagination (a
collision with the ground), and the ground truth is extracted from the
physics engine used to create stimuli. Demos of the tasks are available
online: https://jatos.mindprobe.eu/publix/Z8AtkMP8NZt (Experiment 1a),
https://jatos.mindprobe.eu/publix/5iB7OvSVmHX (Experiment 1b),
https://jatos.mindprobe.eu/publix/1ygkkWoPJZm (Experiment 2),
https://jatos.mindprobe.eu/publix/4vh34OQB263 (Experiment 3),
https://jatos.mindprobe.eu/publix/Brm7G1m7ogT (Experiment 4),
and https://jatos.mindprobe.eu/publix/GX5Rdu8q3VP (Experiment 5).

In all experiments, participants watched short 2D animations,
created in the physics engine Pymunk, that used the same simple
setting (except for Experiment 5, see below): A green rectangle at the
bottom represented the ground, a narrowupright gray rectangle at the
horizontalmid-line represented a wall, and a light blue rectangle acted
as background. Additionally, each scene included 1 or 2 balls, rendered
as yellow or purple disks. For scenes with 2 balls, one was always to the
left of the wall and the other was to the right, and the balls differed in
color. Scenes started with each ball having some initial height and
velocity, after which the balls moved according to simulated physics.
We manipulated the initial height and velocity to produce different
trajectories that varied in their paths and the time it took a ball to hit
the ground, which was either 1.0, 1.2, 1.4, or 1.6 seconds from the start
of the animation.

The task was to indicate when a ball touches the ground.
Response keys were spatially mapped to avoid confusion: ‘F’ for balls
left of the wall, and ‘J’ for balls right of the wall (in Experiment 5, balls
that move towards the left or right sides of the screen, respectively).
No feedback was given following button presses. Each combination of
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true impact time and ball movement type was presented 8 times (4 on
each side, randomized order), for a total of 64 experimental trials,
presented in 2 blocks with a self-timed break between them.

Prior to the test trials, participants went through a pre-task phase,
including instructions, practice trials, and amultiple-choice quiz. Each
question in the quiz focused on a different aspect of the task (the goal,
when animations terminate, how to be most accurate, and response
mapping). If a participant failed to respond correctly to any of the 4
quiz questions, they were removed from further analysis. We next
provide details specific to the setup of each Experiment.

Experiments 1a and 1b. Animations in the experimental phase paused
after 0.5 s (well before either ball touched the ground). Participants
were asked to continue the animation in their mind’s eye and indicate
when the balls in their imagination hit the ground. The starting height
and velocity of the balls were chosen such that neither variable on its
own determined the time it took for the ball to reach the ground, to
discourage the use of heuristics. During practice, participants com-
pleted 4 trials with animations that ran all the way through (showing
the impact of the ball with the ground), in which they were asked to
press a button when they saw the ball touching the ground. This was
followedby 4 trialswith animations that paused early (not showing the
impact), as in the actual experiment. Animations in Experiment 1a
showed a single ball (see Fig. 2, left), and animations in Experiment 1b
showed 2 balls (see Fig. 3, top left). In two-entity animations, one ball
moved in a hyperbole up and to the center, without hitting the wall
(from shortest to longest true impact time, these balls started either
100, 140, 60, or 180pixels above the ground, and their vertical velocity
was95, 110, 216, or 180pixels per second; their initial distance from the
wall was 185 pixels, and their horizontal velocity was 100 pixels
per second), and the other ball moved down and towards the wall on a
sure collision path with it, but with the moment of collision occurring
after the animations paused (from shortest to longest true impact
time, these balls started either 280, 480, 400, or 440 pixels above the
ground, and their vertical velocity was 190, 200, 60, or 20 pixels
per second; their initial distance from the wall was 185 pixels, and their
horizontal velocity was 280 pixels per second). The color of the balls
was matched to movement type within participants, but randomized
between participants. Each movement type was counterbalanced to
appear on each side of the wall on half of the trials. Single ball ani-
mations were created by removing one of the balls from the 2-balls
scenes. In Experiment 1a, each block included only balls either left or
right of the wall, with the order counterbalanced across participants.

Experiment 2. The stimuli were identical to Experiment 1b (2 entities),
except that the animations continued until participants gave 2
responses, including the moment in which the balls touched the
ground, and up to 4 seconds (see Fig. 4, left). So, rather than continue
the motion of objects in their imagination, participants were asked to
simply click on the appropriate button when they saw the relevant ball
touch the ground. Accordingly, the practice phase included 4 full-
length animations, without imagination trials.

Experiment 3. The task was identical to Experiment 1b (2 entities,
animations pause, participants continue the motion in their imagina-
tion). However, unlike Exp 1b, all ballsmoved in a hyperbolemotion, in
the same direction (left or right), and velocity was kept constant (see
Fig. 5, left). This was designed to create strong motion grouping cues.
The only variable that led to different true impact times was the
starting height of each ball. The color mapping (yellow/purple ball
shown on left/right of wall) was randomized between participants, but
constant within participants.

Experiment 4. The task was again the same as in Experiment 1b, and
the stimuli were also identical except as noted below. First, the balls

did not freeze but continued to move. Second, a gray rectangle
occluded much of the bottom part of the scene (see Fig. 6, left). The
dimensions of the occluder on each trial were chosen so that the balls
disappeared behind it after 500ms ofmovement. It spanned vertically
from the top of the ground to the bottom point the ball that collides
with the wall reached at 500ms, and horizontally from the side of the
video on the colliding ball’s side (to hide how it rolls on the ground
post-hit) to the innermost point the hyperbole ball reached at 500ms.
Third, the wall was presented in black instead of gray so it is salient
against the gray ’screen’. Fourth, the instructions, example trials, and
quiz questionswere updated to explain the occlusion. Participantsfirst
saw unoccluded trials during practice, and then occluded trials.

Experiment 5. The task was similar overall to Experiment 1b: scenes
showed two objects pausingmid-motion, and the taskwas to continue
trajectories in the mind’s eye and indicate when each object collides
with a specific area. The difference was that the animations and
description given to participants were altered in the following ways
(see Fig. 7, left): We created videos using the same physics engine as
before, but with gravity turned off. The scene background was gray,
with two black rectangles spanning the height of the video placed on
the right and left edges. Two colored disks were presented roughly in
the center of the screen, and moved in straight lines and with a con-
stant speed towards the right and left sides of the scene. Participants
were asked to press the left side key when the left side disk collides
with the left side wall, and the right side key for the right side disk and
right side wall.

Analysis
Responses were aggregated across movement type, color, and side. In
Experiment 3, all motion paths were hyperbolic, and trials were
aggregated across movement direction (towards or away from the
center). Individual trials were rejected from further analysis if they did
not include two unique responses, as this prevents mapping each
response to a specific ball. This rejection was not applied to Experi-
ment 1a, as it involved only one ball in each trial. Trials were also
rejected if responses were farther than 3 SDs from a participant’s
mean. Taken together, these criteria resulted in a rejection of less than
a single trial on average in all experiments: 0.3, 0.3, 0.2, 0.5,0.1, and0.4
trials on average in Experiment 1a, 1b, 2, 3, 4, and 5 respectively (note
that the values reflect the number of rejected trials, not the percentage
of rejected trials, which was 0.5%, 0.5%, 0.3%, 0.8%, 0.2%, and 0.6%
respectively, all lower than 1% of rejected trials).

Statistical tests. In all experiments, we analyzed Subjective Impact
Time using a within-subject Analysis of Variance (ANOVA) with True
Impact Time (1.0, 1.2, 1.4, or 1.6 s; extracted from the physics engine) as
a factor. In experiments that included 2 entities, we added Response
Order (first vs. second key press) as a factor. We followed the ANOVAs
with a polynomial contrasts analysis, to test the linear trendof the True
Impact Time factor. As a measure of the effect of Response Order in
experiments with 2 entities, we used 1000 bootstrap samples to esti-
mate the 95% confidence interval (CI) on the intercept of linear fits,
separately for the first and second responses. Our pre-registered pre-
dictionswere to find (1) a linear trend for all experiments, showing that
overall people are sensitive to ground truth physics; (2) a large delay
between responses in Experiment 1b, in line with a Serial model; (3) a
reduced effect in Experiment 2; (4) an intermediate effect in Experi-
ment 3; and (5) a large serial delay in Experiments 4 and 5. Because the
effect of response order was expected to be significant even for
Experiment 2 (given that the second response is by definition slower),
we additionally compared the effect of Response Order across
experiments, using ANOVAs with Response Order as a within-subjects
factor, and Experiment as a between-subjects factor, and predicted
significant interactions. Supplementary Note 1 further reports a
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post-hoc analysis focused on the variation in response times. Viola-
tions of sphericity were handled via Greenhouse-Geisser corrections45.
All tests are two-tailed.

Parallel vs. serial mental simulation models. We created twomental
simulationmodels: Serial and Parallel. Both models relied on the same
physics engine that generated the stimuli to simulate the balls, starting
from the animation’s end point and until both balls collide with the
ground. The models differed in how they advanced the objects (see
Fig. 1). The Parallel Model moves both balls simultaneously. The Serial
Model first picks one ball, advances its state until collision with the
ground, then repeats this process for the second ball. More formally,
taking a scene to be a tuple of objects ojt at time t, and eachobject to be
a list maintaining the properties of the object at time t, andΦ to be the
transition function that updates the properties of objects according to
physics, we have for the Parallel Model:

t =0 : ½o10, o20�=G+ ξ ,

t >0 : ½o1t + 1,o2t + 1�= ½Φðo1t Þ,Φðo2t Þ�
ð1Þ

where G is the ground-truth state of the objects as handed by
perception, and ξ is the perceptual noise. Following standard practice
in modeling intuitive physics with mental simulation14 we assume this
is a two-dimensional Gaussian with mean μ = (0, 0) and a symmetrical
standard deviation SD = (σj, σj) for each object j. We estimated an upper
level for perceptual noise in an independent experiment (see
Supplementary Note 2) and used this value as our noise level, but
importantly, our results are robust both below and above this chosen
perceptual uncertainty setting, including both no-noise situations, and
far greater noise levels (for the full details, see Supplementary Note 3).

For the Serial Model, we have:

t =0 : ½o10, o20�=G+ ξ ,

t >0 ^ t <C : ½o1t + 1, o2t + 1�= ½Φðo1t Þ, o2t �,
t >C : ½o1t + 1,o2t + 1�= ½o1t ,Φðo2t Þ�,

ð2Þ

where the choice of simulating object o1
first is arbitrary, and C is the

time at which object o1 collides with the ground. While our main ana-
lysis takes the choiceofwhichobject to simulatefirst to be random,we
doexpect thatpeople are biased in this selection, and indeedwe found
evidence that people use simple imperfect cues in this selection (see
Supplementary Note 1).

Model Fitting. Because themodels include perceptual uncertainty, we
sampled 20 starting states for each model and averaged the results
across runs. In addition to the perceptual uncertainty parameter that
was estimated through independent participant data (Experiment S1),
we assume that the model response can be fit to the human response
up to a simple linear transformation, meaning Human Subjective
Impact Time = a ⋅ (Model Predicted Impact Time) + b. We fit the slope
and intercept of this linear transformation for each model separately,
using the response data of the relevant experiments that involve 2
objects. To compare model performance, we calculated each model’s
explained variance, as well as the resulting MSE. Model parameter fits
were done for the mean responses of all participants. In Supplemen-
tary Note 3, we additionally present model fits for individual data (still
fitting overall a and b). All of these different analyses agree with the
results of the analysis we present in the main text.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All of the materials for this study (including raw data minimally ana-
lyzed to maintain anonymity, modeling codes, analysis codes, and
stimuli) are available in the Open Science Framework: https://doi.org/
10.17605/OSF.IO/WZT98.

Code availability
The code for the stimuli, models, and analysis can be found at https://
doi.org/10.17605/OSF.IO/WZT98.
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