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Abstract Research has indicated that the direction of mo-
tion and the speed of motion can influence the subjective
estimates of temporal duration of two-dimensional (2-D)
stimuli expanding and contracting within the picture plane.
In this study, we investigated whether the contextual cues of
stimulus/movement-plane dimensionality (2-D stimuli with
implied movement in the picture plane or depth-rendered
“3-D” stimuli with implied movement in the depth plane)
influence and interact with speed and implied movement
direction during interval estimation. Participants viewed a
series of standard stimulus durations followed by a test
stimulus duration and determined whether the test and stan-
dard durations differed. The results indicated that moving
stimuli were overestimated relative to stationary stimuli,
regardless of the direction of motion or dimensionality.
Also, faster-moving stimuli were overestimated relative to
slower-moving stimuli. Importantly, an interaction between
movement direction and dimensional cues indicated that the
loom/recede distinction occurs for 2-D but not for 3-D
stimuli. It is possible that the loom/recede distinction for
the 2-D condition may be an artifact arising from reduced or
from a lack of perceived motion in 2-D “recede” conditions,
rather than a specific overestimation for looming stimuli.

Keywords Time perception . Subjective interval
estimation . Implied motion . Visual illusion . Looming .

Receding

In this study, we investigated whether the contextual cues of
movement direction, speed, and dimensionality interact to

influence our perception of temporal intervals. Time percep-
tion depends on a variety of different situational factors
(Angrilli, Cherubini, & Manfredini, 1997; Droit-Volet &
Meck, 2007; Lewis & Miall, 2003; Wearden & Penton-
Voak, 1995; Zakay & Block, 2004). The physical character-
istics of stimuli (e.g., the intensity of light or sounds; Fraisse,
1984), emotional valence (Droit-Volet & Gil, 2009), and
attentional load (Block & Zakay, 1997), as well as pharmaco-
logical manipulations in animals (Buhusi & Meck, 2002;
Meck, 1996; Penney, Holder, & Meck, 1996), influence the
estimation of duration. Furthermore, manipulations of atten-
tion, arousal, and cognitive-processing demand have been
shown to also affect perceived interval duration. Highly arous-
ing stimuli are often perceived as being longer than neutral
stimuli (Burle & Casini, 2001; Droit-Volet & Wearden 2002;
Ortega, Lopez, & Church, 2009), and estimates made while
performing a concurrent task are shorter than estimates made
in the absence of such extra cognitive load (Brown, 1997;
Droit-Volet, 2003). Also, the overestimation of the duration of
a deviant stimulus within a stream of standard events has been
attributed to an increase in the attention directed to the deviant
stimulus (New & Scholl, 2009; Tse, Intriligator, Rivest, &
Cavanagh, 2004; van Wassenhove, Buonomano, Shimojo, &
Shams, 2008); to coding efficiency, in which the encoding of a
deviant stimulus dilates experienced duration (Eagleman &
Pariyadath, 2009); and to the intrinsic dynamics of the stim-
ulus (Kanai, Paffen, Hogendoorn, & Verstraten, 2006; New &
Scholl, 2009).

Movement provides one of the most robust contextual
influences on perceived interval duration (Brown, 1995;
Roelofs & Zeeman, 1951–1952; Tayama, Nakamura, &
Aiba, 1987). Brown (1995) found that when participants
were asked to reproduce the durations of moving and sta-
tionary stimuli, the perceived duration of moving stimuli
was longer than that of stationary stimuli. Furthermore,
increasing the speed of movement led to further interval
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dilation: Fast-moving stimuli elicited longer reproductions
than did slow-moving stimuli. For instance, Mate, Pires,
Campoy, and Estaun (2009) used a constant-stimulus meth-
od and compared slow- and fast-moving stimuli with sta-
tionary stimuli. They found that not only did moving stimuli
produce greater temporal overestimation than did stationary
stimuli, but also that faster stimuli produced greater over-
estimations than did slower stimuli.

Perceived interval duration is influenced not only by
movement per se, but also by the direction of motion.
Looming signals of two-dimensional (2-D) stimuli (i.e.,
discs that expand in diameter) are associated with subjective
time dilation, whereas receding signals (i.e., discs that con-
tract in size) are not (New & Scholl, 2009; van Wassenhove
et al., 2008; Wittmann, van Wassenhove, Craig, & Paulus,
2010). For example, Wittmann et al. presented participants
with trials consisting of three successive stationary stimuli at
a standard duration, followed by a test stimulus that
appeared to loom, recede, or remain stationary, followed
by a standard stimulus. Participants then indicated whether
the duration of the test stimulus was longer or shorter than
the duration of the standard stimuli. The participants indi-
cated that the test stimuli were “longer” a higher percentage
of the time when the stimuli loomed than when they receded
or remained stationary. No difference emerged between the
percentages of “longer” responses for test stimuli that re-
ceded or remained stationary. This occurred even though the
degrees of “change” associated with both looming and re-
ceding stimuli were identical. These observations suggest
that looming stimuli are particularly salient events (Yantis &
Egeth, 1999) and that they draw attention as compared to
other stimuli (Franconeri, Hollingworth, & Simons, 2005).
Looming signals are an intrinsic threat cue for the organism
(Abrams & Christ, 2005; Droit-Volet & Gil, 2009; Schiff et
al., 1962) and may constitute a natural self-referential stim-
ulus (Northoff, Heinzel, de Greck, Bermpohl, Dobrowolny,
& Panksepp, 2006).

Several models of interval perception have been proposed
to account for motion speed and direction findings. The mem-
ory trace model (Ornstein, 1969) or contextual change model
(CCM) proposes that contextual changes (e.g., alternation of
an individual’s emotional state or of stimulus complexity,
changes occurring in a stimulus’s presentation, or other varia-
tions that break an interval into discrete segments) lead to a
dilation of perceived interval duration, because the changes
create a higher number of discrete memory traces available for
retrieval (Block, 1982; Zakay & Block, 2004). The perceived
duration of moving versus stationary stimuli may be over-
estimated because moving stimuli lead to more changes and
more discrete memory traces (Poynter, 1989). Likewise, faster
stimuli may be overestimated more than slower stimuli be-
cause they move a greater distance over a comparable interval
than do slower stimuli, resulting in a greater degree of change.

However, the CCM does not account for dilation differences
for looming and receding stimuli.

An alternative temporal estimation model, the quick re-
sponse model (QRM; Droit-Volet & Gil, 2009), can account
for direction differences in temporal estimation. Here, the
dilation of perceived interval length serves to facilitate faster
decision-making. This model is closely aligned with models
predicting that increased arousal and attentional capture will
elicit interval overestimation. Events that elicit arousal and
attentional capture often also require a quick response (Droit-
Volet & Meck, 2007; Lejeune, 1998). More controversially,
the model suggests that perceived slowing of an event pro-
vides an individual with more subjective time in which to
engage an effective behavioral response (Meck, 1996).
Movement is an important cue for agency (Abrams &
Christ, 2005; Czeisler et al., 1999): A moving object is likely
to be alive and often requires an immediate response from the
observer. Furthermore, looming stimuli would be overesti-
mated to a greater extent than receding stimuli, because only
approaching forces an observer to prepare a fast and appro-
priate response for interaction. In the QRM, the overestima-
tion of moving, and especially of looming, stimuli would
increase the efficiency of decision-making through attention
and arousal when faced with potential threat.

To date, little research has addressed how the speed of
expansion/contraction influences and interacts with per-
ceived interval length. In studies investigating the effect of
looming and receding motion, the stimuli expanded or con-
tracted to the same degree, regardless of the test interval
length. This ensured that the degree of expansion or con-
traction could not be used as a proxy for elapsed time.
However, by keeping the degree of expansion or contraction
constant, stimuli expanding or contracting over a shorter
interval necessarily change size at a quicker rate than do
stimuli that expand or contract over a longer interval. Since
longer stimuli are also slower, it is difficult to determine
whether the speed of expansion or contraction influences the
perception of interval length.

In addition, studies have not investigated whether the
dimensionality of the stimuli and of the movement plane
used to simulate looming and receding motion has an effect
on perceived interval length. In the experiments cited above,
looming and receding motion was represented using 2-D
discs that expanded/contracted in size in the picture plane.
However, expansion/contraction of discs in the picture plane
may be perceived differently from that of depth-rendered
balls in the depth plane (3-D). Stimuli that appear to move in
depth may possess more ecological validity and may more
effectively mimic real motion (Abrams & Christ, 2005).
Abrams and Christ found that receding stimuli possessing
stereoscopic cues correlated with response speed, but that
receding 2-D stimuli did not. An open question is whether
the loom/recede distinction for the perception of time may
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disappear with the addition of depth cues indicative of
motion through the depth plane or third dimension.

In this study, we investigated whether the variation of
contextual cues—speed, movement direction, and depth—
influences and interacts with the subjective perception of
interval. We modified a paradigm developed by Wittmann et
al. (2010) in which participants compared the duration of a
test stimulus with the durations of a series of standard
stimuli. We expected to replicate the findings of Wittmann
et al. for 2-D stimuli—that is, looming stimuli would be
perceived as being longer than receding stimuli of similar
durations. However, in addition to the direction of motion,
we predicted that the speed of implied movement and the
dimensionality (i.e., simulated movement in the picture
plane vs. the depth plane) of the stimuli would also influ-
ence subjective interval durations and would interact with
the direction of motion.

Method

Participants

A group of 19 undergraduates (nine males, ten females;
mean age 0 19.4 years) participated for course credit in
lower-level psychology courses.

Stimuli

Standard and 2-D stimuli were constructed so as to follow
Wittmann et al. (2010). In all conditions, the standard-
duration stimuli were represented using a solid black circle
3.5 cm in diameter. Stationary test stimuli were represented
using a solid yellow circle with a 3.5-cm diameter. Picture-
plane (2-D) looming motion was simulated by presenting a
series of solid yellow circles with successively larger diam-
eters. However, to keep the speed of stimulus motion con-
stant within a block, the degree to which the circles’
diameters expanded depended on the length of the test
interval. For the longest of the five test intervals in a given
block, the diameter of the circle expanded from 2 to 5 cm.
For the shortest test intervals in a given block, the diameters
expanded from 2.6 to 4 cm. Receding stimuli were identical
to the looming stimuli, except that the order of presentation
was reversed.

Depth-plane (3-D) looming motion was simulated by
presenting a series of solid yellow depth-rendered balls with
successively larger diameters. The extent of diameter expan-
sion was identical to the extent for 2-D looming stimuli. For
looming stimuli, as the ball expanded in size, the center of
the solid yellow ball moved along a linear perspective
trajectory in order to mimic stereoscopic cues indicative of
3-D motion. Receding stimuli were identical to the 3-D

looming stimuli, except that the order of presentation was
reversed.

Procedure

The procedure was modeled after that of Wittmann et al.
(2010). Figure 1 illustrates the stimuli and the procedure.
Participants were tested individually and sat approximately
60 cm in front of a 17-in. monitor. Each trial consisted of
five images (Fig. 1). The first, second, third, and fifth
images were stationary black stimuli presented for a stan-
dard duration. As in New and Scholl (2009), the standard
duration was 900 ms in the fast blocks and 1,350 ms in the
slow blocks. The fourth image was always a yellow stimulus
presented for a test duration. The interval in-between the
stimuli varied randomly from 1,000 to 2,000 ms in order to
reduce temporal markers. After the fifth image, participants
pressed the “l” key on the keyboard to indicate that they had
perceived the test stimulus duration to be longer than the
standard stimulus duration, or the “s” key if they had per-
ceived the standard stimulus to be shorter than the test
stimulus.

Each participant completed four blocks of trials presented
in a random order: 2-D fast, 2-D slow, 3-D fast, and 3-D
slow. Within each block, the test stimuli were presented in
the three different movement direction conditions—loom,
recede, and stationary—at five different intervals. The fast-
block intervals were 600, 700, 800, 900, and 1,000 ms, and

2D Stimulus:

3D Stimulus:

Fig. 1 Stimuli and experimental procedure. Participants viewed three
successive black stimuli of a standard duration, followed by a yellow
test stimulus and a final black standard-duration stimulus. The partic-
ipants then indicated whether the perceived duration of the test stimu-
lus was longer or shorter than the test stimuli. The 2-D stimuli were
animations of expanding or contracting discs in the picture plane. The
“3-D” stimuli were animations of depth-rendered balls expanding or
contracting along linear perspective lines, in order to mimic motion in
the depth plane
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the slow-block intervals were 900, 1,050, 1,200, 1,350, and
1,500 ms. For both the fast and slow blocks, three of the test
durations were shorter than the standard duration, one was
equal to the standard duration, and one was longer than the
test duration. The test durations were shorter, on average,
than the standard durations because test stimuli are often
overestimated (New & Scholl, 2009). Although this may
have affected the distribution of responses, the effect would
be constant across conditions.

The fast and slow blocks differed in the speeds of pre-
sentation of the same image sequence; the average interval
length in the fast blocks was 50 % shorter than in the slow
blocks. Thus, the expansion/contraction of looming and
receding stimuli simulated in the fast blocks appeared to
be 50 % faster than in the slow blocks. Each trial condition
was repeated twice within a block, and the trials were
presented randomly. In total, 30 trials were presented per
block, for a total of 120 trials overall. The entire experiment
took 35 min to complete.

Results

For each participant and condition, the proportion of “long”
responses was calculated. Figure 2 illustrates the mean
proportions of “long” responses across test durations for
each condition. Psychometric functions were fit for each
participant (see Mate et al., 2009). Logit transformation
was applied on the proportions of “long” answers (p), so
that logit(p) 0 ln[p / (1 – p)] 0 α + βX, where X is the
duration of the test stimulus. The point of subjective equal-
ity (PSE) defined by the value of the stimulus for a
probability of .5 was also estimated (PSE 0 –β/α). The
PSE value represents the duration of the test stimulus that
the participant perceives as being equal to the duration of
the standard stimulus. Two participants’ data could not be
adequately modeled and were removed from subsequent
analyses.

To be able to compare the fast and slow speed condi-
tions, we calculated difference scores between each PSE
and the relevant standard value, with positive values rep-
resenting temporal overestimation. We submitted these
difference scores to a repeated measures analysis of vari-
ance (ANOVA) with the factors Dimensionality (2-D, 3-
D), Speed (slow, fast), and Direction (loom, recede, sta-
tionary) (Fig. 3). Significant main effects were found for
speed [F(1, 16) 0 26.26, p < .0001, η2 0 .99] and direction
[F(2, 32) 0 16.69, p < .0001, η2 0 .98], but not for
dimensionality [F(1, 16) < 1, η2 0 .06]. Faster stimuli
(mean 0 0.18, SE 0 0.02) were overestimated to a greater
extent than slower stimuli (mean 0 0.06, SE 0 0.02), and
moving stimuli were overestimated to a greater extent than
stationary stimuli. Specifically, post-hoc comparisons

showed significant differences between stationary and
looming [2-D slow, t(1, 16) 0 4.32, p 0 .001; 3-D slow,
t(1, 16) 0 5.49, p < .0001; 3-D fast, t(1, 16) 0 3.79, p 0
.002] as well as receding [2-D slow, t(1, 16) 0 2.72, p 0

Fig. 2 Psychometric functions for fast and slow 2-D and depth-
rendered “3-D” stimuli in the loom, recede, and stationary conditions.
Mean proportions of “long” responses are plotted across test stimulus
durations
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.015; 3-D slow, t(1, 16) 0 4.12, p < .001; 3-D fast, t(1, 16)
0 3.15, p 0 .006] stimuli, with the exception of the 2-D
fast recede condition [t(1, 16) 0 1.64, p 0 .164].

Notably, a significant Dimensionality × Direction inter-
action was observed [F(2, 32) 0 4.29, p 0 .022, η2 0 .71]:
2-D but not 3-D stimuli showed significant differences
between the loom and recede conditions. Post-hoc analy-
ses of the 2-D stimuli confirmed a significant loom versus
recede difference [F(1, 16) 0 5.76, p 0 .029, η2 0 .61],
indicating that looming stimuli (mean 0 0.21, SE 0 0.03)
elicited greater overestimation than did receding stimuli
(mean 0 0.17, SE 0 0.03). However, 3-D stimuli did not
show a loom (mean 0 0.20, SE 0 0.03) versus recede
(mean 0 0.22, SE 0 0.04) direction distinction [F(1, 16)
< 1, η2 0 .07].

Finally, we conducted post-hoc comparisons to exam-
ine whether the degrees of overestimation differed for 2-D
versus 3-D stimuli for the different movement directions.
We found no difference in temporal estimation between
2-D and 3-D stationary stimuli [fast, t(1, 16) 0 2.08, p 0
.06; slow, t(1, 16) 0 –1.16, p 0 .28], indicating similar
processing for discs and depth-rendered balls. The 2-D
stimuli did elicit greater overestimation than 3-D stimuli
for fast-moving looming stimuli [fast, t(1, 16) 0 2.42, p 0

.028], but not for slow-moving stimuli [t(1, 16) 0 –1.16,
p 0 .27]. In contrast, 3-D stimuli tended to produce greater
overestimation than 2-D stimuli for receding stimuli, but
this difference was only significant for the slow-moving
stimuli [fast, t(1, 16) 0 1.04, p 0 .312; slow, t(1, 16) 0
2.42, p 0 .028].

A Dimensionality × Speed interaction was also ob-
served [F(1, 16) 0 6.95, p 0 .018, η2 0 0.70]. Speed had
a greater effect for 2-D stimuli (fast 0 0.21, SE 0 0.03;
slow 0 0.02, SE 0 0.03) than for 3-D stimuli (fast 0 0.15,
SE 0 0.03; slow 0 0.10, SE 0 0.03). The Speed × Direction
[F(2, 32) < 1, η2 0 .11] and three-way [F(2, 32) 0 1.09,
p 0 .40, η2 0 .22] interactions were not significant.

Discussion

The results of this study add to a growing body of research
indicating that specific contextual factors influence our per-
ception of time. Specifically, we examined the influence and
interaction of stimulus/movement dimensionality, move-
ment direction, and movement speed on estimates of inter-
val duration. As a novel result of this study, we established
the interaction of stimulus dimensionality with movement
direction and speed. Using a paradigm developed by
Wittmann et al. (2010), we compared estimates of temporal
duration using two-dimensional stimuli with picture-plane-
simulated movement (2-D) and using depth-rendered stim-
uli with depth-plane-simulated movement (3-D). Consistent
with previous studies, we found an influence of simulated
motion on the perception of time. The durations of moving
stimuli were overestimated as compared to those of station-
ary stimuli. Consistent with previous research (e.g., Brown,
1995), participants were more likely to indicate that the test
stimulus duration was longer than the standard duration (i.e.,
temporal overestimation) if the test stimuli simulated motion
than if the test stimuli remained stationary.

Speed of movement also influenced perceived interval
duration: Stimuli that expanded or contracted at a faster rate
elicited a greater degree of overestimation when compared
with similar stimuli that moved at a slower speed. However,
speed also interacted with stimulus dimensionality. For the
fast speed, 2-D stimuli were overestimated more than 3-D
stimuli, especially for the loom direction, whereas for the slow
speed, 3-D stimuli were overestimated more than 2-D stimuli,
especially in the recede direction. Since the fast and slow
stimuli moved comparable distances, the CCM would have
difficulty explaining the overestimation of faster-moving
stimuli. Conversely, speed differences can be explained by
the QRM, as a fast-moving object requires a quicker response
than does a slow-moving object, but this model would have
more difficulty explaining the interaction.

Nonetheless, our most interesting finding was an interac-
tion between movement and stimulus dimensionality.
Previous research had shown that looming stimuli elicited
dilation in perceived interval length but that receding stimuli
did not (New & Scholl, 2009; van Wassenhove et al., 2008;
Wittmann et al., 2010). However, this previous research
only simulated motion using 2-D stimuli. In our study,
simulated depth-plane motion (nonstereoscopic 3-D) eli-
cited dilation in perceived interval length in both the loom
and recede conditions, but this loom/recede distinction for
the perception of time only occurred for 2-D, and not for
3-D, simulated motion.

One explanation for the loom/recede difference between
2-D and 3-D stimuli relates to the perception of 2-D reced-
ing motion. In this study, the 2-D receding stimuli were
contracting discs whose centers did not change location.
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An interpretation of the differing temporal perceptions of 2-D
looming and receding stimuli is that only 2-D looming stimuli,
and not the 2-D receding stimuli, were perceived as moving; it
is possible that the observed difference in the literature be-
tween 2-D looming and receding stimuli may result from 2-D
receding stimuli being perceived as stationary and 2-D loom-
ing stimuli being perceived as moving. Since motion tends to
universally elicit overestimation, the overestimation of 2-D
looming stimuli observed in previous studies could merely be
an artifact of simulating motion in 2-D.

If this is the case, and 2-D receding objects are not actually
perceived as moving, the CCM can adequately account for the
difference between looming and receding motion. In the con-
text of CCM, if 2-D receding objects are not perceived as
moving, they would possess a lower total number of changes
as compared to 2-D looming objects, producing a shorter
perceived duration. However, comparisons of time estimation
between receding and stationary stimuli suggest that receding
motion is perceived to some extent in slower-moving, if not in
faster-moving, 2-D stimuli.

Also, these results appear to contradict the QRM model.
One would expect that a 3-D looming object would capture
as much (if not more) attention, be as arousing, and require
an equally urgent response as a 2-D looming object, because
3-D images possess more ecological validity than do 2-D
images. Nonetheless, the present results can be reconciled
with the QRM. In our ancestral context, human beings were
not uniformly prey, but also frequently predators (Abrams &
Christ, 2005). A receding object might be indicative of a
fleeing animal, and a slowed perception of time when pre-
sented with a receding object might aid in effective hunting.
This hypothesis could be tested in future experiments using
objects that not only move toward and away from partic-
ipants, but also objects that move to the left and right. Given
that movement generally represents an important cue of
agency, it would be reasonable to assume that the body
should respond to all types of motion. Since the consequen-
ces for not responding to a potentially threatening animal are
greater than the repercussions associated with responding
when no threat exists, evolutionary theory would argue that
humans should possess a response bias (Öhman, 1997). In
conclusion, this study has demonstrated that time perception
can be influenced by a variety of interacting contextual cues,
and that models of temporal estimation need to provide
mechanisms to account for changing contextual conditions.
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