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It is well known that our perceptual system integrates local information to generate global percepts.
Although events in the real world occur over time, it is still unclear how we integrate temporally dispersed
information. Here, I systematically explore the relation between the intensity of local signals and the
resultant of temporal-integration. Presented sequentially with two directions of variably coherent random
dot patterns (40 degrees apart), participants were instructed to report a perceived motion direction by using
a mouse driven cursor. As the strength of the motion signal was varied, the behavioral results and qualitative
analyses indicate existence of two aspects of temporal-integration, subthreshold integration and
suprathreshold integration. In subthreshold integration (when the local signals are subthreshold), stronger
signals enhance integration. On the other hand, in suprathreshold integration (when the signals are above
threshold), stronger signals decrease integration. As a result, relatively weaker, subthreshold or near
threshold signals produce more precise temporal-integration than suprathreshold signals.

P
revious studies have shown that our visual system spatially and temporally integrates local images into a
global image1–4. For instance, two brief static-images that are presented separately in time can be perceived
as a temporally integrated unitary configuration2. In the same manner, dynamic images are perceived as a

global representation of moving objects. For example, when a dynamic random-dot (DRD) display with coher-
ently moving dots (signal) and randomly moving dots (noise) is presented, we perceive the direction of coherently
moving dots as a coherent motion3,4. Increase in the ratio of signal dots to the total number of dots (coherence
ratio) enhances correct detection of the direction of coherent motion. Furthermore, our visual system integrates
multiple directions of coherent motions into a global motion direction. For instance, when two local-motions are
shown at 10 and 30 degrees, we can perceive the central direction between them, that is, 20 degrees motion
direction as the global motion direction.

Not only behavioral but also physiological studies have shown that our brain has cortical regions that process
such motion signals. All visual information from our eyes proceed to the primary visual cortex of the occipital lobe
(V1) and then to a variety of visual areas of higher processing such as motion processing5. Monkey middle
temporal (MT)3–7 and human middle temporal (MT1) regions8 are the visual areas that are specialized for
motion signals. It is suggested that area MT1 takes the central role in processing of global motion as well as
local motion9,10. Also, increase in the ratio of signal dots to the total number of dots (coherence ratio) more
strongly activates MT1 regions.

These results would lead to the prediction that stimuli with higher motion coherence will produce more precise
motion integration over time. In other words, increased motion coherence should provide higher probability that
judgements of the direction of two motion patches will be to the central, or global motion direction. However, this
prediction has not been directly tested.

Results
To examine the relationship between the strength of local-motion signals and the resultant of temporal-integ-
ration, a series of psychophysical experiments was conducted. Newsome and Pare’s paradigm3 was used because it
allows the duration and the strength of the stimulus (coherence) to be systematically varied. In the main
experiment, participants viewed a DRD display consisted of dots that moved in different fashion, some coherently
(signal) and randomly (noise)3. The signal was manipulated by changing the percentage (0–100) of coherently
moving dots/the total number of dots.Two different directional motions with the same coherent ratio were
sequentially presented (Figure 1). The participants were instructed to report a perceived motion direction by
using a mouse driven cursor (See Methods). The angle between two motion directions was fixed at 40 degrees but
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the global motion direction was randomly assigned on each trial. On
each trial the coherence ratio was selected randomly to be 10, 22, 34,
46, or 70% (See Methods).

In order to measure how participants integrate the motion
patches, I investigated the proportion of participants’ responses. As
a result, the probability of a response to the central direction
(Figure 2a; pink bar) increased from 10% to 34% coherency but
decreased as coherency increased beyond 34% (Figure 2b). This
reversal in the proportion of responses to the central direction
(Figure 2b) suggests that at high coherence ratios the participants
are less likely to integrate the two motion directions into the global
motion direction. In a separate session, I measured the participant’s
thresholds for local-motion coherence ratio (See Methods and
Supplementary Information). The results showed that the 34%
coherence ratio was below psychophysical threshold of local motion
(42.0 6 4.9%, Figure 2b; purple line, See Supplementary
Information) while 70% was above the threshold. Taken together,
these results suggest that weak motion signals can produce more

precise motion integration, particularly if the signals are below
threshold.

To qualitatively examine the change in the probability distribu-
tions across coherence ratios, I compared the behavioral results
(Figure 2a) with the computational modeling using two types of
models: a motion integration model and a non-integration model
(See Supplementary Information). The motion integration model
assumed that the visual system integrates motion directions by cal-
culating a weighted sum of the directions. This model estimated the
best fitting probability distribution that corresponds to a single dis-
tribution. The non-integration model assumed that participants did
not integrate and reported either the 1st or the 2nd motion direction,
predicting that probability distribution of responses is described by a
weighted mixture of two distinct distributions. Akaike’s information
criterion (AIC)11, which takes the number of free parameters of a
model into account, and a bootstrap resampling method12 were used
to determine which model is more likely to describe the behavioral
results (See Supplementary Information). A comparison of the AIC
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Figure 1 | Design of motion integration experiment. Arrows represent motion vectors. Between the mask stimuli (0% coherent motions display), two

different motions with the same coherence ratio (blue and red arrows) were sequentially presented. The angle between two motion directions was 40

degrees. The coherence ratios varied across trials. Participants reported a perceived motion direction after display offset by rotating a green line whose

orientation corresponded to the angular position of the mouse cursor relative to fixation.
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Figure 2 | Probability Distribution of response. a, Mean probability distribution of responses for each coherence ratio (n 5 13, only between 250u to

150u). The bin size of 5 degree was determined based on mean motor error measured in a separate experiment (See Supplementary Information). ‘0’ in

the scale of relative direction indicates the global motion direction. The blue and red bars correspond to the relative direction of the 1st (220u) and 2nd

(120u) motion directions, respectively. Vertical error bars, 61 SEM. b, Mean probability of response at the central direction as a function of the

coherence ratio (n 5 13). Vertical error bars, 61 SEM. A vertical purple bar represents the mean psychophysical threshold of local-motion with a

horizontal purple bar, 61 SEM (from the results of the motion threshold test: See Methods and Supplementary Information). The probability of

response at 34% coherence ratio was significantly higher than that at 10, 22, and 70% coherence ratios (n 5 13, p , 0.01 for each t test with Bonferroni

correction).
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values for the non-integration and motion integration models indi-
cated that only the probability distributions at lower coherence ratios
were better described a model including only a single distribution
(Figure 3a). I repeated the bootstrap analysis 100 times and calcu-
lated percentage of win for the motion integration model for each
coherence ratio. The result showed that the percentage of win for the
motion integration model (a single distribution) decreased as coher-
ence ratio increased (Figure 3b). Taken together, both analyses sug-
gest that the motion integration model better describes the data at
lower coherence ratios. On the other hand, the non-integration
model better describes the data at higher coherence ratios such as
46% and 70% coherences.

I also investigated the probability of responses to the 1st (220u)
and 2nd (120u) direction (blue and red bars, Figure 2a). The prob-
ability of responses to the 2nd direction was significantly higher than
for the 1st direction when motion coherence was higher such as 46%
and 70% (n 5 13, p , 0.01 for each t test with Bonferroni correction),
but not when motion coherence was at lower. This finding also
suggests that the decrease in precise motion integration when signals
are above threshold reflects a propensity to respond to the second
motion patch, and the participants more likely reported the feature
of the stimulus presented in later. One might think that this bias
towards the 2nd motion direction was caused by a motion after effect
(MAE)13–15 from the 1st motion stimulus. However, in a control
experiment, I found no significant MAE induced by our displays
(See Methods and Supplementary Information). Thus, MAE does
not significantly appear to contribute to the present results.

Discussion
The results of the present study demonstrate two distinctive types of
temporal-integration, subthreshold and suprathreshold integration.
In subthreshold integration, stronger signals increase the precision of
integration when local signals are subthreshold (Figure 4, red line).
In fact, the sigma values of the distribution assuming the motion
integration model (a single distribution) are decreased from 10%
to 34% coherences (41.4, 20.1, and 18.2 respectively; 68.3% for the
estimates of standard deviation). On the other hand, in suprathres-
hold integration, the precision of integration is inversely propor-
tional to signal intensity of the local signals (Figure 4, green line),
because participants seem more likely to report the direction of the
first or second motion direction (the non-integration model) rather
than the averaged direction (the motion integration model), espe-
cially that of the second motion at higher coherence (Figure 4). Based
on the computational analyses, it is assumed that motion integration
eventually disappears at the strongest signals, which might produce
‘center missing’ (Figure. 4). However, the actual data in this study

does not provide the absolute ‘center missing’(See ‘‘70%’’ panel in
Figure 2a), further studies are needed to clarify it.

One of other possible explanations for the decrease of motion
integration at stronger signals (Figure 4) is because of motion trans-
parency16–20. Motion transparency is one of motion perceptions in
which we perceive more than one direction when multiple motions
are presented within the same visual field. Although motion trans-
parency is generally observed when multiple motions are simulta-
neously shown in the same spatial field, it might be occurred even
when the two directions of coherent motion are presented sequen-
tially19. If this is the case, an alternative interpretation of the current
results is that subthreshold and suprathreshold integration are qua-
litatively similar, but the modal directions become more salient at
higher coherence levels, with the mean direction being still available
if the participants are encouraged to report it17. In the suprathreshold
case, the participants reported one of the three directions or guess.
One would expect that the proportion of responses in the mean
direction would relatively drop in suprathreshold integration. To test
this possibility, it might be useful to investigate how area MT activ-
ities are involved in this phenomenon, because some recent physio-
logical studies have shown that we can distinguish the neural
activities in area MT for global-motion processing from the ones
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Figure 3 | Results of model comparison between integration and non-integration models. a, Mean difference in AIC values between the motion-

integration and non-integration models (negative values indicate a better fit with the motion integration model (a single distribution)). Error bars are

population standard deviations calculated from 100 resamples. b, Percentage of win for the motion integration model (a single distribution) calculated

from the bootstrap resampling analysis.
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for local-motion processing10, 21. It is also necessary to physiologically
examine the motion pathway (from the primary visual cortex to area
MT.) for understanding the neural mechanism of the current results.

Although it is still unclear whether the participants reported one of
the three perceived motion directions or one perceived direction, as a
result of the decrease of probability of response at the central
direction at stronger signals, relatively weaker signals, that is, sub-
threshold or parathreshold signals22 could more precisely trigger
perceptual temporal-integration (Figure 4). This perceptual phe-
nomenon is different from the style of perceptual simultaneous-
integration, that is to say, relatively stronger signals induce
integration more effectively1,3–6. In addition, the part of suprathres-
hold integration in the hypothetical framework is also consistent with
some types of non-liner neural response activities such as winner-
take-all manner23,24, because only one of signals’ features (2nd motion
direction in this case) dominantly affects perception. Furthermore,
the part of subthreshold integration in this framework may provide
one of insights on why some too weak perceptual experiences to be
detected lead to relatively robust effects on our behavior and brain,
such as distractor and perceptual learning effects25–28.

Methods
Participants. 19 participants (11 females and 8 males), aged from 19 to 35, with
normal or corrected vision, participated in the experiments. All participants gave
written informed consent prior to the experiments. The experiments were performed
in accordance with the Federal Regulations and Harvard policies. The study was
approved by the Harvard University Institutional Review Board.

Stimuli. Random dot motion was presented as a visual stimulus within an annulus
subtending 1.5–10 deg diameter on a black background. The luminance-contrast of
the dot and fixation are 66.3 and 14.4 cd/m2 respectively. Dot density was 1.78
dots per deg square. The number of dots in a frame is 140. The dots were wrapped
around when they moved out of the circular stimulus (See Psychtoolbox3 (http://
psychtoolbox.org) if need more detail.). The motion display consisted of coherently
and randomly moving dots. The coherently moving dots are called signal dots, and
the randomly moving dots are called noise dots. Each white dot (0.3 deg square) was
randomly classified into either signal or noise dots in each frame of 16.7 ms. Signal
dots moved to a predetermined direction at the speed of 12 deg/sec, and noise dots
were placed in random positions. For instance, at 10% coherence ratio, 10% of the
dots moved in the predetermined direction from one frame to the next frame, and
then a different set of dots moved in that direction in the next frame transition3.

Apparatus. A LCD display (1680 3 1050 resolution, 60 Hz refresh rate) was used for
all psychophysical experiments. Visual stimuli were presented by using Psychtoolbox
3 (http://psychtoolbox.org) on Mac OSX.

Procedure. Before starting the actual experiments, the experimenter told the
participants the character of ‘coherent motion’ with showing DRD display containing
only one directional motion.

In the main experiment (Figure 1), two directional coherent motions were pre-
sented successively for 83.3 ms each. In order to avoid the possible effects of the
mechanism difference between first- and second-order motion perception on the
task29–31, the mask displays (0% coherent motions display) were presented for 83.3 ms
right before and after the coherent motion displays. The coherence ratio was varied
from trial to trial, 10, 22, 34, 46, and 70%. The angle between directions of the two
coherent motions was 40 degrees at all trial. The set of two motion directions was
randomly selected within 360 degrees. The participants were asked to report the
perceived motion direction by rotating a line with a mouse. In a complete experiment,
each coherence condition was repeated 60 times, so that a total number of trials
consisted of 5 coherence ratios X 60 repetitions 5 300 trials. The order of presentation
of these conditions was randomly determined for each participant. No accuracy
feedback was given to the participants.

To measure participants’ local-motion thresholds, I employed two-interval forced
choice design. Two DRD displays were presented in a trial (See Supplementary
Information). One of two DRD displays included coherent motion, and the other
display consisted of noise motion. The coherence ratio was varied from trial to trial,
10, 22, 34, 46, and 70%. The participants were engaged in reporting which DRD
display included coherent motions. In a complete experiment, each coherence con-
dition was repeated 80 times, so that a total number of trials was 400. The order of
presentation of these conditions was randomly determined for each participant. No
accuracy feedback was given to the participants.

In the MAE test, one directional coherent motion was presented for 83.3 ms after
the mask stimulus in the half of trials (See Supplementary Information). The
coherence ratio was varied from trial to trial, 10, 22, 34, 46, and 70%. The participants
were asked to report the perceived direction at the time when the fixation was green.
In a complete experiment, each coherence condition was repeated 60 times, so that a
total number of trials consisted of 5 coherence ratios X 60 repetitions 5 300 trials. The

order of presentation of these conditions was randomly determined for each par-
ticipant. No accuracy feedback was given to the participants.
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