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ABSTRACT 
How our binding mechanism judges features as simultaneous remains mysterious. When moving dots alternate 
in color and motion direction, reports of the perceived color and motion pairing reveal an asynchrony in 
temporal binding: the motion change best precedes the associated color change by about 150 ms. Here the 
durations of the motion and color were independently varied. Regardless of motion duration, pairing reports 
were most consistent when the midpoint of the motion interval occurred at a particular time relative to the color, 
suggesting no differential weighting of early versus late portions of the motion interval. In contrast, as color 
duration increased, the best time of its midpoint shifted later, indicating that it is best to align the early part of 
the color with the motion. Thus the color-motion asynchrony phenomenon appears to result from the binding 
process favoring the early phase of the color but not the early part of the motion. 
 
INTRODUCTION 

The billions of neurons in our brains operate largely in parallel. Functionally in vision this allows the 

concurrent labor of analyzing the visual scene to be divided to some extent by features, with color analyzed 

separately from motion. How are these parallel analyses coordinated? With different features of multiple objects 

processed by different groups of neurons, there must be some scheme to determine which features belong to a 

particular object. Here in the present special issue of Visual Cognition, the other articles are predominantly 

concerned with spatial binding. Spatial binding  refers to the representation of which features are co-localized in 

space. Representation of location is embedded in the retinotopic organization of many visual cortical areas and 

therefore different features like color and motion, although processed in different areas, may share a common 

location tag. A particular location can be selected, thanks to the retinotopic organization of cortical areas, in 

multiple feature analyzers such as a color area and a motion area, allowing linkage of the color and motion that 

belong to the same location (Treisman & Gelade, 1980; Clark, 2001). Spatial binding cannot be quite this 

simple due to the existence of spatially overlapping objects and the need for vision to fill in imperfect bottom-

up information. However, that successful binding is neurophysiologically and psychophysically closely linked 

with intact spatial encoding provides some support for the location-tagging scheme (e.g. Neri & Levi, 2006; 

Wu, Kanai, & Shimojo, 2004; Ward et al., 2002). 

Temporal binding, or linking the features that occur at a common time, may pose distinct problems for the 

visual system. For spatial binding, the common spatial organization (retinotopy or spatiotopy) provides a ready 

index but there is no evidence for strong maplike representations of temporal position (apart from in specialised 

detectors for motion). Without an obvious time tag in the visual system, some have suggested that we perceive 

as occurring together in time those features that are processed at the same time (Zeki & Bartels, 1998; Zeki, 

2003; Zeki, 2005; Zeki, 2007). More specifically, the features encoded as together may reflect the time that the 

features become conscious in independent feature modules (ibid), the time after identification they are accessed 

by attention (Keele & Neill, 1978; Botella & Eriksen, 1992), or the time they reach some binding stage or 

process (Arnold, Clifford, & Wenderoth, 2001; Clifford, in press). On each account, if the times until the 

critical process differ substantially for the two features that should be bound, then a temporal binding error 
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occurs. Alternatively, features might be bound not based on when some aspect of their processing completes, 

but rather via a temporal tag, a counterpart to the location tag used in spatial binding. Nishida and Johnston 

(2002; in press) have suggested that features are assigned a temporal tag based on associated salient changes 

that are easy for the brain to rapidly detect, like sudden luminance changes. Such a change may create a 

temporal tag for the feature identification processes that follow the change. Whenever these separate feature 

identification processes complete, the system represents them as corresponding to the same stimulus time 

thanks to their shared temporal tag. 

A particularly consistent temporal binding error, perhaps dramatic and compelling enough to be termed an 

illusion, was reported by Moutoussis & Zeki in 1997. In their display, a set of dots moved up and down, 

alternating every 308 ms. When the dots moved in one direction they were red, and when moving the other 

direction they were green. In this condition of synchronous changes in color and motion, although the motion 

and color are perceived clearly, their pairing Ñ  whether when red, the dots are moving up or down Ñ   appears 

strange or inconsistent. This is most conspicuous when one compares the display to one in which the motion 

changes about 100 ms before the color. Then, the pairing is much more clear. Moutoussis & Zeki (1997) 

measured this phenomenon by varying the temporal interval between motion change and color change and 

asking observers to report the predominant pairing on each trial. To elicit a particular pairing, say red up, the 

timing interval was best set such that upward motion started about 80 ms before the dots turned red.  

The authors explained this phenomenon by simply appealing to differences in processing time, concluding 

that motion takes about 80 ms longer to process than color, explaining why giving the motion an 80 ms Òhead 

startÓ yields the best pairing percept (Moutoussis & Zeki, 1997). This theory, although still advocated (Zeki, 

2003, 2005, 2007), has been difficult to reconcile with the findings that time to respond to a target motion is no 

different than response time for a particular color and that synchrony judgments are veridical (Johnston & 

Nishida, 2001; Nishida & Johnston, 2002; Bedell et al., 2003). However Zeki is not alone in maintaining the 

basic asynchrony idea, with others suggesting that motion identity takes longer to reach the mechanisms 

involved in binding than does color (Clifford, in press; Bedell et al., 2003). 

In contrast, as mentioned earlier Nishida & Johnston (in press; 2002) proposed that the brain has a scheme 

to avoid asynchronies incurred by different processing times and that the Moutoussis & Zeki (1997) color-

motion asynchrony exploits a vulnerability in the scheme. They propose that the perceptual system aligns 

features based on temporal markers that usually reliably encode the onset and offset of a feature. Features 

perceived as bound are perceived as such because their temporal markers were detected at the same time by the 

system, rather than the features themselves being processed at the same time. The temporal markers are 

suggested to normally be the relative time of the response to the luminance or chromatic onsets and offsets that 

usually signal a feature change. Nishida & Johnston (in press) argue that identifying these usually has little 
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temporal variability, hence the transients can be used to estimate the time of a feature onset even when the 

identification of the feature itself is time-consuming or temporally variable. The Moutoussis & Zeki (1997) 

stimulus, however, cannot be bound accurately using this scheme.  The reason is that although the color changes 

are accompanied by color transients that provide a reliable temporal marker, the times of the motion changes are 

not signalled by a color or luminance transient. The absence of a temporal tag at onset then leads to the 

asynchrony.  

Indeed a change in motion, or acceleration, is a second-order change that humans are poor at perceiving 

(Gottsdanker, 1956; Werkhoven et al., 1992) and thus according to Nishida & Johnston (2002) does not play 

much role in determining the features to bind. To test whether the salience of the change in features was indeed 

critical for binding, Nishida & Johnston (2002) modified the normally-salient color feature change. Instead of 

the color changing suddenly from red to green and later back to green, it changed gradually so that there was no 

discrete transient to signal the change. The asynchrony for best perceptual binding was then much smaller than 

before (Nishida & Johnston, 2002). This certainly implicates the transients but does not directly explain the 

consistent direction and magnitude of the original effect. In the original effect, why is the motion best begun a 

hundred milliseconds or so before the color? Nishida & Johnston (in press) are not entirely explicit on this point 

but they suggest that the first-order change indicating the onset of a color is matched to some subset of the many 

first-order changes in position that correspond to a particular motion. Most of these occur after the actual onset 

of the motion, so aligning them with a color change would then result in an asynchrony. 

Clifford, Arnold, & Pearson (2003) also suggested the asynchrony might result from greater importance of 

the early part of the color than for the early part of the motion. They suggested that the neural response to color 

might adapt more quickly, which would result in the maximal correlation of  the responses to color and motion 

shifting such that color would best come on after the motion. Although this is an adequate explanation of the 

original asynchrony phenomenon, this theory does not seem to explain the systematic changes in asynchrony 

when transients are either first-order or second-order. 

Holcombe & Cavanagh (2008) provide additional evidence for the role of luminance or color transients in 

determining the best relative timing for pairing the features. Their results show that unambiguous, attention-

grabbing luminance transients can determine the best timing for pairing the features. Supporting the notion that 

it is not the processsing of the features themselves but salient temporal markers that determine pairings, in their 

experiment the transients did not even belong to the color or the motion but rather to a ring that encircled the 

stimulus at a variable time. Their experiment  was thus able to dissociate the time of important transients from 

the time of the features themselves. Seven moving-dot patches were arrayed about fixation, each changing color 

and motion every 471 ms. At some point during the trial, suddenly a ring appeared around one of the seven 

patches of dots. This cuing ring stayed on for the 471 ms duration of a single feature, and participants reported 
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the feature pairing perceived while the ring was present. This was not subjectively difficult, and was perhaps 

aided by the strong exogenous cuing effect provided by the ring transients (Nakayama & Mackeben, 1989). 

Remarkably, pairing reports were best predicted by the timing of the ring relative to the color, and the timing of 

the ring relative to the motion, quite apart from the timing of the color relative to the motion. This indicates that 

the asynchrony phenomenon is not based on differential latency of the motion and color themselves because the 

best stimulus asynchrony of color and motion was shifted over a broad range by variation in the timing of the 

ring transients. Holcombe & Cavanagh (2008) suggested that the feature pairing is not determined until the ring 

summons attention, and attention then accesses whichever features are present at that time. In other words, there 

is no binding mechanism that correlates the exact temporal correspondence of the two features, but rather 

attention just accesses each feature independently, yielding the predominant color and predominant motion 

during the cuing ring. Nishida & Johnston (in press) suggest that the transients of the features themselves are 

temporally correlated, whereas Holcombe & Cavanagh (2008) suggests that attention samples each feature 

independently at a time set by any transients available. 

How attention would be expected to sample the features in the original Moutoussis & Zeki (1997) display is 

not clear. Holcombe & Cavanagh (2008) do suggest however that without a cuing ring, the transients in the 

color-motion stimulus train may control access to the features, and that the inconspicuousness of the motion 

reversal causes the motion to be picked up later in the motion interval than is the color.  

In the present experiments, we tested whether early or late portions of the color and motion intervals have 

differing importance when they are bound. To do this, the relative duration of the two features was varied, 

instead of presenting the two motions and two colors for equal durations as was done in previous literature. The 

theory of Nishida & Johnston (in press) appears to predict that the timing of the onset of the color will be most 

important as they only mention the transients evoked by the onset of the color and their illustration (their Figure 

3) shows matching of the red onset transient with one of the position transients during the corresponding 

motion, without any depiction of a role for the offset. If the offsets are indeed less important than onsets, then 

the most consistent pairing should occur when onset of a particular color has a particular timing relative to the 

onset of a motion.  On the other hand, there is evidence that responses to feature offset are quicker, less 

stimulus-dependent, and sometimes less variable than responses to feature onset (Bair et al., 2002; Kreegipuu & 

Allik, 2007). Overall, then, it is far from clear to what extent humans when pairing features might rely on 

onsets, offsets, or the time in between. 

In the original paper describing the color-motion asynchrony, Moutoussis & Zeki (1997) conducted an 

experiment relevant to the issue of onsets and offsets. With their displays of dots alternating between red and 

green and upward and downward motion, in one experiment they deleted one half of each motion Ð for 

example, making the dots stationary during the first half of each motion. Apparently using one or two subjects, 
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they then reported that the best time for the midpoint of the motion remained constant. However, no numbers 

were provided and their psychometric functions appear to contradict their claim. Judging by eye, the midpoint 

time did not remain constant, rather it shifted in the direction of preserving the motion onset time. This goes 

against their simple differential latency account as it suggests that the early part of the motion was favored in 

determining the feature pairing. Their deletion of half of the motion in their case created a first-order transient at 

onset that may have then been favored for binding. In a further experiment, they replaced half of each red 

interval with grey and also half of each green interval with grey. They reported that the best time of the color 

midpoint was the same as with the original stimulus, although again no numbers are provided and their data 

appears inconsistent. For one subject, the psychometric function appears to show midpoint time was nearly 

preserved but fell slightly in the direction of preserving the color onset. For the second subject, it appears that 

the color midpoint time shifted more substantially in favor of the color onset. With these apparent 

inconsistencies and only two subjects, it would be premature to conclude anything about the relative importance 

of different parts of the motion and color intervals. Here the goal was to vary durations of the features without 

introducing the new first-order transients that likely resulted after Moutoussis & Zeki (1997) deleted half the 

motion and half the color.  

We use a stimulus adapted from Moutoussis & Zeki (1997) by Holcombe & Cavanagh (2008). An array of 

seven dot patches (Figure 1, right) was presented, and in each patch the dots alternated asynchronously between 

inward and outward motion and between red, green, and sometimes blue. Blue was always irrelevant but was 

included for two purposes. First, to yield an irrelevant rhythm of transients across trials which reduced the 

likelihood that observers might adopt any cognitive strategy related to the transients. This is a potential concern 

because previous work has shown participants are able to precisely judge the relative time of transients without 

asynchrony, even when in a feature pairing task they show a robust asynchrony (Clifford, Arnold, & Pearson, 

2003; Bedell et al., 2003). Second, the inclusion of irrelevant blue periods meant that participants could not 

expect a particular color to occur immediately after the target red color. This meant they were unlikely to 

violate the instructions and attend to a color besides red. 

We changed the time of the onset and offsets by varying the duration of the three colors and of the two 

motions. If the onsets are more important than the offsets, then as the duration of the color varies, the best 

timing of its onset should stay the same. Alternatively, the best relative timing for pairing reports might shift to 

preserve the time of the offset of color relative to the motion. Finally, the best color time might shift to preserve 

the relative time of its midpoint. 
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EXPERIMENT 1: Varying the duration of red  

Metho ds 

Participants  

Four males and one female participated including the first author (AH), ages ranging from 21 to 34. 

Stimulus  

On a CRT controlled by a MacOS 9 computer with a custom program written using the C VisionShell 

library (Comtois 2003), seven random-dot fields were presented arrayed around a circle, equally spaced (Figure 

1). The center of each 1.9¡ dot field was 5¡ from the white fixation point. Each dot field had a black background 

(< 2 cd/m2, but greater than scotopic levels) whereas the rest of the screen background was a dark grey (6 

cd/m2). Each dot field contained approximately 30 square dots 0.15¡ wide dispersed randomly over the area, 

with sides of the dots oriented along the axis of motion. When the dots moved, new dots were revealed at the 

trailing edge, and dots at the leading edge disappeared, as if the dots were moving behind an aperture. The sides 

of the virtual aperture were aligned with the axis of motion. The dots alternated between moving inwards 

directly toward the fixation point and moving directly away, at 7.2¡/sec over a period of 942 ms (1.06 Hz), 

yielding approximately 471 ms per color or motion.  With the same period, they also alternated between red (14 

cd/m2, CIE x=.63, y=.33) and green (CIE x=.29, y=.59) and usually blue (CIE x=.19, y=.13), see design  and 

procedure section for details of the alternation. The luminance for green and blue was set for each participant 

individually to match their approximate equiluminance point- determined by flickering the dot fields between 

red and green (or blue) at 8.5 Hz and adjusting the intensity of the green (or blue) to minimize the subjective 

intensity of the flicker (Wagner & Boynton, 1972). 

To premask the stimulus train, the moving dot fields began at a random phase and were presented for one 

cycle at about 40% contrast flickering between red and green randomly with a probability of .5 on each frame. 

Then they began the appropriate color alternation for that trial and gradually increased in contrast over the first 

942-ms cycle. Subsequent to this premask period, the dots were presented at full contrast for 2 cycles. Finally, 

the dot fields disappeared in the same fashion that they had appeared Ñ  they gradually decreased in contrast 

over one cycle before flickering randomly between red and green for a cycle. The gradual ramping in and out 

avoided a sudden onset that might affect the asynchrony because of the apparent increase in temporal resolution 

that a sudden onset can engender (Beaudot 2002; Dakin & Bex 2002; Holcombe, Kanwisher, & Treisman 

1998). Figure 1 shows a screen capture of the stimulus. A demonstration of similar stimuli is available at 

http://www.psych.usyd.edu.au/staff/alexh/research/asynchronyVSS06/.  

Design and Procedure  

There were two important independent variables in this experiment. The first was the duration of the red, 

relative to that of the other colors. The period of the color alternation was always 942 ms, and for a given trial 
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the red occupied a variable portion of this, either 283 ms (30% of the cycle), 377 ms (40%), 471 ms (50%), 565 

ms (60%), or 659 ms (70%). The rest of the cycle was occupied by green and blue, with the proportion of this 

remainder as blue taking a value of 0% (all green), 25%, 50%, or 75% on each trial. In half of trials the blue 

period (if it existed) came before the green, and in half it occurred after. The second independent variable of 

primary interest was the time of the midpoint of the red interval relative to the midpoint of the inward motion, 

which we call Òin!red intervalÓ (Figure 1). The arrow in Òin!red intervalÓ signifies the direction time is 

measured, for example if red begins 50 ms after inward, the in!red interval is 50 ms. This varied over the 

whole range of possible temporal offsets. Before doing the experiment, it was thought that the relative timing of 

the red onset to the motion onset was of primary interest, so on each trial this was set to one of the following 

values (in milliseconds): -353, -236, -118, 0, 118, 236, 353, or 471. The value of -471 was omitted because due 

to the period being 942 ms, it is the same stimulus as 471 ms.  For clarity, the data are analyzed in terms of 

in!red interval. The particular values shift depending on the red duration, but still they fill the range of 

possible values with equal spacing, as can be seen by the data points in Figure 2. The variables were fully 

crossed and counterbalanced: (5 red durations) * (6 blue/green proportions and orders + 1 no-blue) * (8 relative 

timings) = 280 conditions in a block. Each subject participated in one block. 

Observers were instructed to attend to the red intervals and determine the motion that was predominantly 

paired with it. When the in! red interval was 0 ms and red occupied 50% of the color cycle, the features were 

exactly synchronized so that physically, red was paired only with inward motion. Observers pressed the ÔzÕ key 

if they perceived that red predominantly moved inward, and ÔxÕ if the red phase instead moved predominantly 

outward. For each red duration, two values for in! red should lead to the most unambiguous percepts, yielding 

the most consistent pairing reports. These are not expected to be the values where the stimulus was physically 

least ambiguous (0 and -471 ms), but instead to reflect the asynchrony. 

One of the seven dot patches was chosen randomly on each trial as the target and indicated by a white ring 

(80 cd/m2, diameter = 2.4¡, thickness .22¡) which encircled the target dot patch for the duration of the trialÕs 

stimulus train. The other six dot patches were set to random in! red intervals. This arrangement was identical to 

that used in Holcombe & Cavanagh (2008). 

Participants sat approximately 1 m from the CRT. They participated in a variable number of practice trials 

until they were comfortable with the task. Participants fixated on the central point and were instructed to attend 

to the dot patch encircled by the ring. At any point during the stimulus train, participants could make their 

response. The participant's keypress terminated the trial immediately, even if the stimulus was still being 

presented. 
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Data Analysis  

Unlike in previous literature, the participant responses could not be modeled by a waveform such as a cosine 

wave, which has peak and trough of equal width, because in Experiment 2 (described later) the variation in the 

motion duration caused the relative width of the peak and trough to vary. For instance, if the best in! red time 

(") were 0, rather than the in! red values spanning -236, 236 expected to yield in-red responses greater than 

50% of the time, the motion duration (d) determined that instead the values spanning Ðd/2,d/2 did so instead. To 

create a psychometric function that would fit, the in! red values (x) corresponding to the peak were 

transformed into xÕ by linearly compressing them to fit in the domain under the top half of a cosine,  

!  

" x =
#(x $ a)

d
,                                         when Ðd/2 < (x Ð a) < d/2 

with the remaining portion stretched to fill the domain of the trough 

!  

" x = #
(x $ a) $ .5d

942$ d
+ .5

% 

& 
'  

( 

) 
* ,    yielding pseudo-cosine waves with the appropriate duty cycle. 

 

For the data of Experiment 1, the duration d was always set to 471, yielding the degenerate case of an 

unmodified cosine curve. Another modification to the cosine, a variable exponent (#), was added to the peak 

and trough to capture the variation in the steepness of the psychometric functions. Finally, to better fit the data it 

was assumed that participants, due to keypress error and lapses in attention, made a random response on 0.8% 

of trials.  

! 

y =
.99
2

cos( " x )
1

b +1# 
$ 
% & 

' 
( ,      when 

!  

cos( " x ) > 0, to steepen the peak 

! 

y =
.99
2

" "cos( # x )( )
1

b +1$ 
% 
& ' 

( 
)   otherwise, to steepen the trough 

 

where y represents the proportion of red-inward responses. The parameters minimizing the sum of squared 

error difference between the stretched steepened cosine model and the actual responses were found using the 

Nelder-Mead simplex algorithm. The resulting fits are plotted as solid curves along with the data points (Figure 

2). 

Standard errors of the best-fitting in! red interval were determined by bootstrap (Efron & Tibshirani, 1993). 

In these experiments, the data in some conditions for some subjects were often at floor and ceiling, with inward-

red responses forming 100% or 0% of the trials. In such cases, nonparametric bootstrapping yields 

inappropriately small confidence intervals. To avoid this, although the data were resampled 200 times as in 

nonparametric bootstrapping, rather than from the actual data, artificial data sets were generated from the best-

fitting curve for that subject and condition. This yielded larger confidence intervals for the data near floor and 
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ceiling while giving intervals similar to the nonparametric method in other cases. The confidence intervals are 

plotted in Figures 3 (Experiment 1) and Figure 4 (Experiment 2). 

Results a nd Discussion  
The primary question was how the best timing of the red relative to inward motion would vary with the 

duration of the red. The effect of duration on best in! red interval is shown in Figure 3, right. Each subplot 

shows the data for a single observer. The horizontal axis is time relative to the inward and outward motions, 

with the origin the midpoint of the inward motion. The five light red rectangles represent the best time of the 

red relative to the inward motion. First, consider the middle rectangle, corresponding to the condition when red 

had the same duration (471 ms) as the motions. This condition is like those of experiments in earlier literature. 

For four out of the five participants, a large asynchrony resulted, with the middle of the red best presented well 

after the midpoint of the inward motion. A striking exception to this was participant AH, the author, for whom 

the asynchrony was only 1 ms (±18, 95% C.I.). When conducting the experiments for his first paper on the 

asynchrony topic, AH had a robust asynchrony of about 100 ms (Holcombe & Cavanagh, 2008) which 

replicated in many pilot experiments. Recently, however, with the very same displays for which he once 

consistently had an ~100 ms asynchrony, no asynchrony is obtained even though there is no conscious 

difference in the strategy being used. Furthermore, AH never participated in an experiment that provided 

feedback on individual trials. Possible implications for theories of the asynchrony are treated in the general 

discussion. 

Considering the other red durations besides the 471 ms condition, we distinguished between three different 

possible outcomes, depending on what aspect of the red feature was used for binding. One possibility was that 

regardless of the red duration, the best time for the red would be that which would preserve a constant interval 

between the red onset and the motion. Second was that binding involved matching of the color offset, so that the 

offset of the red would always have a particular timing relative to the motion. Third was that either onsets and 

offsets were equally weighted for binding, or that the entire interval was equally important, in which case the 

midpoint of the red would have a constant time relative to the motion. This last possibility is the expectation 

from theories like differential latency (Moutoussis & Zeki, 1997; Zeki, 2007) that do not suggest any 

differential role of different parts of the interval. The data consistently show an intermediate result rather than 

any of these extreme scenarios. The result is a shift of the midpoint towards the direction of preserving the color 

onset time, as can be seen in Figure 3. This was quantified by regressing the midpoints on red duration, scaled 

by the midpoint shift needed to keep onsets constant. For this regression, the constant color onset time scenario 

(blue line in Figure 3) predicts a regression coefficient of 1, constant color offset times (green line in Figure 3) 

would yield a coefficient of -1, and constant color midpoint time corresponds to 0. The actual regression lines 



 Holcombe 11 

 

through the data points are plotted in red. The mean regression coefficient was significantly greater than zero 

(t(4) = 5.3, p = .006)  at  .44, which falls almost halfway between 0, the coefficient if the relative times of the 

midpoints were preserved and 1, that if the relative time of the onsets had been preserved. The .44 coefficient 

corresponds to a total average midpoint shift of 83 ms. This suggests that for feature pairing, the early portion of 

the color is weighted more heavily than the portion near the end. 

EXPERIMENT 2: Varying the duration of motion  
Here the duration of the motion was varied to see whether the critical aspect of it was the beginning of the 

interval, the end, or something in between. 

Methods  

Participants  

Four males and one female participated including the first author (AH) and three other participants from 

Experiment 1, age ranging from 21 to 34. 

Stimulus  

Same as Experiment 1 but with duration of red constant at 471 ms and proportion of inward motion taking 

one of five values: 283 ms (30% of the cycle), 377 ms (40%), 471 ms (50%), 565 ms (60%), or 659 ms (70%) 

and outward motion filling the remainder of the 942 ms feature period. 

Design and Procedure  

Identical to Experiment 1 but with the critical variable the duration of the inward motion. Two of the 

participants ran in this experiment before running in Experiment 1. 

Data Analysis  

Same as Experiment 1, with d (duration of motion) set appropriately to vary the duty cycle of the curvefit. 

Results and Discussion  
The timing of the motion midpoint relative to the color did not shift significantly, as can be seen in Figure 

4. Regressing the best time of the motion midpoint relative to the color (red lines) revealed that across subjects 

the mean motion midpoint shifted by only 2%, in the direction of preserving relative onset times, a tiny and 

nonsignificant (t(4) = .33, p =.76) fraction. Indeed, the shift was not large for any of the participants, as shown 

by the red regression lines in Figure 4. For two of the subjects the deviations from vertical were in one 

direction while in the rest they leaned the other way. Unlike for color, then, reports of feature pairings do not 

favor the early part of the motion. 

This conclusion rests on the presumption that the reason for the different results in Experiments 1 and 2 was 

the effect of each particular stimulus condition rather than the other conditions that it was intermixed with in a 
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block. To test this, we can compare the results for the condition which was common to both experiments Ð 

when both features were presented for half a cycle. The average difference between the experiments in the best 

relative timing for the four who participated in both experiments was just 18 ms, not significant (t(6)=.27, p = 

.8) and very small in comparison to the 83 ms average effect of varying the color duration. 

 
EXPERIMENT 3: No difference between inward (foveopetal) and outward (foveofugal) motion 

In the previous experiment, as the duration of inward motion increased, the duration of outward decreased. 

The intention was to reveal the relative importance of different parts of a motion interval. However, conceivably 

the two motions, inward and outward, might yield different asynchronies on their own. Changing their 

proportion as we did would then change the overall asynchrony quite apart from the point of the exeperiment. 

To check this, here the asynchronies for inward and outward motion were measured separately. In one 

condition, inward motion was alternated with dynamic noise and in the other condition, outward motion was 

alternated with dynamic noise. In both cases the task was to report whether the dots, when red, were 

predominantly paired with inward motion, outward motion, or noise. 

The concern that foveopetal (inward) and foveofugal (outward) motion would manifest different binding 

errors is motivated by previous differences found for the flash-lag effect (Mateef et al., 1991). If the flash-lag 

effect and asynchrony illusions are related, which is entirely unknown at present, then a similar difference might 

occur in the current experiment. 

Methods  

Participants  

Four of those who were in Experiment 2 participated. 

Stimulus  

Same as the previous experiments but with either inward or outward motion replaced by dynamic noise of 

similar temporal frequency content as the motion. The dots were randomly replotted every 33 ms. 

Design and Procedure  

Identical to the previous experiments but with seven trials per motion type and timing combination, yielding 

a total of 112 trials. 

Data Analysis  

Same as Experiment 1. 

Results and Discussion  
The best timing of the color midpoint relative to the motion midpoint (in! red interval in the previous 

experiments) for each participant and type of motion are tabulated in Table 1. For both kinds of motion, the 

asynchronies for each participant were much smaller than in the previous experiments with alternating motions. 
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Various theories of the asynchrony could explain this, as it may be due either to lack of motion inhibition 

without opposing motions (Arnold & Clifford, 2002) or the presence of the motion streak cue (Amano, 

Johnston, & Nishida, 2007) here. 

Most observers reported that, during each dynamic noise period, weak motion opposite to the previous 

motionÕs direction was perceived. The fact that this was not perceived when observers were asked to view a 

display with the dynamic noise in isolation indicates that it was a motion aftereffect, although probably of a 

non-classical, rapid-induction variety (Kanai & Verstraten, 2005). Clearly however this motion was not strong 

enough to act similarly to the real motion, as if it had the asynchrony would not have been so dramatically 

reduced. 

No consistent difference between the two types of motion was seen across participants, and a paired t-test 

was not significant (t(3) = .96, p = .41). This eliminates the potential confound in the previous experiment. 

 

Table 1. The ÒbaselineÓ figures of the last column are the asynchrony measured for each subject in 

Experiment 2 when each motion was presented for 471 ms. The ÒoutwardÓ column shows the best time of red 

relative to motion for the outward motion condition, and the ÒinwardÓ column the best time of red relative to the 

motion in the inward motion condition. Following the Ò±Ó is the 95% confidence interval from parametric 

bootstrapping. The numbers are smaller than the baseline, and inward and outward motion do not differ in any consistent 

way, as is evident from the ÒdifferenceÓ column. 

Participant inward outward difference baseline  
MP 87±17 ms 52±16 ms -35 ms 119±15 ms 
AW 112±18 ms 59±16 ms -53 ms 224±19 ms 
SM 59±16 ms 73±22 ms 14 ms 191±30 ms 
DL 49±15 ms 59±17 ms 10 ms 227±40 ms  
  

General Discussion  
The color-motion asynchrony has been attributed to a difference in sensory latency between motion and 

color (Moutoussis & Zeki, 1997; Zeki, 2003; Zeki, 2007). But the data here support a different theory of the 

asynchrony Ñ  that it is caused by greater weighting of the early part of the color. Here we found that the 

perception of feature pairings weights the early phase of an interval of color more highly than other aspects, 

while not weighting differently the early and late parts of the motion. 

This result is in good agreement with the theory of Nishida and Johnston (in press). In particular, Nishida & 

Johnston (in press) suggest that the middle portion of the motion interval is matched to a time closer to the onset 

or offset of the color. There is another recent theory of the asynchrony (Clifford, in press), but it seems less 

relevant. The theory (Clifford, in press) suggests that the asynchrony is caused by a difference in latencies, but 
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rather than afferent latencies, a difference in latency of feedback of a new motion signal from late visual cortex 

to early visual cortex. Although that theory does not seem to explain the current results, in an earlier paper 

Clifford and colleagues (Clifford, Arnold, & Pearson, 2003) suggested alternatively that the asynchrony might 

result from heavy weighting of the early portion of the color, just as we have suggested here. Specifically, 

Clifford et al. proposed that early portions of color would be differentially favored due to a more rapid 

adaptation (reduction) of the neural response to color. The present experiments do not speak to the reason for 

the greater weighting for early portion of the color, be it difference in transients or difference in adaptation 

timescale. However, other literature already implicates involvement of transients (Nishida & Johnston, 2002), 

whereas we do not know of independent evidence for an adaptation or response difference between color  and 

motion. 

A critical role for transients in binding is further supported by the results of Holcombe & Cavanagh (2008). 

Their experiments revealed that transients provided by an external cue can determine the best relative timing of 

the features. Hence there is considerable support for the idea that different portions of the color and motion 

features, perhaps their transients, drive the best timing for pairing rather than a difference in latency. However, 

the shift observed here in best color timing was not as large as expected if the binding mechanism used only the 

onset of the color, suggesting some involvement of other portions of the response to color.  

The plasticity in the asynchrony apparent in the data of AH is easier to explain for theories that include a 

role for attention. For such theories, there is at least the possibility of deploying attention in different ways, 

which could eliminate the asynchrony according to both the theories of Holcombe & Cavanagh (2008) and 

Nishida & Johnston (in press). The other theories of the asynchrony (Clifford, in press; Clifford, Arnold, & 

Pearson, 2003; Zeki, 2007) have more difficulty explaining the elimination of the asynchrony. However, they 

could insist that the participant must be using synchrony judgments of the feature changes to do the task 

(although this would be in contradiction to his subjective experience), because synchrony judgments are already 

known to often be free of asynchrony (Nishida & Johnston, 2002; Clifford, Arnold, & Pearson, 2003; Bedell et 

al., 2003). 

Conceivably it could be argued that the present experiments do not probe perceptual experience but instead 

reflect memory dynamics for the bindings presented. Plausibly for an extremely long 2-second duration of a 

feature like red (much longer than the present experiments), with inward motion duration of 1 second, then for 

every relative timing the participant is likely to experience red paired with both inward and outward motion. 

Ideally, the participant would take the bindings experienced and weight that experienced towards the beginning 

of the red equally to that experienced towards the end of the red. If that were the case, then the best relative 

timing would reflect the binding scheme used by the visual system. However memory biases such as the 

primacy effect could cause the participant to not weight different portions of the red equally. But it is unlikely 
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that memorial factors like this were the reasons for the results here. Memory biases should only emerge at long 

feature durations, whereas at short durations responses should be based entirely on the single percept 

experienced. If memory biases were beginning to contaminate responses, the regression coefficient should 

change as the feature duration got longer, which is not apparent in most of the data. Furthermore on the memory 

account it would be difficult to explain the difference in weighting the different aspects of color and motion. 

 

Another danger as feature duration increases is that more than one binding percept may occur during a 

single color or motion interval. Theories such as ours that suggest a critical role for the early phase of the red 

should make clear that they refer to intervals on the order of the temporal resolution of the binding mechanism, 

which appears to be hundreds of milliseconds (Holcombe & Cavanagh, 2001; Arnold, 2005; Bartels & Zeki, 

2006; Cavanagh, Chou, & Holcombe, submitted). If there is enough time for a second bound percept to be 

created, this likely would no longer be on the basis of the early phase of the color and hence would dilute the 

greater weighting of early color. Conceivably, this dilution may be occurring even with the present stimuli. 

The actual mechanism that binds remains obscure, even if it is clear that it differentially weights different 

portions of the response to color and motions. Whether the system normally uses a binding scheme based on 

matching onset transients, or cross-correlating the neural response profile to the features, or one reflecting the 

dynamics of attentional access to the two features remains unsettled. Rather than cross-correlation of neural 

response profiles, we favor an account based on high-level, perhaps parietal and attentive processes accessing 

the features independently at a time mostly triggered by the onset transient in the case of the color and for 

motion, a later portion when motion becomes more conspicuous. This is consistent with other evidence favoring 

a slow, high-level mechanism for the pairing of certain features like color and motion (Holcombe & Cavanagh, 

2001; Fujisaki & Nishida, 2007; Holcombe & Cavanagh, 2008; Cavanagh, Holcombe, & Chou, submitted).  

Captions  
Figure 1. Left. Schematic depicting the relative timing of the midpoint of the inward period and the 

midpoint of the red period, the in!red interval. In Experiment 2, because motion was varied instead of color 

the red!in interval was used, which is -1*in!red interval. Right. A schematic snapshot of the stimulus, which 

contained 7 patches of dots alternating between inward and outward motion and between red, green, and blue. 

Each had a different phase and in!red interval. The target dot patch was designated by a ring that encircled it 

throughout the trial. 

Figure 2. Top. Probability of responding Òred inwardÓ as a function of in!red interval for each participant 

(columns) for each duration of red (rows). Vertical red lines show best in!red interval inferred from best-

fitting psychometric function (black curves). Red rectangles depict the period red was presented at the best 



 Holcombe 16 

 

in!red interval. Bottom. Probability of responding Òred inwardÓ for each participant (columns) for each 

duration of inward motion (rows) as a function of red!in interval. Vertical red lines show best red!in interval 

inferred from best-fitting psychometric function (black curves). Grey rectangles depict the period inward was 

presented at the best red!in interval. As the duration of the inward motion increases, the range of times for 

which red is predominantly inward increases, and hence the peak of the psychometric function widens. 

Figure 3. Left. The red durations of Experiment 1 are schematized (rows), each with an in!red interval of 

0. Right. For each participant (initials), the red data circles show, for each red duration, the best time of the red 

midpoint relative to the inward midpoint. The red rectangles show the full range of times the stimulus was red 

for that in!red interval. Error bars show bootstrapped 95% confidence intervals. Green lines show the result if 

best in!red interval had shifted to keep constant the relative timing of color offset and motion (the red duration 

of 471 ms, the canonical stimulus, is used as the baseline). Blue lines shows how in!red would have shifted if 

color onset kept a constant timing relative to the motion. It can be seen from the data points and the line of best 

fit (red line) that neither is wholly true, but the data lean strongly towards preserving the onset time. 

Figure 4. Right. The various inward motion durations of Experiment 2 are schematized, each with the 

red!in interval of 0. The proportion of green and blue in the remainder was counterbalanced, and random 

values are shown in the timeline at bottom. Left. Each subplot shows the result for a different participant. The 

red data circles show, for each red duration, the best time of the inward motion midpoint relative to the red 

midpoint. The grey rectangles show the full interval of inward motion for that red!in interval. Error bars show 

bootstrapped 95% confidence intervals. Green lines show the results if best in!red interval had shifted to keep 

constant the relative timing of color offset and motion (the red duration of 471 ms, the canonical stimulus, is 

used as the baseline). The blue line shows how in!red would have shifted if color onset kept a constant timing 

relative to the motion. It can be seen from the data points and the line of best fit (red line) that neither is true, 

and different participants show opposite and small shifts in both directions. 
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