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Introduction     

Most human cultures have some form of music which contains or induces a 

beat. The purpose of a beat is to serve as a perceived pulse that marks equally 

spaced points in time (Large and Palmer, 2002). It is an instinct for humans to 

synchronize their body movements with a beat, either as a part of dance or as a 

response to music (Patel, Iversen, Chen, and Repp, 2005). Beat perception and 

synchronization occur very quickly in the human brain and require very little 

conscious effort, but this does not mean synchronization is a primitive ability. Homo 

sapiens is the only species known to spontaneously synchronize body movements 

with an auditory rhythmic pulse (Moore et al., 1998).  

        Sensorimotor synchronization (SMS) is the coordination of a rhythmic action 

with a rhythmic sequence, the principal example being musical ensemble 

performances. SMS is usually studied in laboratories in the form of finger tapping 

with a simple auditory or visual pacing sequence. Musicians playing in an ensemble 

must synchronize their actions with the audible and visible actions produced by other 

members of the ensemble. Also on this subject, Jazz and popular musicians 

coordinate their actions with beats produced by a rhythm section, or with a click 

track during recording. All of these are examples of how SMS is used in the modern 

world (Repp, 2005).  

       When people listen to music, they generate an internal beat of the music (a 

function of internal synchronization within the neural substrates of the brain), and 

they may move in synchrony with the musical beat. The timing of these actions can 

be analyzed by studying simple repetitive tasks in which participants are required to 

accompany a predictable stimulus with a simple movement (Aschersleben, 2001).  

          SMS can give us insights concerning the way in which the human brain 

processes musical rhythms. SMS is of scientific interest due to the fact that it sheds 

light on underlying cognitive and neural mechanisms. Research on SMS with auditory 
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and visual sequences can give us insight into mental timekeeping, the relationship 

between perception and (motor) action, and the coordination of different brain 

systems (auditory/visual and motor). Also, by studying the differences between 

synchronization with visual and auditory sequences, inferences can be made 

concerning the relationships between the auditory and visual systems on the one 

hand and the motor system on the other (Patel et al., 2005). 

         SMS can be carried out efficiently only within a certain range of event 

rates. They mostly concern the rate of pacing events, not that of paced actions. The 

auditory upper limit varies with task complexity and musical experience. For simple 

isochronous sequences, it is usually at event rates of 8-10 Hz (inter-onset intervals 

of 100-125 ms). The rate limit for visual synchronization with a flashing light is much 

lower, about 2.2 Hz (450 ms) according to Repp (2003). This demonstrates weak 

rhythmicity of stationary visual stimuli and agrees with other studies that have found 

consistently better synchronization performance in audition than in vision. Rate limits 

of SMS place restrictions on musical ensemble performance and other forms of 

rhythmic dexterity (Repp, 2003). In synchronization tasks exceeding the specified 

rate limits for auditory/visual sequences, it is basically impossible for somebody to 

synchronize with those sequences, although the rate limits vary from person to 

person and may change with practice.  

         Findings that synchronization with a rhythmic visual sequence is much 

poorer than synchronization with an auditory sequence have led to an explanation 

that audition is superior to vision in terms of temporal resolution. For example, in 

studies of temporal discrimination, better performance has consistently been found 

in audition than in vision (e.g., Grondin, 1993; Grondin and Rousseau, 1991; Repp 

and Penel, 2002). In studies of SMS (finger tapping), the variability of asynchronies 

has been found to be greater in synchronization with isochronous visual sequences 

(light flashes) than in synchronization with temporally matched auditory sequences 
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(clicks or tones) (Patel et al., 2005; Repp and Penel, 2002). The relative difficulty of 

synchronizing movement with stationary visual stimuli has also suggested to some 

researchers that there is a weaker connection (“coupling”) between visual cortex and 

motor cortex than between the auditory cortex and the motor cortex, which possibly 

could be due to differences in the physical distance between the relevant brain areas.   

          There has been very little research dealing with visual synchronization 

with stimuli other than flashing lights. One question of interest is if more complex 

visual stimuli that differ in spatial location have any facilitating effect on visual 

synchronization. The main purposes of this study were to see if spatial separation of 

stimuli and spatiotemporal pattern regularity have any facilitating effect on 

synchronization with visual stimuli. 

  We used “moving squares” in this experiment rather than just a 

stationary flashing light. Moving square stimuli allow for spatial relationships and 

higher-level periodicities to play a role. Periodicity is the term we use to describe the 

recurrent appearances of a square in the same spatial position, and we used 

different “step sizes” to produce such periodicities. 

     Figure 1 illustrates our stimulus displays. A small colored square could 

appear in eight different positions, arranged around the perimeter of a large 

imaginary square. Numbers indicate the order in which successive squares appeared. 

By varying step size, going around the large square in clockwise direction starting in 

the upper left corner, we created four different spatiotemporal patterns that were 

repeated cyclically. The term step size refers to the manner in which the small 

squares appear along the perimeter of the large, imaginary square.  

      The first step size has the square appear in each of the eight locations. 

The second step size has a square appear in each corner of the imaginary square. 

The third step size has squares appear in each of the eight locations, but in a 

somewhat more irregular fashion. The fourth step size has a square appear in 
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diagonally opposite corners of the large square. The bold-face numbers represent a 

higher-level periodicity in each pattern, defined by the 1st and 5th squares in the 

sequence (i.e., every fourth square). Focusing on these squares may allow one to 

synchronize with fast sequences by subdividing the intervals between the focused 

squares, without having to follow each change of location for every single square in 

the trial. The principle of interest here is that regular movement around an imaginary 

square creates slower periodicities on which attention could be focused. 

In order to induce a focus on a higher-level periodicity in this experiment we 

instructed participants to focus their gaze and attention on every fourth square, 

which could appear in one of two corners, depending on the step size condition (see 

Figure 1).    These “focused squares” were initially highlighted in a different color, 

but later the highlighting was removed. Higher-level periodicities in a visual display 

can be compared to musical meter, which is a hierarchical organization of measures 

(downbeats), beats, and subdivisions. Each represents a different periodicity, and 

their periods are related by integer ratios. The visual stimuli used in this experiment 

have a similar structure and thus define a kind of “spatiotemporal meter”. Table 1 

describes the different periodicities (hierarchal levels) at different step sizes. Level 3 

was the one that we chose to highlight and draw participants’ attention to, while 

Level 1 was the one participants were asked to synchronize their taps with. Other 

levels presumably did not play an important role in our experiment. 

                    We wanted to show that attending to a slower "beat" and subdividing it 

with taps might enable participants to synchronize their taps with subdivisions that 

are too fast to synchronize with when that strategy is not being used. This is because 

the attended squares occur at a much slower rate at which synchronization is 

relatively easy. It seemed to us that people do not to discover and use this strategy 

instinctively from the beginning, which is why we used the highlighting technique.  
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                   Specifically, the experiment consisted of four parts (blocks of trials). 

Block 1 required synchronizing of finger taps with each change of location of the 

square, without any focus on higher-level periodicities. This block served as a 

baseline. Block 2 still required synchronizing with each change of location, but now 

the participants were asked to employ the strategy of focusing on a higher-level 

periodicity by paying attention to the 1st and 5th square in each sequence (which 

were highlighted), and subdividing these “beats” with their taps. To the extent that 

participants were able to apply this strategy successfully, we expected an 

improvement in synchronization performance, particularly at fast sequence tempi.  

                     Block 3 involved tapping with each change of location of the square 

while also paying attention to the higher-level periodicity, as in Block 2, except that 

no squares were highlighted. This block tested whether participants would be able to 

maintain the attentional strategy without any visual aids, and to the extent that they 

could do so, their results were expected to resemble those of Block 2. In Block 4 the 

participants were instructed to try and forget how to focus on the higher-level 

periodicity and to tap “naively” as they did at first. Assuming that participants could 

do this, the results of Block 4 were expected to be poorer than those of Blocks 2 and 

3 and perhaps similar to those of Block 1, unless experience throughout the 

experiment increased performance gradually. Block 4 thus served as a control for 

practice effects. 

  

Methods  

Participants  

      Nine participants were included in the experiment. Three participants (AF, JI, 

BR) were investigators who were not naive to the purpose of the experiment, were 

musically trained, and had prior practice with the task. Three participants—a scientist 

(AP), a research assistant (HC), and a high school student (MZ)—were unpaid 
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volunteers and also had musical training.  Three further participants (EW, HK, RR) 

were paid for their participation and had little or no musical training; they were Yale 

undergraduates. One additional participant, a high school student, was unable to 

synchronize with any sequences in Blocks 1 and 2, and his data had to be excluded. 

Materials and Equipment  

                      The program used was “Presentation”, created by Neurobehavioral 

Systems, and this computer program functioned as a generator for the visual stimuli 

used in this experiment. A Roland SPD-6 touchpad for finger-tapping was also used. 

A Dell computer was used for running the experiment. Participants JI and AP were 

run at the Neurosciences Institute in San Diego, using very similar equipment. To 

analyze the results, an Apple G4 computer was used along with the program 

“Deltagraph.”       

                    The visual display consisted of an 8 x 8 cm square area with eight 

locations (see Figure 1) and a small fixation cross in the middle, although 

participants were free to move their eyes during the experiment. There was one 

location at each corner and one in the center of each side of the imaginary square. 

The stimulus was a small (2 x 2 cm) orange-colored square moving at an unvarying 

rate between adjacent locations (step size = 1), or between nonadjacent locations 

(step sizes 2, 3, 4) in a clockwise direction, starting in the upper left corner. The 

movement was not literal; the shape merely appeared in a new location as it 

disappeared in the prior one (apparent motion). The space between successive 

squares at step size 1 was 1 cm. Highlighted squares in Block 2 were greenish-

yellow. Each cycle of eight squares (see Figure 1) was repeated six times within each 

trial, yielding a total of 48 stimuli. 

                      The task of the participant was to tap in synchrony with each change 

of location of the square. The trials were completely randomized and occurred in a 

different order each time the experiment was run. All together, there were 24 trials 
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in each block, resulting from six inter-onset interval (IOI) durations for each of the 

four step sizes. For 7 participants, the IOIs ranged from 300 ms to 500 ms in 40 ms 

increments. For two participants (JI and BR, both investigators), the range of IOIs 

was changed to from 200 to 400 ms after pilot data had revealed that they were able 

to synchronize at all IOIs of 300 ms or more.  

 Procedure 

   The participant sat approximately two to three feet from the screen on a 

chair in front of the Dell computer monitor. The tapping pad was either on the desk, 

next to the keyboard, or was held on the lap. Participants were instructed how to tap 

correctly by not using too little or too much force. After a block had been started by 

the experimenter, the participant initiated trials by a simple tap on the pad after the 

previous trial ended. There were short breaks between blocks. The whole session 

took about 50 minutes.   

  Before each block, instructions were given to each participant as follows.  

 

“MOVING SQUARE” EXPERIMENT  

Block 1 

In this experiment you will see orange squares appear successively at a regular rate in 

different positions on the screen. Each square disappears when the next one appears, and so 

it may seem to you that a single square is moving around on the screen. Your task is to make 

a tap each time the square appears in a new position. In other words, you should tap in exact 

synchrony with the visual rhythm of the moving square. 

After a few practice trials, you will be doing 24 test trials. In each trial, don’t start tapping 

immediately but wait until the square has changed position twice (i.e., wait for the third 

square in the sequence). Then start and keep tapping until the end of the trial. The square will 

be moving at different rates in different trials. It may be difficult to synchronize at some of 

these rates, but just try your best and don’t stop tapping during a trial. 
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Block 2 

You may have noticed during Block 1 that the square moved according to one of four spatial 

patterns: (1) around the perimeter of an imaginary large square; (2) around the four corners 

of the large square; (3) between diagonally opposite corners of the large square; and (4) 

according to a more complex pattern, but still in positions defined by the imaginary large 

square. In this block of trials, you should try to take advantage of these regularities. To aid 

you in this, the first square and every fourth square thereafter will be highlighted by a 

different color (greenish-yellow). These highlighted squares will always appear either in the 

upper-left corner or the lower-right corner of the large imaginary square. Focus on these 

highlighted squares and consider them the “beat” of the rhythm you are tapping with. 

Consider the intervening orange squares as subdivisions of the beat. You still must make a tap 

with every square appearing on the screen. However, by focusing on the highlighted squares, 

which occur at a rate four times slower than that of the sequence, you may be able to better 

keep up with the rate of each sequence. If you like, you can make stronger taps on the beat 

than between beats. 

To properly tune in to the slow rhythm of the highlighted squares, please always wait for the 

third highlighted square (i.e., the ninth square in the sequence) to start tapping. After a few 

practice trials, you will again do 24 test trials. 

Block 3 

In this block of trials, there will be no highlighting of every fourth square, and the displays will 

look just as they did in Block 1. However, you should maintain the strategy that you employed 

in Block 2. Focus your attention on the upper left and lower right corners of the large 

imaginary square, where every fourth square in the sequence will appear, and consider these 

squares as the beats of the rhythm, and the other squares as subdivisions. Also, start tapping 

with the third beat (the ninth square in the sequence). 

Block 4 

This block is a replication of Block 1. Now you should abandon the strategy you used in Blocks 

2 and 3 and tap “naively”, as it were, by treating the squares as individual events. Start 

tapping with the third square you see. 
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Results  

Overall, the results of the experiment showed large individual differences and 

also considerable variability within most participants’ data. This variability made it 

often impossible to derive a reliable estimate of the synchronization threshold (i.e., 

the IOI at which synchronization broke down). It is also difficult to set an a priori 

criterion for what constitutes successful synchronization. Therefore, we decided to 

analyze the data in the form of graphs which display the standard deviation of 

asynchronies in all trials.  

 Asynchronies were calculated by subtracting the time of stimulus presentation 

(i.e., when a square moved) from the time at which a tap occurred. This resulted in 

negative asynchronies when taps preceded stimuli, and in positive asynchronies 

when taps followed stimuli. In cases of successful synchronization, the asynchronies 

stayed within reasonable bounds. In cases of clearly unsuccessful synchronization, 

there was phase drift; that is, participants tapped either faster or slower than the 

sequence. Consequently, the asynchronies got larger and larger (either more 

negative or more positive) during such trials. Successful synchronization can be 

distinguished from unsuccessful synchronization by means of imposing some limit on 

the standard deviation of the asynchronies, calculated across all the asynchronies in 

a trial.  

 The standard deviation (SD) is a measure of variability. It is the root-mean-

square deviation from the mean. To obtain the SD, all deviations from the mean are 

calculated, then they are squared (so as to treat positive and negative deviations 

equally), then averaged, and finally the square root of the average is taken. We do 

not report the mean asynchronies because they were too variable from trial to trial 

and because it could not always be determined with certainty whether the mean 

asynchrony was negative or positive (i.e., when the mean asynchrony deviated very 

much from zero).  
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 The asynchronies of the 24 trials within each block and were rank-ordered for 

each participant and sorted into 20-ms bins. The percentage of trials in each bin was 

calculated, and then these percentages were added up cumulatively. Finally, the 

cumulative percentages were averaged across participants. The resulting summary 

of the data is shown in Figure 2.  The x-axis shows the upper limit (cut-off) of each 

bin. The y-axis shows the cumulative percentage of SDs falling within these bins. 

Thus, the data point at 20 ms shows the percentage of SDs that were < 20 ms, the 

data point at 40 ms shows the percentage of SDs that were < 40 ms, and so on. 

Data are shown up to a limit of 160 ms, which is essentially an arbitrary choice. An 

SD of 160 ms still represents an ability to synchronize, but with huge variability. A 

total inability to synchronize (continuous phase drift) would be reflected in a SD of 

several hundred ms, and this indeed often occurred. So basically, trials with low SDs 

indicate good synchronization, and trials with larger SDs  indicate poor 

synchronization. 

 Figure 2 shows that, as predicted, participants performed better in Blocks 2 

and 3 than in Blocks 1 and 4. There was little difference between Blocks 2 and 3, but 

performance in Block 4 was somewhat better than in Block 1. We now must ask 

whether these findings are reliable and representative of individual participants. 

 To determine the reliability of the differences among blocks, we adopted a 

100-ms cutoff for the SDs and calculated the percentages of trials that were below 

that cutoff for each participant, which are displayed in Figure 3. Then the Block 1 

(baseline) percentage was subtracted from the percentages of the other three 

blocks. After that, these percentage differences were averaged across participants 

and 95% confidence intervals were calculated. This is what is shown in the upper bar 

graph of Figure 3. One can conclude from this figure that performance in Blocks 2, 3, 

and (narrowly) in Block 4 was significantly better than in Block 1 due to the fact that 

each percentage difference was significantly greater than zero. In other words, each 
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95% confidence interval did not include zero, which means that the probability that 

the “true” percentage difference is greater than zero exceeds .95 (a common 

criterion of statistical significance). 

  The upper bar graph does not illustrate whether performance was 

significantly better in Blocks 2 and 3 than in Block 4. To determine this, the Block 4 

percentage was subtracted from the Block 2 and Block 3 percentages. The result is 

shown in the lower bar graph. Here one can see that the difference between Block 2 

and Block 4 did not quite reach significance (the confidence interval includes zero), 

but the difference between Block 3 and Block 4 did (narrowly). The results of these 

comparisons are marginal due to the large individual differences in results.  

 Figure 4 shows the individual participants’ results in the same format as 

Figure 1, except that number of trials (out of 24) is plotted instead of percentage. It 

is evident that two participants (EW, HK) performed very poorly, whereas others did 

reasonably well. (Keep in mind that BR and JI had sequences with shorter IOIs.)  

Most striking, however, is the fact that some participants (BR, HC, HK) showed a 

clear beneficial effect of the attentional strategy adopted in Blocks 2 and 3, whereas 

others (AF, AP, perhaps MZ) did not. In-between cases are participants EW, JI, and 

RR who did show an improvement in Blocks 2 and 3 over Block 1 but also did well in 

Block 4, either because of increased practice or because they were unable to 

abandon the attentional strategy of Blocks 2 and 3. These individual differences show 

no clear relation to participants’ experience, musical training, or knowledge of the 

purpose of the experiment. 

 To give some idea of how performance changed with IOI duration, Figure 5 

plots the percentage of trials with SDs smaller than 60 ms as a function of IOI for 

each participant. These data have been combined across the four blocks because 

otherwise there would not have been enough data for each IOI. We adopted the 

stricter criterion of SD < 60 ms here to make the data roughly comparable to those 
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of Repp (2003) whose criterion was SD < IOI/6. The graph shows that two 

participants (EW, HK) performed too poorly for any synchronization threshold to be 

determined, and two other participants (HC, MZ) showed rather irregular changes in 

performance with IOI. The remaining five participants showed 50% cross-overs 

(estimates of the synchronization threshold) ranging from about 210 to 380 ms. 

  Finally, Figure 6 displays the percentages of trials that satisfied the criterion 

of SD < 100 ms for each of the four step sizes, with data combined across blocks, 

IOIs, and participants. The differences in this graph are very small and clearly not 

statistically reliable. These results demonstrate that spatial separation on the screen 

does not seem to be an important factor, and that even the relatively irregular 

movement of step size 3 had no deleterious effect on synchronization. 

 

Discussion 

 The purpose of this study was to determine the effects of spatial separation 

(step size) and of higher-level periodicities on synchronization with visual stimuli that 

are more complex than just a stationary flashing light.The results show that for the 

most part, participants performed better when they paid attention to a slower “beat” 

(Blocks 2 and 3) than when they did not (Blocks 1 and 4). Attention to this slower 

periodicity enabled them to synchronize their intervening taps with the intervening 

stimuli by means of subdivision of the beat rather than by means of tracking the 

individual stimuli. However, not all participants were able to use this strategy 

successfully, despite repeated attempts (pilot runs) in the case of investigator AF. 

The reasons for this remain unclear. In particular, lack of musical training did not 

seem to be responsible. There was little difference between Blocks 2 and 3, which 

shows that it is possible to attend to the beat even when it is not highlighted. We do 

not know whether any participants would have been able to carry out this strategy if 

there had never been any highlighting, although we suspect that this would be 
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possible. For some participants, however, the highlighting was not successful in 

inducing the strategy or, if it was, the strategy had no beneficial effect on 

synchronization.   

     Performance in Block 4 was somewhat better than in Block 1. This 

suggests that participant improved their performance during the experiment through 

experience with the task. However, an alternative explanation is that participants 

were unable to abandon the attentional strategy established in Blocks 2 and 3. If 

that were the sole explanation, however, those participants who did not benefit from 

the strategy in Blocks 2 and 3 should not have shown any improvement from Block 1 

to Block 4. Indeed, participants AF and AP, who did little better in Blocks 2 and 3 

than in Block 1, also did little better in Block 4 than in Block 1, and participant MZ, 

who showed a small improvement in Blocks 2 and 3, even did worse in Block 4 than 

in Block 1 (see Figure 4). However, there are also participants (viz., BR and HK) who 

showed a clear benefit of the attentional strategy in Blocks 2 and 3 but did little 

better in Block 4 than in Block 1. The most parsimonious explanation of this pattern 

of results is that there was actually little improvement with practice, but that some 

participants were more successful in abandoning the attentional strategy in Block 4 

than were others. 

     The results of this experiment also show that the variable of step size was 

not an important factor in synchronization. Even the relatively irregular movement of 

step size 3 had no deleterious effect on synchronization. It was expected for the 

impression of apparent movement to be stronger at smaller spatial separations, and 

my informal impressions confirmed this expectation. At step size 4, for example, the 

square seemed to flash alternately in the upper left and lower right corners rather 

than moving back and forth between them, whereas at step size 1 it seemed to 

move from one position to the next. My results thus indicate that neither spatial 
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separation nor the impression of apparent movement has any effect on 

synchronization accuracy. 

     Yet, most participants performed better than the participants in Repp’s 

(2003) study did with a flashing light, where the mean synchronization threshold was 

460 ms. However, there was also a much wider range of individual differences, and 

some participants (AF, BR, JI) had practice in the task. Therefore, we cannot 

conclude with confidence that the “moving square” stimuli facilitated synchronization 

compared to a stationary flashing light, although the data are suggestive in that 

regard. Investigator BR’s performance improved dramatically from initial pilot runs to 

the final experiment, which strongly suggests that practice can improve 

synchronization with the present stimuli, though perhaps not with flashing lights 

(with which BR always performed poorly in past research). The effect of practice on 

visual synchronization needs to be studied in more detail because better SMS 

performance with auditory than with visual stimuli may in part be due to lack of 

practice with visual stimuli. 

 In conclusion, these results offer some support for the hypothesis that 

attention to a higher-level periodicity (a “beat”) in visual stimuli having a 

spatiotemporal meter can facilitate synchronization. Future studies might investigate 

other ways of facilitating synchronization with visual stimuli, such as presenting 

stimuli that move in the same direction as the tapping finger or in the opposite 

direction, to see whether the compatibility of movement facilitates synchronization, 

or to show a display of biological movement, such as a video of a tapping finger. The 

main question of interest is: How much can visual synchronization be facilitated by 

using increasingly realistic and life-like stimuli? The present study was just a 

preliminary step in that direction.  
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Table I-  
 The different periodicities (hierarchical levels) at different step sizes. Period durations are indicated in 

terms of multiples of the inter-onset interval (IOI). Levels of doubtful perceptual salience are in brackets. 
———————————————————————————————————— 

 

Step size 1 

 

Level 1: Individual squares, in successive positions (period: IOI) 

Level 2: Every other square, in four corners (period: 2*IOI) 

Level 3: Every fourth square, in opposite corners (period: 4*IOI) 

[Level 4: Every eighth square, in one corner (period: 8*IOI)] 

 

Step size 2 

 

Level 1: Individual squares, in four corners (period: IOI) 

Level 2: Every other square, in opposite corners (period: 2*IOI) 

Level 3: Every fourth square, in one corner (period: 4*IOI) 

[Level 4: Every eighth square, twice in one corner (period: 8*IOI)] 

 

Step size 3 

 

Level 1: Individual squares, in irregular positions (period: IOI) 

[Level 2: Every other square, in irregular positions (period: 2*IOI)] 

Level 3: Every fourth square, in opposite corners (period: 4*IOI) 

[Level 4: Every eighth square, in one corner (period: 8*IOI)] 

 

Step size 4 

 

Level 1: Individual squares, in opposite corners (period: IOI) 

Level 2: Every other square, in one corner (period: 2*IOI) 

Level 3: Every fourth square, twice in one corner (period: 4*IOI) 

[Level 4: Every eighth square, four times in one corner (period: 8*IOI)] 
 

———————————————————————————————————— 

Figure I- step size layout diagram 
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Figure II- overall results  

 
 

Figure III- individual results 
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Figure IV- 95% confidence intervals 

 
 

Figure V- trials below cutoff in relation to IOI times 
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Figure VI- percentages of trials that satisfied the criterion (SD < 100 ms) for each of the 

four step sizes. 
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