
We live in a constantly changing visual environment: 
People shift locations as they move around, objects move in 
and out of view as the wind sweeps across trees, and even a 
static scene transforms as our eyes land on one spot after an-
other. At least two mechanisms have been proposed that may 
help us maintain a sense of temporal continuity in a dynamic 
visual world: tracking of moving objects and visual working 
memory (VWM). Motion tracking allows one to follow an 
object as it moves from one location to another (Pylyshyn & 
Storm, 1988). Even when tracking is not required for per-
forming a task, observers tend to track items as they move 
(Kahneman, Treisman, & Gibbs, 1992). Motion tracking 
provides an effective mechanism for temporal updating as 
long as there is good spatiotemporal continuity between one 
visual object and another (Kahneman et al., 1992).

When spatiotemporal continuity is lacking, VWM sup-
plies another mechanism to maintain temporal continuity. 
VWM refers to the momentary retention of visual informa-
tion after its disappearance. It has a limited capacity—only 
about four visual objects can be retained in VWM simulta-
neously (Luck & Vogel, 1997; Phillips, 1974). This capac-
ity dictates that only the most important information can 
be maintained across spatiotemporal disruptions. Together, 
motion tracking and VWM help us connect the history of 
visual objects to their present states. Other mechanisms 
also exist to maintain temporal continuity, including the 
retention of a high-fidelity, high-resolution iconic mem-
ory shortly after stimulus disappearance (Sperling, 1960), 
and visual long-term memory, which is particularly suited 

to maintaining the gist of a scene (Hollingworth & Hen-
derson, 2003; Standing, 1973). This study focuses on the 
interaction between motion tracking and VWM.

Specifically, we ask: To what degree does spatiotempo-
ral continuity between two visual arrays affect VWM for 
these arrays? This question has rarely been addressed by 
previous studies of VWM, which have focused primarily 
on memory for displays presented for a single moment. Al-
though some studies have examined VWM for sequentially 
presented arrays (Broadbent & Broadbent, 1981; Brock-
mole, Wang, & Irwin, 2002; Jiang & Kumar, 2004; Phillips 
& Christie, 1977), they often used arrays that lacked spa-
tiotemporal continuity. This has left us with limited knowl-
edge about how VWM interacts with motion tracking.

A few studies on motion tracking have examined the kind 
of memory that results from active tracking. In multiple- 
object tracking, when items are put into apparent mo-
tion and then briefly occluded, people typically have 
good memory for objects’ spatial locations and directions 
of motion, but poor memory for nonspatial properties 
(Scholl, Pylyshyn, & Franconeri, 1999). Even when par-
ticipants succeeded at tracking target objects’ locations, 
they failed to tie nonspatial properties such as color and 
shape to the correct locations (Pylyshyn, 2004). This sug-
gests that holding object identities in VWM is not the 
same as tracking moving objects’ locations.

Tracking nonspatial properties of objects depends on 
maintaining coherence in object motion. When the direction 
of motion—clockwise or counterclockwise—is perceptu-
ally ambiguous, participants have difficulty binding object 
colors to their locations, even when they are instructed to 
treat the objects as moving clockwise (Saiki, 2003). Object 
identities are retained to a certain degree on moving dis-
plays, at least when the number of objects is small and mo-
tion is unambiguous. For example, Kahneman et al. (1992) 
briefly previewed two letters in four boxes before rotating 
the ensemble of boxes by 90º. Following the rotation, an-
other letter was presented in one of the boxes. Identification 
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of the letter was facilitated when it matched the letter pre-
viewed in the same box, but was delayed when it matched 
the other previewed letters (see also Henderson, 1994; Hen-
derson & Anes, 1994). Thus, spatiotemporal continuity is 
important for maintaining stable representations of objects, 
with “object files” keeping various properties of an object 
bound together (Rensink, 2000).

The studies reviewed above provided some hints about 
the interaction between motion tracking and VWM. How-
ever, the emphasis of these studies was primarily motion 
tracking, rather than VWM. Our study was designed to 
study the property of VWM, with or without motion track-
ing between two target arrays. Because coherent motion 
connects two separate visual arrays into two instances of a 
single event, it changes the number of events that one must 
remember in VWM. In turn, the overall VWM capacity 
may increase because a bigger chunk is formed from two 
separate displays. This is not the only possible outcome, 
however. With coherent motion tracking, VWM capac-
ity can decrease because the intermediate motion may 
produce interference. Alternatively, motion tracking can 
change the distribution of VWM capacity to the leading 
and trailing arrays without affecting the overall capacity.

EXPERIMENT 1 
Coherent (Apparent) Motion  

Versus Jumpy Motion

Two dot arrays, each containing three colored dots, were 
presented with a short interstimulus interval (ISI). The par-
ticipants were told to remember the six locations from the 
two arrays, and determine which one of two testing loca-
tions matched their memory. During the ISI, several irrel-
evant arrays containing white dots were presented to form 
two motion conditions. The irrelevant dots either moved 
continuously, to produce a sense of coherent (apparent) 
motion between the target arrays, or they moved at random 
locations, to produce a sense of jumpy motion. How would 
coherent motion affect VWM for the target arrays?

Method
Participants. In this study, 13 students from Harvard University 

(18–30 years old) participated for payment or course credit. They all 
had normal color vision and normal or corrected-to-normal visual 
 acuity.

Equipment. The participants were tested individually in a room 
with normal interior lighting. They viewed a computer screen from 
an unrestrained distance of about 57 cm, at which distance 1 cm 
corresponded to 1º of visual angle.

Stimuli and Procedure. Figure 1 illustrates the trial sequence used 
in this experiment. After participants fixated a white cross shape (0.2º) 
for 200 msec, two visual arrays, each lasting 100 msec, were presented 
with an ISI of 1,100 msec. A blank retention interval of 1,000 msec fol-
lowed the second target array, after which the test display was presented 
until the participants made a response. The two visual arrays each con-
tained three colored dots (0.8º 3 0.8º); the dots in Array 1 were red 
and those in Array 2 were green. The test display included two white 
dots marked by the digits 1 and 2, which were randomly assigned. The 
participants were told to determine which test dot matched one of the 
locations of the memory arrays. On half of the trials, one test location 
(the “target”) matched one of Array 1’s locations; on the remaining 
trials, it matched one of Array 2’s locations. The other test items (the 

“filler”) were about 2.5º away from another memory location selected 
from the same memory array as the matched location. The participants 
were not cued to the relevant array. Accuracy feedback was displayed 
immediately after each response. One sec later, the next trial began.

The locations of the dots within the two arrays were randomly se-
lected from a 3 3 3 invisible grid matrix that subtended 23.4º 3 15.6º. 
Three cells were randomly chosen from the matrix, and within each 
cell, two locations (at least 2.5º apart) were randomly selected: one to 
contain Array 1’s position and the other to contain Array 2’s position. 
The locations were chosen in this manner to leave the path of ap-
parent motion unambiguous. Five frames (100-msec presentation 1 
100-msec blank interval), each containing three white dots, were pre-
sented 100 msec after Array 1’s termination. In the coherent motion 
condition, the distance between corresponding dots on Arrays 1 and 
2 was divided into five equal units. Each of the five irrelevant frames 
then occupied each successive unit, resulting in a clear perception of 
coherent (apparent) motion along the straight line connecting the two 
memory arrays. All distractor items were at least 2.5º away from the 
memory items and test locations. The minimal speed of motion was 
2º/sec. In the jumpy motion condition, the three dots in the third dis-
tractor frame were presented at the same locations as those in the third 
frame of the coherent motion condition (i.e., halfway between Arrays 
1 and 2). Dots in the remaining four distractor frames were presented 
at randomly selected locations within three different randomly se-
lected cells. Thus, both motion conditions contained distractor frames, 
allowing us to control for low-level visual masking effects.

The participants were told to give equal priority to the two tar-
get arrays and to completely ignore the white dots inserted between 
them. Each participant completed 240 experimental trials, with con-
ditions randomly intermixed (2 motion distraction conditions 3 2 
arrays 3 60 instances).

Results
We measured accuracy separately for the coherent mo-

tion and jumpy motion conditions. Array 1’s memory was 
calculated on the basis of trials in which the test location 
matched one of Array 1’s locations, and Array 2’s memory 
was calculated on the basis of the other trials. Figure 2 
shows the percent correct for each array. Accuracy in all 
conditions was significantly above chance (all ps , .05). 
An ANOVA on array and motion coherence showed a sig-
nificant main effect of array [F(1,12) 5 47.57, p , .001]. 
Performance was better for Array 2’s locations than for 
Array 1’s locations, showing a recency effect. The main ef-
fect of motion coherence was not significant (F , 1), sug-
gesting that motion coherence did not affect overall VWM 
capacity. However, the interaction between array and mo-
tion coherence was significant [F(1,12) 5 6.20, p , .05]. 
The recency effect was significant in both the jumpy mo-
tion condition [t(12) 5 3.63, p , .005] and the coherent 
motion condition [t(12) 5 7.76, p , .001]. However, the 
significant interaction effect showed that the latter was 
stronger. Coherent motion appeared to have enhanced Ar-
ray 2’s memory at the cost of Array 1’s memory, although 
the two simple effects—Array 2 enhancement and Array 1 
 decrement—failed to reach significance ( ps . .09).

Discussion
How did the presentation of irrelevant moving stimuli 

affect VWM for the locations of two target arrays span-
ning the motion? Experiment 1 showed that the overall 
memory accuracy was relatively unaffected by whether 
the inserted motion was coherent or jumpy. However, the 
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type of motion changed how this capacity was distributed. 
In both cases, VWM was better for the trailing array than 
for the leading array, resulting in a recency effect. The 
recency effect became stronger with coherent motion. 
This finding is consistent with the idea that VWM places 
greater emphasis on more recent visual information, espe-
cially when the leading and trailing arrays belong to two 
instances of a single event.

However, there are alternative interpretations. In particu-
lar, recency might have increased simply because the loca-
tions of Array 2 were predictable in the coherent but not the 
jumpy motion conditions. Although predictability may be a 
characteristic of motion tracking, it captures a more general 
effect. That is, predictability of Array 2’s locations can be 
provided with nonmotion cues. Furthermore, although we 
tried to equate the distance between the distractor frames 
and the target arrays, the first distractor frame was closer to 
Array 1, and the last distractor frame was closer to Array 2 
in the coherent motion condition. Such increased proximity 
can impair memory for Arrays 1 and 2 as a result of visual 
masking. Thus, the predictability of Array 2’s locations and 
the increased proximity between the two target arrays and 
distractors may singly or jointly account for findings from 
Experiment 1. To narrow down the role of motion tracking 
in VWM, we needed to control for these confounding fac-
tors. Experiment 2 was designed to achieve this goal.

EXPERIMENT 2 
Connected Versus Disconnected Motion

In this experiment, we compared VWM for two sequen-
tial arrays separated by two types of motion stimuli: con-

nected motion and disconnected motion. The connected 
motion condition was the same as the coherent motion 
condition of Experiment 1, in which five distractor frames 
moved continuously to bridge Array 1 with Array 2 through 
apparent motion. The disconnected motion condition also 
contained five distractor frames plus two target arrays, but 
the motion was broken down into two segments. Array 1 
and the first distractor frame were placed close together to 
form one short motion segment, allowing us to control for 
proximity. Distractor Frames 2–5 and Array 2 were also 
arranged close together to form a short coherent motion 
segment. This made the locations of Array 2 predictable. 

Figure 1. A schematic demo of the trial sequence in Experiment 1.
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The critical feature of this condition, however, was that 
Distractor Frames 1 and 2 were relatively far apart, result-
ing in the percept of two disconnected motion segments. 
With proximity and predictability controlled for, any dif-
ference between the connected and disconnected motion 
conditions could be attributed only to motion continuity.

Method
Participants. Thirteen Harvard participants were recruited for 

payment or course credit. They were 18–30 years old and had normal 
color vision and normal or corrected-to-normal visual acuity.

Procedure. This experiment was the same as Experiment 1 ex-
cept that the jumpy motion condition was replaced by a disconnected 
motion condition. The connected motion condition was the same as 
Experiment 1’s coherent motion condition, in which five distractor 
frames were inserted between two target arrays to form coherent 
(apparent) motion. In the disconnected motion condition, Distractor 
Frame 1 was placed adjacent to Array 1 to control for proximity be-
tween the two. The two frames formed the first motion segment that 
moved at 2º/sec. In addition, Distractor Frames 2–5 formed coherent 
(apparent) motion that led to Array 2 along a straight line with a mini-
mal speed of 2º/sec. These five frames (including Array 2) formed 
the second motion segment, allowing us to control for predictability 
of Array 2. The critical manipulation was that a relatively large spa-
tial distance (about 8º, compared with 0.5º in the coherent motion 
condition) separated Distractor Frames 1 and 2. The resulting percept 
was the presence of two disconnected motion segments.

Note that the jump between Distractor Frames 1 and 2 in the discon-
nected motion condition resulted in increased distance between Arrays 
1 and 2. We therefore ran a control experiment in which the distractor 
frames were eliminated, leaving only Arrays 1 and 2. The two arrays 
were either separated by a short distance, as in the connected motion 
condition, or a long distance, as in the disconnected motion condition. 
Accuracy for Array 1 was 55% in the short-distance condition and 59% 
in the long-distance condition, and accuracy for Array 2 was 68% in 
the short-distance condition and 70% in the long-distance condition. 
Statistical analysis revealed no effect of distance on overall accuracy or 
the recency effect ( ps . 20). Thus, any difference between connected 
motion and disconnected motion observed in Experiment 2 cannot be 
attributed to increased distance between the two target arrays.

Results
Figure 3 shows percent correct for each array. Here, too, 

accuracy in all conditions was significantly above chance 
( ps , .005). An ANOVA on array and motion connectiv-
ity showed a significant main effect of array [F(1,12) 5 
40.79, p , .001], revealing a recency effect. The main ef-
fect of motion connectivity was not significant [F(1,12) 5 
1.16, p . .30], but the interaction between array and mo-
tion was [F(1,12) 5 6.28, p , .028]. The recency effect 
was significant in both the disconnected motion condition 
[t(12) 5 3.21, p , .01] and the connected motion condi-
tion [t(12) 5 7.75, p , .001], but was stronger in the lat-
ter. Thus, even when extraneous factors such as proximity 
and predictability were controlled for, the recency effect 
was still greater with connected motion. Reminiscent of 
the results of Experiment 1, coherent motion resulted in a 
small reduction in accuracy for Array 1 and an enhanced 
accuracy for Array 2, although neither simple effect was 
significant on its own ( ps . .09).

When we pooled data across the two experiments, co-
herent motion again did not significantly affect the over-
all VWM performance [F(1,24) 5 1.52, p . .20]. It did 

enhance the recency effect [F(1,24) 5 10.41, p , .005], 
suggesting that the distribution of VWM across the two 
target arrays changed. However, of the two simple effects, 
only Array 2 memory was significantly enhanced by co-
herent motion [t(25) 5 2.5, p , .02]. Array 1 memory 
was slightly but not significantly impaired by coherent 
motion [t(25) , 1]. Thus, although coherent motion 
tipped the balance of VWM toward the more recent array, 
the modulation was subtle.

GENERAl DISCuSSIoN

This study examined the interaction between motion 
tracking and VWM. We inserted different types of mo-
tion between two successive visual arrays. The inserted 
motion stimuli were irrelevant to the VWM task and were 
perceptually distinctive from the target arrays. Our results 
showed that, under some conditions, such stimuli could 
affect VWM for the relevant memory arrays.

First, the inserted motion did not significantly change the 
overall VWM capacity. Averaged across the leading and trail-
ing arrays, VWM accuracy was relatively constant whether 
the inserted motion was coherent, jumpy, or disconnected. 
In fact, a direct comparison between coherent motion and 
a no-motion condition in a preliminary study revealed no 
difference between the two in overall VWM performance. 
This result suggests that connecting two visual arrays into 
a single event does not reduce the competition between the 
two. It also suggests that the inserted stimuli did not directly 
compete with the target arrays for VWM capacity.

Second, in all motion conditions, VWM for the trailing 
array was better than that for the leading array. The recency 
effect is perhaps a joint result of memory decay and prefer-
ence for more recent visual information. Because Array 1 
was presented earlier than Array 2 was, it would have de-
cayed more when memory was probed. However, when 
a single array was presented and the delay interval was 
systematically manipulated, VWM decayed only slightly 
over a 1- to 2-sec interval (Jiang, 2004; Luck & Vogel, 

Figure 3. Results from Experiment 2. Error bars represent the 
between-subjects standard error for each condition.
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1997; Phillips, 1974). Thus, the dramatic difference be-
tween the two arrays cannot be completely accounted for 
by decay. Instead, the more recent target array appears to 
receive higher priority. This preference for more recent in-
formation is also seen in other paradigms, such as change 
detection (Beck & Levin, 2003) and substitution masking, 
in which a trailing stimulus “erases” perceptual awareness 
of a leading one (Di Lollo, Enns, & Rensink, 2000).

The most important finding of our study is that the re-
cency effect in VWM was increased by irrelevant coher-
ent motion inserted between the two arrays. Because the 
recency effect was smaller for jumpy motion sequences 
than for coherent motion sequences, the increase in the 
recency effect in VWM was not attributable to masking 
effects produced by the inserted stimuli. It was also not 
entirely due to other factors, such as the predictability of 
Array 2, because the recency effect was smaller when the 
apparent motion segment leading to Array 2 was discon-
nected from that originating from Array 1. The interaction 
between motion tracking and VWM suggests that VWM is 
part of the system that updates visual information across 
temporal lags.

To find out whether the effect of coherent motion was 
restricted to VWM for spatial locations, we tested 13 par-
ticipants in an additional experiment in which color, rather 
than spatial location, must be held in VWM. We found that 
VWM for colors was also affected by inserted coherent 
motion: Recency increased with coherent motion. How-
ever, this effect was smaller in color VWM than in loca-
tion VWM. These results are consistent with the idea that 
although tracking carries some identity information, it 
primarily updates the spatial locations of visual objects.

What mechanism resulted in the modulation of VWM 
by coherent motion? We believe that the concept of object 
files (Henderson, 1994; Kahneman et al., 1992; Rensink, 
2000) can help explain the present results. As in visual 
perception, VWM relies on the representation of objects 
(Luck & Vogel, 1997). Each time a few objects must be 
retained in VWM, an object file is opened for each object. 
As each object moves, or its surface properties change, 
information about the object’s location or nonspatial 
properties is updated in the object file. When two suc-
cessive arrays are presented for people to hold in VWM, 
new object files are opened for each item in each array. 
However, coherent motion between the two arrays makes 
it more likely that the same object files would be used for 
corresponding items on the two arrays. This can lead to 
increased recency effect.

As in earlier perceptual experiments (Kahneman et al., 
1992), the present study did not require participants to 
actively track the motion of distractor objects. The fact 
that motion still affected the allocation of VWM suggests 
that tracking was to some extent obligatory. Whether the 
object-file mechanisms would still be used when partic-
ipants actively track a subset of objects is an empirical 
question. Under such conditions, motion tracking is likely 
to compete directly with VWM for attentional capacity. 
This may make it more difficult to detect subtle modula-
tions on recency.

To summarize, by inserting irrelevant motion between 
two visual arrays and studying how VWM for the two ar-
rays is affected by motion, we have shown in our study 
that the capacity allocation of VWM can be modulated by 
motion tracking. We postulate that the effect of coherent 
motion on VWM originates from VWM’s function in up-
dating visual information across temporal lags.
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