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How is the representation of a visual object stored 
while mental rotation is performed? Although many stud-
ies have focused on the process of mental rotation, previ-
ous research has not considered how representations are 
stored while being rotated. In general, working memory 
is thought to be used for the temporary storage and ma-
nipulation of information, so it seems plausible that object 
representations are buffered in working memory during 
mental rotation. Some sort of buffer seems necessary to 
hold an intermediate representation of the object while it 
is being rotated because the original object remains visible 
and therefore controls the low-level sensory representa-
tions of the object.

Working memory for visual information can be stored 
in two dissociable subsystems: a spatial subsystem that 
stores spatial information and an object subsystem that 
stores nonspatial object features, such as color and form. 
This distinction is made on the basis of evidence from 
behavioral studies (reviewed by Logie, 1995), single-
unit recordings (reviewed by Goldman-Rakic, 1996), and 
neuroimaging experiments (reviewed by Jonides et al., 
2003). Although the process of mental rotation is spa-
tial in nature and involves the dorsal stream (Carpenter, 
Just, Keller, & Eddy, 1999; Gauthier et al., 2002; Jordan, 
Heinze, Lutz, Kanowski, & Jancke, 2001), it is plausible 
that the storage of this object representation occurs in the 
object working memory subsystem. That is, because there 
is no evidence that the spatial working memory subsystem 
can represent detailed form information, it is more likely 
that representations of object form are held in the object 
working memory subsystem during mental rotation.

To test this hypothesis, we used a dual-task approach 
that has been used to explore the role of working memory 
in visual search tasks. Woodman, Vogel, and Luck (2001) 
asked subjects to perform a visual search task during the 
retention interval of a working memory task, and perfor-
mance in this dual-task condition was compared with the 
performance observed when participants performed the 
memory and search tasks individually. The working mem-
ory task was a change detection task in which observers 
viewed an array of objects, retained the objects in working 
memory briefly, and were then presented with a test array 
that was either identical to the original array or different 
in the color or shape of one of the objects. Observers sim-
ply reported whether or not they detected a change. When 
the visual search task was performed during the retention 
interval of this working memory task, the efficiency of 
the search process was not impaired in comparison with 
when the visual search task was performed alone. That 
is, increases in the set size for the visual search task led 
to longer search reaction times (RTs), but the search rate 
(i.e., the slope of the RT  set size function) did not vary 
between the dual-task and single-task conditions of the 
experiment. Performance on the working memory task 
was slightly worse in the dual-task condition than when 
it was performed alone, but this effect was small, did not 
vary with the set size of the search task, and was caused 
by nonspecific masking of the memory stimuli. Thus, vi-
sual search and object working memory are largely inde-
pendent. In contrast, Woodman and Luck (2004) found 
substantial and bidirectional interference when the search 
task was performed during the retention interval of a spa-
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tial working memory task. This finding is consistent with 
the hypothesis that spatial working memory is used to 
avoid returning to items that have already been searched 
(Castel, Pratt, & Craik, 2003).

In the present study, we used this same approach, but 
replaced the visual search task with a mental rotation task. 
If the mental rotation target is stored in working memory 
while being rotated, then the rotation process should be 
slower and/or less accurate when it is performed during 
the retention interval of the working memory task than 
when it is performed alone. In addition, performance on 
the working memory task should become progressively 
less accurate as the degree of required rotation increases. 
We predicted that this pattern of interference would 
be obtained for an object working memory task (Ex-
periment 1), but not for a spatial working memory task 
(Experiment 2).

EXPERIMENT 1

Method
Participants. Fifteen students between the ages of 18 and 30 re-

ceived course credit for participating (3 male; 9 right-handed). All 
participants reported normal or corrected-to-normal visual acuity.

Stimuli and Procedure. The stimuli were viewed from 70 cm on 
a gray background. A light gray placeholder box (6.1º  6.1º) was 
present at the center of the display, and the mental rotation letter was 
presented inside this box.

As Figure 1A illustrates, each trial began with a 500-msec presen-
tation of a sample array consisting of four colored squares (1.4º  
1.4º), each centered 2º diagonally from a corner of the placeholder 
box. Seven colors were used for the squares: black, white, red, green, 
blue, yellow, and violet. On each trial, the colors of the four squares 
were selected at random from this set with the constraint that no 
more than two squares could be the same color. After a 500-msec 
delay, a black mental rotation letter (2º  2.5º) was presented for 
2,000 msec. The letter was selected at random from the set {F, J, 
G, P, R, Q, a, h, k, t}, and it was presented in a canonical or mirror-
reversed form, rotated by 0º, 72º, or 144º from an upright position. 
Each combination of letter form and rotation angle occurred with 
equal probability. After a 500-msec delay, a test array was presented 
for 1,500 msec. This array was identical to the sample array, ex-
cept that one of the colors was replaced by a different randomly 
selected color on 50% of trials. The next trial began after a 1,500-
msec delay.

In the mental rotation task, participants made a speeded response 
with the index or middle finger of the dominant hand to indicate a 
canonical or mirror-reversed form, respectively. In the memory task, 
participants made an unspeeded response with the index or middle 
finger of the nondominant hand to indicate a change or no-change 
test array, respectively.

Each participant received three blocks of 48 trials in counterbal-
anced order. In the rotation-alone block, they performed the letter 
task but ignored the memory task. In the memory-alone block, they 
performed the memory task but ignored the letter task. In the dual-
task block, they performed both tasks. Participants were required to 
perform a concurrent articulatory suppression task in which they 
continuously repeated “one, two, three” throughout each trial; this 
effectively discourages participants from using verbal memory 
(Baddeley, 1986; Besner, Davies, & Daniels, 1981; Murray, 1968).

Responses with a latency of 100 msec or 3,000 msec were 
excluded from all analyses, and the RT analyses excluded trials with 
incorrect mental rotation responses. In addition, RTs in the rotation 
task were excluded if they fell more than two standard deviations 
from the mean for that condition. Memory accuracy was quantified 
as percent correct, collapsing across change and no-change trials 

(comparable results were obtained when the d  measure of sensi-
tivity was used). Accuracy and RT for the rotation task were col-
lapsed across canonical and mirror-reversed letter forms. Memory 
accuracy, rotation accuracy, and rotation RT were analyzed in sepa-
rate two-way repeated measures ANOVAs with factors of condition 
(single-task vs. dual-task) and degree of rotation.

Results and Discussion
Figure 2A summarizes the results. The rate of mental 

rotation (i.e., the slope of the function relating rotation 
angle to mean RT) was 530º/sec, and the main effect of ro-
tation angle was significant [F(2,28)  48.86, p  .001]. 
The rotation rate was nearly identical in the rotation-alone 
and dual-task conditions, and the condition  rotation in-
teraction did not approach significance (F  1). Overall 
mental rotation RTs were approximately 85 msec slower 
in the dual-task condition than in the rotation-alone con-
dition, resulting in a significant main effect of condition 
[F(1,14)  8.38, p  .05].

More substantial interference effects were observed 
in mental rotation accuracy. Accuracy declined signifi-
cantly as the rotation angle increased [F(2,28)  13.19, 
p  .001], and the magnitude of this decline was greater 
for the dual-task condition than for the rotation-only con-
dition, yielding a significant condition  rotation angle 
interaction [F(2,28)  8.50, p  .01].

Interference was also observed in the memory task. 
Specifically, memory accuracy was significantly lower in 
the dual-task condition than in the memory-alone condi-
tion [F(1,14)  26.50, p  .001]. Moreover, this effect 
became larger as the degree of rotation increased, yield-
ing a significant condition  rotation angle interaction 
[F(2,28)  4.29, p  .05].

These results provide clear evidence that mental rotation 
and object memory storage systematically interfere with 

Figure 1. Example stimuli and procedures used in Experi-
ments 1 and 2. (A) Stimuli and procedure used in Experiment 1. 
Squares filled with patterns represent the colored items. (B) Stim-
uli and procedure used in Experiment 2. Dots were colored in 
white, and the placeholder box at the center was outlined in a 
light gray. The stimuli were presented on a gray background. The 
text at the top represents the concurrent articulatory suppression 
task that was used in both experiments.
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each other. This interference was observed in rotation-
 dependent declines in the accuracy of both the mental 
rotation task and the working memory task. Interestingly, 
the rate of mental rotation was not slowed in the dual-task 
condition. We conducted a follow-up experiment in which 
we instructed the participants to be as accurate as possible 
in the mental rotation task—even if this resulted in slower 
responses—and exactly the same pattern of results was 
obtained. This finding suggests that the rate of rotation 
cannot easily be slowed, resulting in lower accuracy when 
the rotation process is challenged by a concurrent task.

Recall that interference of this nature was not observed 
when a visual search task was performed during the reten-
tion interval of this same working memory task (Wood-
man et al., 2001). That is, neither the rate nor the accuracy 
of visual search was impaired when search was performed 
during the retention interval of the memory task, and only 
a small and set size-independent reduction in memory 
performance was observed in the dual-task condition in 
comparison with the memory-alone condition. Thus, the 
pattern of interference depends on the nature of the task 
being performed during the retention interval. In contrast, 
substantial set size-dependent interference was observed 
when the visual search task was performed during the re-

tention interval of a spatial working memory task, indi-
cating that visual search does rely on memory for spatial 
location (Woodman & Luck, 2004). In Experiment 2, we 
similarly asked whether mental rotation relies on spatial 
working memory.

EXPERIMENT 2

Method
The method of Experiment 2 was the same as that of Experi-

ment 1 except as noted. Fifteen new participants were recruited (3 
male; 10 right-handed). The stimuli and procedure are illustrated 
in Figure 1B. The memory stimuli consisted of four white dots 
(0.16º  0.16º), one on each edge of the central placeholder box. 
Each dot was positioned randomly between 0º and 0.74º away from 
the midpoint of the edge. On change trials, one dot in the test display 
was displaced by 0.98º from its original position.1

Results and Discussion
Figure 2B illustrates the results. The rate of mental 

rotation was 460º/sec. No evidence of interference was 
observed in mental rotation speed or accuracy. The main 
effect of the degree of rotation was statistically signifi-
cant for both mental rotation RT [F(2,28)  67.9, p  
.001] and mental rotation accuracy [F(2,28)  23.7, p  

Figure 2. Results from Experiment 1 (A) and Experiment 2 (B). Top and 
middle rows indicate reaction time (RT) data and accuracy data from the 
mental rotation task when subjects were performing the rotation task with 
memory load (dual task) versus when they were performing the rotation task 
alone (single task). The bottom row indicates accuracy of the memory load 
task across when subjects were performing both mental rotation and work-
ing memory tasks (dual task) versus when they were performing the working 
memory task alone (single task). Error bars represent within-subjects 95% 
confidence intervals.

Rotation Angle

A B

800

1,000

1,200

1,400

70

80

90

100

70

80

90

100

800

1,000

1,200

1,400

70

80

90

100

70

80

90

100

0º 72º 144º

Rotation Angle
0º 72º 144º

RT
 (m

se
c)

%
 C

o
rr

ec
t

%
 C

o
rr

ec
t

Memory alone
Rotation alone
Dual task



WORKING MEMORY AND MENTAL ROTATION    157

.001]. However, neither mental rotation RT nor accuracy 
showed a significant main effect of condition or a signifi-
cant interaction between condition and degree of rotation 
(all Fs  1).

The only sign of interference was a reduction in mem-
ory accuracy in the dual-task condition in comparison 
with the memory-alone condition, but this effect did not 
increase as the degree of rotation increased. This effect 
was small: Using the Pashler–Cowan K equation (Cowan 
et al., 2005), we estimated that this effect was equivalent 
to a decline of 0.53 object’s worth of information in the 
dual-task condition compared with the memory-alone 
condition. The main effect of condition was significant 
[F(1,14)  6.0, p  .05], but neither the rotation main 
effect nor the condition  rotation interaction was signifi-
cant (both Fs  1). Because this effect was independent 
of the degree of rotation, it presumably reflects a general 
dual-task cost rather than a direct effect of the rotation pro-
cess on the working memory representations. In contrast, 
memory performance declined in a rotation-dependent 
manner in Experiment 1. Thus, this experiment indicates 
that mental rotation and spatial working memory do not 
interfere much with each other.

To provide statistical support for the different patterns 
of interference observed in Experiments 1 and 2, we 
combined the data from both experiments into a single 
ANOVA for each dependent variable (rotation speed, ro-
tation accuracy, and memory accuracy) with a between-
subjects factor of experiment and within-subjects fac-
tors of condition (single task vs. dual task) and degree of 
rotation. For mental rotation accuracy, the presence of a 
condition  rotation interaction for the object memory 
task (Experiment 1) but not for the spatial memory task 
(Experiment 2) yielded a significant three-way interaction 
between experiment, condition, and degree of rotation 
[F(2,56)  4.07, p  .05]. The same general pattern was 
also present for memory accuracy, but it did not approach 
statistical significance ( p  .1), which may reflect the 
low statistical power of a noncrossover three-way interac-
tion involving a between-subjects factor. Nonetheless, the 
significant three-way interaction for mental rotation ac-
curacy provides clear statistical support for the claim that 
the maintenance of color information in working memory 
interferes with mental rotation more than the maintenance 
of spatial information. Moreover, this finding cannot be 
a result of differences in the difficulty of the spatial and 
object memory tasks because overall memory accuracy 
was nearly identical across the two experiments.

GENERAL DISCUSSION

These two experiments provide clear evidence that 
the mental rotation of letters involves the object working 
memory storage subsystem, but not the spatial working 
memory storage subsystem. That is, substantial rotation-
dependent interference was observed when observers at-
tempted to rotate a letter while concurrently holding object 
colors in memory, but minimal interference was observed 
when locations were being held in memory.

This is the converse of the pattern found when a visual 
search task was performed while object or location infor-
mation was being held in working memory (Woodman & 
Luck, 2004; Woodman et al., 2001). The combination of 
findings across experiments thus provides the equivalent 
of a double dissociation: Mental rotation leads to interfer-
ence when combined with object working memory but 
not with spatial working memory, whereas visual search 
leads to interference when combined with spatial working 
memory, but not with object working memory. Double 
dissociations are particularly powerful sources of evi-
dence, because they rule out explanations that are based 
on factors such as differential sensitivity to interference.

In the present case, the conclusion of a double dissocia-
tion is made on the basis of the combined results of several 
individual experiments with different subjects and slightly 
different methods. However, many of the individual com-
ponents of this apparent double dissociation have been 
replicated with different subjects and with methodological 
variations (Hyun & Luck, 2006; Woodman, 2002; Wood-
man et al., 2001), so this pattern appears to be robust.

Neuroimaging studies of mental rotation have consis-
tently shown that dorsal stream areas exhibit rotation-
 dependent changes in neural activity (see, e.g., Carpenter 
et al., 1999; Gauthier et al., 2002; Jordan et al., 2001), 
which would seem to imply that mental rotation would in-
volve spatial working memory rather than object working 
memory. However, dorsal stream neurons do not typically 
show the form selectivity that would be necessary to main-
tain object representations while they are being rotated, 
and the dorsal stream activity observed in neuroimaging 
studies presumably reflects spatial processing that is nec-
essary to perform the rotation rather than the storage of 
the representation that is being rotated. Indeed, Carpenter 
et al. (1999) found extensive activation of both dorsal and 
ventral stream areas during a mental rotation task in com-
parison with a control task, although only the dorsal stream 
activation was strongly dependent on the degree of rota-
tion. From this pattern, they hypothesized that mental rota-
tion involves an interaction between the dorsal and ventral 
streams, with storage occurring in the ventral stream and 
rotation operations occurring in the dorsal stream. The 
present results provide direct support for this hypothesis.

Although an anatomical distinction between spatial and 
object working memory storage is clear in posterior brain 
areas, prefrontal areas appear to be involved in both spatial 
and object working memory (Postle & D’Esposito, 1999; 
Rainer, Asaad, & Miller, 1998). However, prefrontal areas 
appear to be involved in the control and manipulation of 
information in working memory rather than being the site 
of storage per se (see review by Ranganath & Blumen-
feld, 2005). This view of the neural substrates of work-
ing memory is consistent with the proposal that mental 
rotation involves the storage of information in the object 
working memory system even though it involves a spatial 
manipulation. That is, we propose that visual form infor-
mation will be stored in the object memory system when 
it is being manipulated, even if the manipulation involves 
a spatial transformation. This proposal seems necessary 



158    HYUN AND LUCK

because the spatial memory system presumably cannot 
store information about visual form.

In conclusion, mental rotation appears to involve dorsal 
stream spatial operations that are applied to representa-
tions stored in the ventral stream object working memory 
subsystem. This finding complements the conclusion that 
visual search involves the storage of spatial information in 
the dorsal stream, which is used to guide that allocation of 
attention within ventral stream object recognition systems. 
The broad pattern of results suggests that the storage and 
processing functions of a given visual stream can be dis-
sociated from each other and that the processing functions 
of one stream can be combined with the storage functions 
of the other stream as needed by the current task.
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NOTE

1. On a substantial fraction of change trials, the position of the 
changed item was outside of the range of positions that were used in 
the sample stimuli. Consequently, participants could potentially respond 
fairly accurately by simply guessing “change” when the test item was in 
an extreme position. To demonstrate that participants do not spontane-
ously use this strategy, we tested 7 participants with the memory task by 
itself. None of the participants reported that they used this strategy, and 
mean performance was only 5% better when this strategy was possible 
(i.e., when an extreme value was present) than when it was impossible. 
Thus, it is very unlikely that memory performance in Experiment 2 was 
significantly distorted by this guessing strategy.
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