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In the present study, we investigated whether a hemispheric division of labor is most advantageous to
performance when lateralized inputs place unequal resource demands on the left and right cerebral
hemispheres. In each trial, participants decided whether 2 rotated letters, presented either in the same
visual field (within-field trials) or in opposite visual fields (across-field trials), were both of normal
orientation, or whether one was normal and the other was mirror-reversed. To discriminate a letter’s
orientation, one must rotate the letter to the upright position. Therefore, we manipulated whether the two
letters imposed similar or dissimilar demands on cognitive resources by varying the number of degrees
that each letter needed to be rotated to reach the upright position. As predicted, in 2 experiments we found
that the across-field advantage increased as the number of degrees each letter needed to be rotated became
more dissimilar. These findings support a current model of hemispheric interactions, which posits that an
unequal hemispheric distribution of cognitive load allows the cerebral hemispheres to take the lead for
different aspects of cognitive processing.

Although it is widely recognized that the left and right cerebral
hemispheres process information quite differently (Hellige, 1993;
Springer & Deutsch, 1998), relatively little is known about how
interactions between the cerebral hemispheres modulate cognitive
processing. Recently, Banich and colleagues (Banich, 1998;
Banich & Belger, 1990) have proposed that a division of process-
ing across the hemispheres increases the processing capacity of the
brain. According to Banich (1998), a division of critical informa-
tion across the hemispheres allows for a more efficient hemi-
spheric division of labor than does directing critical information to
a single hemisphere. In support of this view, Banich and col-
leagues have consistently demonstrated that as the resource de-
mands for a task increase, across-field processing (i.e., a division
of critical information across the left and right visual fields)
becomes more advantageous to performance relative to within-
field processing (e.g., Banich & Belger, 1990; Belger & Banich,
1992; Passarotti, Banich, Sood, & Wang, 2002; Weissman &
Banich, 1999, 2000), a result that has also been reported by other
groups (Compton, 2002; Coney, 1985; Koivisto, 2000; Norman,
Jeeves, Milne, & Ludwig, 1992; Yoshizaki, 2000; Yoshizaki &
Tsuji, 2000; Zhang & Feng, 1999). Converging evidence to sup-
port this model comes from neuroimaging studies, which demon-

strate that bilateral activity (which could be taken to indicate a
hemispheric division of labor) often increases as task demands
become greater (e.g., Jonides et al., 1997; Klingberg, O’Sullivan,
& Roland, 1997; Pollman, Zaidel, & von Cramon, 2003; Tsukiura
et al., 2002).

According to Banich (1998), the across-field advantage is de-
termined jointly by (a) the resource demands imposed by a task
and (b) the time costs associated with interhemispheric communi-
cation via the corpus callosum. When a task is relatively complex,
the benefits afforded by additional processing resources outweigh
the time costs associated with interhemispheric communication,
leading to an across-field advantage. On the other hand, when a
task is relatively simple, the need for additional processing re-
sources does not outweigh the time costs associated with inter-
hemispheric communication, leading to a within-field advantage.

Of course, it is difficult to predict, a priori, whether across-field
processing will facilitate the performance of a given task relative
to within-field processing. For this reason, we have used our model
to make predictions about the relative size of the across-field
advantage for two or more tasks that vary in their complexity,
rather than about the presence or absence of an across-field ad-
vantage for a single task. Our model predicts that across-field
processing should be relatively more advantageous to performance
for a more complex task than for a simpler task, regardless of
whether either task is associated with a within-field or an across-
field advantage. In support of this hypothesis, a large within-field
advantage for a relatively less complex task can shift to a smaller
within-field advantage for a relatively more complex task (e.g.,
Weissman, Banich, & Puente, 2000) or to no difference between
within-field and across-field processing (e.g., Passarotti et al.,
2002, Experiment 1), rather than to an across-field advantage. In
other cases, a small across-field advantage for a less complex task
can become a larger one for a more complex task (e.g., Belger &
Banich, 1992). These findings support our model by showing that
across-field processing becomes relatively more advantageous to
performance as task complexity increases, regardless of whether
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any particular task exhibits a within-field or an across-field advan-
tage. Moreover, the findings illustrate that the effects of across-
field processing on performance change gradually as task com-
plexity varies, rather than in an all-or-none fashion.

In the present study, we investigated whether the size of the
across-field advantage also depends on the extent to which task
inputs impose unequal cognitive demands on the two cerebral
hemispheres. This hypothesis was motivated by Banich and Bel-
ger’s (1990) claim that an unequal hemispheric division of inputs
helps to produce the across-field advantage for complex tasks.
Specifically, these authors suggested that when the processing load
on the hemispheres is unequal, it creates conditions favorable to
each cerebral hemisphere taking the lead for different cognitive
operations underlying performance. For example, they argued that
on across-field trials in three-item letter-matching tasks, the hemi-
sphere that receives two letters takes the lead for perceptual
processing while the hemisphere that receives only one letter takes
the lead for decision making, a hypothesis that was supported in a
subsequent study (Banich, Stolar, Heller, & Goldman, 1992).
Thus, a key prediction of Banich and colleagues’ model is that the
across-field advantage for complex tasks should be greater when
task inputs impose unequal cognitive demands on the cerebral
hemispheres than when they impose equal demands.

In line with this view, Weissman et al. (2000) found that the size
of the across-field advantage is greater when the inputs to each
hemisphere are unequal (e.g., one item in the left visual field and
two in the right visual field). In this study, the authors used the
same letter-matching tasks as were used by Banich and Belger
(1990). In the physical identity task, participants decided whether
a letter beneath fixation (e.g., “A”) was perceptually identical to
either of two letters above fixation (e.g., “A” and “B”), whereas in
the name identity task, the participants decided whether a letter
beneath fixation (e.g., “a”) had the same name as either of two
letters above fixation (e.g., “A” and “B”). For both tasks, Weiss-
man et al. (2000) manipulated whether the hemispheres received
unequal processing loads or equal processing loads by varying
whether there was just one letter beneath fixation (three-item trials)
or two letters, one in each visual field (four-item trials). In support
of the view that an unequal hemispheric division of labor facili-
tates across-field processing, Weissman et al. (2000) found that the
across-field advantage was significantly larger for three-item than
for four-item displays in both the physical identity and the naming
identity tasks. Moreover, this effect occurred even though mean
reaction time was significantly longer for the four-item than for the
three-item tasks, demonstrating that the manner in which informa-
tion is divided between the hemispheres, and not task difficulty, is
the primary determinant of the across-field advantage.

Although Weissman et al.’s (2000) findings support Banich and
colleagues’ (Banich, 1998; Banich & Belger, 1990) model, they
leave uncertain whether equating the number of inputs directed to
each hemisphere dilutes the advantage of across-field processing
by equating (a) the perceptual load directed to each hemisphere
and/or (b) the cognitive load imposed on each hemisphere. In the
present study, we directly investigated whether equating the cog-
nitive load imposed on the left and right cerebral hemispheres
reduces the size of the across-field advantage.

To investigate this hypothesis, we used a mental rotation task, as
prior data indicate that the cognitive load imposed by mental
rotation is directly related to the number of degrees a stimulus

must be rotated. For example, Cooper and Shepard (1973) found
that the time needed to decide whether a letter is in the normal
orientation or mirror-reversed is directly proportional to the num-
ber of degrees the letter has been rotated away from the upright
position. This finding led these authors to argue that participants
needed to rotate the letter to the upright position before they could
decide whether it was normally oriented or mirror-reversed. Such
effects have also been observed in mental rotation matching tasks,
in which two rotated letters are presented and participants must
decide whether both are in the normal orientation or whether one
is normally oriented and the other is mirror-reversed (Fischer &
Pellegrino, 1988; Francis & Irwin, 1997; Hishitani, 1983). Thus,
we reasoned that a mental rotation matching task was ideally
suited for testing our hypothesis.

Of importance, our mental rotation matching task allowed us to
manipulate the cognitive load imposed on each hemisphere while
holding constant the perceptual load that was directed to each
hemisphere. In each trial of our task (Figure 1), we presented a pair
of rotated letters, either in the same visual-field (within-field trials)
or in opposite visual fields (across-field trials). Participants were
asked to decide whether both letters were normally oriented or
whether one was normally oriented and the other was mirror-
reversed. We also presented two task-irrelevant stimuli (i.e., two
circles) on each trial, so that the perceptual load directed to each
hemisphere (i.e., two stimuli) was equated in within-field and
across-field trials. To manipulate the cognitive load imposed on
each hemisphere, we varied whether the two letters needed to be
rotated by similar or dissimilar numbers of degrees in order to
reach the upright position. In two experiments, we predicted the
across-field advantage would be maximal under conditions in
which unequal mental rotation demands (i.e., cognitive loads) were
imposed on the left and right cerebral hemispheres.

Experiment 1

In Experiment 1, we varied the number of degrees each letter
needed be rotated in three pairings: 5 degrees and 85 degrees
(5–85), 25 degrees and 65 degrees (25–65), and 45 degrees and 45

Figure 1. Examples of stimulus configurations used in Experiment 1.
Shown are sample (a) within–left visual field (LVF) match trials (the
45–45 degree condition), (b) within–right visual field (RVF) mismatch
trials (the 25–65 degree condition), (c) across-bottom LVF match trials
(the 5–85 degree condition), and (d) across-bottom RVF mismatch trials
(the 45–45 degree condition).
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degrees (45–45), while holding constant the total number of de-
grees the two letters needed to be rotated in order to reach the
upright position (i.e., 90 degrees). This design allowed us to
investigate how varying the cognitive load to each hemisphere
affected the size of the across-field advantage while holding con-
stant the total demands on mental rotation processes. We predicted
that the across-field advantage would grow larger as the difference
in cognitive load imposed on the two hemispheres increased.

Method

Participants

Twenty-four right-handed undergraduate students (12 women
and 12 men: mean age ! 20.8 years) participated in this experi-
ment. They had normal or corrected-to-normal vision. Their hand-
edness was evaluated by the HN Handedness Inventory (Hatta &
Nakatsuka, 1975). Participants received course credit for their
participation.

Stimuli

Target letter stimuli were the letters “F” and “R”, presented in
MS UI Gothic font. Each letter was displayed in four different
angular orientations, ranging from 5° to 85° clockwise and coun-
terclockwise from the normal upright in 20° steps. Each letter
target was displayed in each orientation condition in both a normal
and backward (mirror-image) version. Letters subtended 1.4°
by 1.0° of visual angle. The distractor stimulus was a circle “O,”
which subtended 0.9° by 0.9° of visual angle. All stimuli were
displayed in black on a white background.

On every trial, two letters and two distractors were simulta-
neously presented on the screen. Each target and distractor was
located either 3.0° to the left or to the right of the central fixation
point, and at a visual angle of 3.0° above or below the level of the
central fixation point. As Figure 1 shows, there were four types of
match trials: within–left visual field (within LVF), within–right
visual field (within RVF), across-bottom LVF (across b-LVF) and
across-bottom RVF (across b-RVF). In addition, there were an
equal number of mismatch trials. In half of these, the bottom item
was presented in the LVF, and in half it was presented in the RVF.

Each target letter pair consisted of the letter “F,” which was
displayed in the upper visual field, and the letter “R,” which was
displayed in the lower visual field. Each letter was rotated in the
same direction (clockwise or counterclockwise) from the upright
position. The two letters were rotated by a total of 90 degrees, but
the number of degrees each letter was rotated varied systematically
across three rotation conditions. The degrees of rotation for the
three conditions were 5° and 85°, 25° and 65°, and 45° and 45°.

In match trials, both letters were oriented normally. In mismatch
trials, one letter was oriented normally while the other was mirror-
reversed.

Apparatus

An IBM-compatible personal computer equipped with a 17-in.
extended graphics array (XGA) color monitor (Model CPD-E230,
Sony, Tokyo, Japan) was used to present the stimuli. Trial presen-
tation and the recording of response choices and latencies were
controlled by SuperLab Pro for Windows Version 2.04 software

(Cedrus Company, San Pedro, CA). Participants’ responses were
recorded by a Microsoft-compatible serial mouse.

Experimental Design

There were three within-subject variables: type of judgment
(match, mismatch), rotation condition (5–85, 25–65, 45–45), and
presentation mode (within-field, across-field).

Procedure

The participants were tested individually. They were strongly
encouraged to maintain central fixation at all times during the task.
The viewing distance from participants’ eyes to the monitor
was 37 cm and was maintained with a chin-rest.

The sequence of events in each trial was as follows. First, there
was a warning tone and a 1,000-ms central fixation point. Second,
the two letters and two distractors were simultaneously presented
for 180 ms. The participants were required to judge, as quickly and
as accurately as possible, whether both target letters were in the
normal orientation (match trials) or whether one was in the normal
orientation while the other was mirror-reversed (mismatch trials)
through a button press made with the index or middle finger. All
reaction times in the present study were measured from stimulus
onset to response. Half of the participants responded with the right
hand, and the other half responded with the left. The inter-trial
interval was 2,000 ms. Nine blocks of 48 trials were presented. The
first block was discarded from the analysis because it served as a
practice run.

For each participant, the mean of the individual reaction times in
each experimental condition was calculated for correct responses.
Trials with response times less than 200 ms, or exceeding 1,500
ms, were treated as errors. Such outliers comprised less than 0.8%
of all trials. Reaction time analyses in the present study were
carried out only for correct responses in match trials. Mismatch
trials were omitted from the analyses because, in these trials,
participants might simply rotate one of the two letters to the
upright position and, if it happened to be the letter in mirror-
reverse orientation, immediately reach a mismatch decision. Thus,
while correct performance in match trials required that both letters
be rotated to the upright position, correct performance in mismatch
trials did not. Because our hypotheses about within-field and
across-field processing could only be tested by assuming that both
letters were rotated to the upright position, we omitted mismatch
trials from the analyses. However, mismatch trials were important
to include in the experimental design because they forced partic-
ipants to rotate each letter to the upright position in match trials.

Results

Reaction Time

An analysis of variance (ANOVA) with two within-subject
variables—rotation condition (5-85, 25-65, 45-45) and presenta-
tion mode (within-field, across-field)—was carried out using mean
response times for correct match judgments. Table 1 shows mean
reaction times and their standard deviations for correct responses
in each experimental condition. Table 2 shows mean error rates
and their standard deviations in each experimental condition.
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There was a significant main effect of rotation condition, F(2,
46) ! 155.67, p " .01, partial eta squared (#partial

2 ) ! .87. Tukey
honestly significant difference (HSD) tests ($ ! .05) showed that
mean response time in the 45–45 condition (507 ms) was signif-
icantly faster than in the 25–65 (537 ms) and in the 5–85 condition
(623 ms). Furthermore, mean response time was significantly
faster in the 25–65 condition than in the 5–85 condition. There
was also a significant main effect of presentation mode, F(1,
23) ! 29.07, p " .01, #p

2 ! .56, indicating that across-field
processing (539 ms) was significantly faster than within-field
processing (572 ms).

As illustrated in Figure 2, there was also a significant interaction
between rotation condition and presentation mode, F(2,
46) ! 10.44, p " .01, #p

2 ! .31. Analyses of simple effects showed
that an across-field advantage appeared in both the 25–65 condi-
tion, F(1, 69) ! 11.77, p " .01, and the 5–85 condition, F(1,
69) ! 45.05, p " .01. However, there was no significant difference
between the within- and across-field conditions in the 45–45
condition, F(1, 69) ! 1.01, p ! .32. Most important, as hypoth-
esized, Tukey HSD tests ($ ! .05) indicated that the across-field
advantage was significantly larger in the 5–85 condition (60 ms)

than in the other two conditions (9 ms in the 45-45 condition, 31
ms in the 25–65 condition) and that the across-field advantage was
significantly larger in the 25–65 condition than in the 45–45
condition.

Error Rates

An analogous ANOVA carried out with mean error rates yielded
results that were consistent with the ANOVA on mean reaction
times reported above. First, there was a significant main effect of
rotation condition, F(2, 46) ! 16.66, p " .01, #p

2 ! .42. Though
there was no difference in mean error rates between the 45–45
(.027) and the 25–65 conditions (.036), the mean error rate for the
5–85 condition (.072) was significantly higher than in the other
two conditions (Tukey HSD test, $ ! .05). Second, there was a
significant main effect of presentation mode, F(1, 23) ! 24.64,
p " .01, #p

2 ! .52. Error rates in the across-field condition (.030)
were significantly lower than in the within-field condition (.060).
The interaction between rotation condition and presentation mode
did not reach conventional levels of significance, F(2, 46) ! 2.73,
p ! .08, #p

2 ! .10, but, similar to the analyses of RT presented

Table 1
Mean Reaction Times (in Milliseconds) and Standard Deviations for Correct Responses in Experiment 1

Condition

45–45 condition 25–65 condition 5–85 condition

Within

Across

Within

Across

Within

AcrossLVF RVF
Weighted
average LVF RVF

Weighted
average LVF RVF

Weighted
average

Match
M 503 521 511 502 553 551 552 522 656 649 653 593
SD 103 116 106 66 108 115 107 99 124 119 117 107

Mismatch
M 558 566 562 571 573 573 573 572 617 638 628 613
SD 103 110 105 97 122 110 113 102 141 143 139 113

Note. The numbers in the three conditions refer to the number of degrees each letter needed be rotated: 45 degrees and 45 degrees (45–45), 25 degrees
and 65 degrees (25–65), and 5 degrees and 85 degrees (5–85), while holding constant the total number of degrees the two letters needed to be rotated in
order to reach the upright position (i.e., 90 degrees). In match trials, both letters were oriented normally. In mismatch trials, one letter was oriented normally
while the other was mirror-reversed. LVF ! left visual field; RVF ! right visual field.

Table 2
Mean Error Rates and Standard Deviations in Experiment 1

Condition

45–45 condition 25–65 condition 5–85 condition

Within

Across

Within

Across

Within

AcrossLVF RVF
Weighted
average LVF RVF

Weighted
average LVF RVF

Weighted
average

Match
M .023 .042 .033 .022 .039 .060 .049 .022 .086 .107 .096 .047
SD .040 .071 .042 .032 .054 .056 .038 .025 .086 .115 .070 .047

Mismatch
M .021 .049 .035 .052 .070 .068 .069 .070 .104 .089 .096 .108
SD .039 .081 .043 .060 .061 .100 .063 .061 .067 .062 .053 .076

Note. The numbers in the three conditions refer to the number of degrees each letter needed be rotated: 45 degrees and 45 degrees (45–45), 25 degrees
and 65 degrees (25–65), and 5 degrees and 85 degrees (5–85), while holding constant the total number of degrees the two letters needed to be rotated in
order to reach the upright position (i.e., 90 degrees). In match trials, both letters were oriented normally. In mismatch trials, one letter was oriented normally
while the other was mirror-reversed. LVF ! left visual field; RVF ! right visual field.
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earlier, tests of simple effects revealed a significant across-field
advantage in the 25–65, F(1, 69) ! 5.80, p " .05, and 5–85
conditions, F(1, 69) ! 19.00, p " .01, but not in the 45–45
condition, F(1, 69) ! .84, p ! .36. Furthermore, as predicted, the
across-field advantage (Tukey HSD: $ ! .05 tests) was signifi-
cantly larger in the 5–85 condition (.049) than in the 45–45
condition (.011). However, the across-field advantage in the 25–65
condition (.026) did not differ significantly from the across-field
advantages in the other two rotation conditions.

Discussion

In Experiment 1, we varied the number of degrees that each
letter needed to be rotated in order to reach the upright position
while holding constant, at 90 degrees, the total number of degrees
of rotation that were required in each trial. As predicted, the
across-field advantage increased as the number of degrees each
letter needed to be rotated became more and more unequal. This
result appears to support our hypothesis that the across-field ad-
vantage derives, at least in part, from the ability to direct unequal
cognitive loads to the left and right cerebral hemispheres.

Experiment 2

In Experiment 2, we investigated a possible alternative expla-
nation for our findings in Experiment 1. Specifically, we investi-
gated whether the size of the across-field advantage might have
been driven by the cognitive demands imposed by the letter that
was rotated farthest away from the upright position. For example,
the relatively large cognitive demands imposed by a letter that
needed to be rotated 85 degrees might have led to our observing
the largest across-field advantage in the 5–85 rotation condition.
Clearly, this alternative view differs from our hypothesis that the
size of the across-field advantage in Experiment 1 was driven by

the difference in the number of degrees that each letter needed to
be rotated in order to reach the upright position.

To distinguish between these competing hypotheses in Experi-
ment 2, we held constant the number of degrees that the more
severely rotated letter in each trial needed to be rotated in order to
reach the upright position (i.e., 85 degrees) while varying, across
three conditions, the number of degrees that the other letter needed
to be rotated (5, 40, or 75 degrees). We reasoned that if the
across-field advantage in Experiment 1 was driven by the cognitive
demands imposed by the letter that was rotated farthest away from
the upright position, then the size of the across-field advantage in
Experiment 2 should be invariant across the three rotation condi-
tions above. On the other hand, if the across-field advantage in
Experiment 1 was driven by the ability to direct unequal cognitive
loads to the two hemispheres, then the across-field advantage in
Experiment 2 should be largest in the 5–85 condition and smaller
in the 40–80 and 75–85 conditions.

Method

Participants

Twenty-four right-handed undergraduate students (12 women
and 12 men, mean age ! 20.9 years old) participated in the present
experiment. They were recruited and screened as in Experiment 1,
but none had participated in Experiment 1.

Apparatus

The apparatus was identical to that in Experiment 1.

Stimuli

The stimuli were prepared in the same manner as in Experi-
ment 1, except that each letter was displayed in four different
angular orientations: 5°, 40°, 75°, and 85°.

As in Experiment 1, all of the target letter pairs consisted of a
letter “F,” which was displayed in the upper visual field, and a
letter “R,” which was displayed in the lower visual field. Each
letter of the pair was rotated in the same direction (clockwise or
counterclockwise) from the normal position. There were three
rotation conditions: 5°and 85°, 40° and 85°, and 75°and 85°. Note
that, in each of these conditions, one letter always needed to be
rotated by 85° to reach the upright position. As in Experiment 1,
for match trials, both letters were oriented normally. For mismatch
judgment trials, however, one letter was oriented normally while
the other was mirror-reversed. Figure 3 shows examples of the
stimulus configurations used in Experiment 2.

Experimental Design

As in Experiment 1, there were three within-subject variables:
type of judgment (match, mismatch), rotation condition (5-85,
40-85, 75-85), and presentation mode (within-field, across-field).

Procedure

The procedure was identical to that of Experiment 1. As in
Experiment 1, trials with reaction times less than 200 ms, or

Figure 2. Mean reaction times for correct match decisions in Experi-
ment 1 as a function of the presentation mode (within vs. across visual
field) and letter-rotation condition. Error bars indicate standard error.

330 YOSHIZAKI, WEISSMAN, AND BANICH



exceeding 1,500 ms, were treated as errors. Such outliers com-
prised less than 0.3% of all trials in Experiment 2.

Results

Reaction Time

An ANOVA with two within-subjects factors—rotation condi-
tion (5–85, 40–85, and 75–85) and presentation mode (within-
field, across-field)—was carried out using mean reaction times for
correct responses in match trials. Table 3 shows mean reaction
times and their standard deviations for correct responses in each
experimental condition. Table 4 shows mean error rates and their
standard deviations in each experimental condition.

There was a significant main effect of rotation condition, F(2,
46) ! 28.54, p " .01, #p

2 ! .55. Multiple comparisons via Tukey’s
HSD test ($ ! .05) showed that mean reaction time was signifi-
cantly longer in the 5–85 condition (700 ms) than in the other two
conditions (40–85 condition, RT: 652 ms; 75–85 condition, RT:

644 ms) but that there was no difference in mean reaction time
between the 40–85 and the 75–85 conditions. There was also a
significant main effect of presentation mode, F(1, 23) ! 68.47,
p " .01, #p

2 ! .75, as mean reaction time was significantly faster
in across-field trials (646 ms) than in within-field trials (684 ms).

Most important, as illustrated in Figure 4, there was a significant
interaction between rotation condition and presentation mode, F(2,
46) ! 28.36, p " .01, #p

2 ! .45. There were significant across-field
advantages for both the 5–85, F(1, 69) ! 117.97, p " .01, and the
40–85 conditions, F(1, 69) ! 6.02, p " .05, but not for the 75–85
condition, F(2, 46) ! .80, p ! .38. As predicted, Tukey HSD tests
($ ! .05) revealed that the across-field advantage in the 5–85
condition (87 ms) was significantly larger than that in the other two
conditions (20 ms in the 40–85 condition, 7 ms in the 75–85
condition). The across-field advantage in the 40–85 condition,
however, did not differ significantly from that in the 75–85 con-
dition. Nonetheless, the results for the 5–85 condition support our
view that the ability to direct unequal cognitive load to the two
cerebral hemispheres is a powerful determinant of the across-field
advantage.

Error Rates

An analogous ANOVA using mean error rates from match
judgment trials yielded effects that were consistent with those
observed in the reaction time data. First, there was a marginally
significant main effect of rotation condition, F(2, 46) ! 3.11, p !
.05, #p

2 ! .12. Multiple comparisons via Tukey’s HSD tests ($ !
.05) showed that the mean error rate for the 5–85 condition (.059)
was significantly greater than that for the 40–85 condition (.040)
but did not significantly differ from that in the 75–80 condition
(.050). Furthermore, mean error rates did not significantly differ
for the 40–85 and the 75–85 conditions (Tukey HSD test, $ !
.05). There was also a significant main effect of presentation mode,
F(1, 23) ! 20.17, p " .01, #p

2 ! .47, because error rates were
lower on across-field trials (.029) than on within-field trials (.071).

Finally, the interaction between rotation condition and presen-
tation mode approached significance, F(2, 46) ! 2.82, p ! .07,
#p

2 ! .11. As observed for the reaction time data, there was a
significant across-field advantage for both the 5–85, F(1,

Figure 3. Examples of stimulus configurations used in Experiment 2.
Shown are sample (a) within-LVF mismatch trials (the 75–85 degree
condition), (b) within-RVF match trials (the 5–85 degree condition), (c)
across-bottom LVF match trials (the 40–85 degree condition), and (d)
across-bottom RVF mismatch trials (the 75–85 degree condition). LVF !
left visual field; RVF ! right visual field.

Table 3
Mean Reaction Times (in Milliseconds) and Standard Deviations for Correct Responses in Experiment 2

Condition

75–85 condition 40–85 condition 5–85 condition

Within

Across

Within

Across

Within

AcrossLVF RVF
Weighted
average LVF RVF

Weighted
average LVF RVF

Weighted
average

Match
M 656 639 648 641 664 659 662 642 730 757 743 656
SD 72 70 65 58 71 67 71 72 87 121 98 69

Mismatch
M 679 685 682 704 684 687 686 688 714 696 705 710
SD 100 96 94 101 85 98 87 86 113 105 105 98

Note. The numbers in the three conditions refer to the number of degrees each letter needed to be rotated: 75 degrees and 85 degrees (75–85), 40 degrees
and 85 degrees (40–85), and 5 degrees and 85 degrees (5–85). Note that one letter always needed to be rotated by 85 degrees in order to reach the upright
position. In match trials, both letters were oriented normally. In mismatch trials, one letter was oriented normally while the other was mirror-reversed.
LVF ! left visual field; RVF ! right visual field.
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69) ! 21.90, p " .01, and the 40–85 conditions, F(1, 69) ! 8.55,
p " .01, but not for the 75–85 condition, F(1, 69) ! 3.08, p ! .08.
As predicted, Tukey HSD tests ($ ! .05) showed that the across-
field advantage in the 5–85 condition (.063) was significantly
larger than that in the 75–85 condition (.024). The across-field
advantage in the 5–85 condition, however, did not differ from that
in the 40–85 condition (.040). Furthermore, there was no differ-
ence in the size of the across-field advantage for the 40–75 and the
75–85 conditions.

Discussion

Experiment 2 was designed to determine whether the across-
field advantage in Experiment 1 was driven by (a) the cognitive
load placed on a single hemisphere or (b) the difference between
the cognitive loads imposed on the left and right hemispheres. Our

findings in Experiment 2 clearly indicate that the across-field
advantage is driven by the difference in the cognitive load that is
imposed on the two cerebral hemispheres. Given that this result
replicates our main finding from Experiment 1, the different par-
ticipants that took part in Experiments 1 and Experiment 2 appear
to have used similar task strategies while performing our mental
rotation tasks. Thus, the present findings appear to be quite robust.

General Discussion

Previous studies have demonstrated that across-field processing
becomes more advantageous to performance, relative to within-
field processing, as task complexity increases (Banich, 1998;
Banich & Belger, 1990; Compton, 2002; Koivisto, 2000; Norman
et al., 1992; Weissman & Banich, 1999; Yoshizaki & Tsuji, 2000;
Zhang & Feng, 1999). Banich and colleagues have posited that the
across-field advantage for complex tasks occurs because a hemi-
spheric division of inputs allows the two sides of the brain to take
the lead for different processes underlying task performance (e.g.,
perceptual processing vs. decision-making). Moreover, they have
argued that an unequal division of inputs across the two hemi-
spheres facilitates this hemispheric division of cognitive opera-
tions (Banich et al., 1992; Weissman et al., 2000).

In the present study, we investigated a key prediction of Banich and
colleagues’ model, which is that the across-field advantage should be
greater when task stimuli impose unequal versus equal cognitive loads
on each cerebral hemisphere. To do so, we used a mental rotation
matching task in which we could independently vary the number of
degrees that each of two letters needed to be rotated in order to reach
the upright position. Our main assumption, bolstered by previous
research (Cooper & Shepard, 1973; Fischer & Pellegrino, 1988;
Francis & Irwin, 1997; Hishitani, 1983), was that the cognitive load
imposed by each letter was proportional to the number of degrees that
the letter needed to be rotated in order to reach the upright position. As
predicted, in two experiments we found that the across-field advan-
tage became greater as the cognitive load imposed on each hemi-
sphere became more unequal.

Experiment 1 demonstrated a powerful effect of directing equal
versus unequal cognitive loads to the two hemispheres while
controlling for overall cognitive load, as defined by overall de-

Figure 4. Mean reaction times for correct match decisions in Experi-
ment 2 as a function of the presentation mode (within vs. across visual
field) and letter rotation condition. Error bars indicate standard error.

Table 4
Mean Error Rates and Standard Deviations in Experiment 2

Condition

75–85 condition 40–85 condition 5–85 condition

Within

Across

Within

Across

Within

AcrossLVF RVF
Weighted
average LVF RVF

Weighted
average LVF RVF

Weighted
average

Match
M .052 .073 .063 .039 .044 .076 .060 .020 .070 .112 .091 .028
SD .067 .080 .056 .039 .049 .099 .060 .025 .085 .088 .080 .036

Mismatch
M .081 .047 .064 .064 .073 .070 .071 .083 .073 .044 .058 .091
SD .069 .037 .042 .054 .074 .075 .057 .062 .067 .049 .048 .072

Note. The numbers in the three conditions refer to the number of degrees each letter needed be rotated: 75 degrees and 85 degrees (75–85), 40 degrees
and 85 degrees (40–85), and 5 degrees and 85 degrees (5–85). Note that one letter always needed to be rotated by 85 degrees in order to reach the upright
position. In match trials, both letters were oriented normally. In mismatch trials, one letter was oriented normally while the other was mirror-reversed.
LVF ! left visual field; RVF ! right visual field.
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mands on mental rotation processes. Specifically, the across-field
advantage increased as the difference in the number of degrees
each letter needed to be rotated became greater. However, the total
cognitive load on mental rotation processes was held constant at 90
degrees in all trials. Thus, the difference in demands imposed on
hemispheric mental rotation processes, rather than overall de-
mands on such processes, appeared to account for our findings.

Experiment 2 tested whether the cognitive load imposed on the
more burdened hemisphere in Experiment 1, which was con-
founded with the difference in cognitive load imposed on the two
hemispheres, might account for our findings in Experiment 1. To
remove this confound in Experiment 2, every trial included one
letter that was rotated 85 degrees from upright and a second letter
that was rotated 75, 40, or 5 degrees from upright. We therefore
manipulated the similarity of the cognitive load imposed on each
hemisphere while holding constant the demands on the more
burdened hemisphere (i.e., 85 degrees). In line with our hypothesis
and with the findings from Experiment 1, we found that the
across-field advantage increased as the difference in cognitive load
imposed on the two hemispheres became greater. Thus, indepen-
dent of overall cognitive load (Experiment 1) and the cognitive
load imposed on the more burdened hemisphere (Experiment 2),
the across-field advantage became greater when unequal (versus
equal) cognitive loads were imposed on the cerebral hemispheres.

Our present findings concur with those of Weissman et al.
(2000) as both indicate that the across-field advantage is reduced
by equating the cognitive load imposed on each hemisphere.
However, in Weissman et al.’s (2000) study, cognitive load and
perceptual load were confounded. Thus, the present findings more
specifically demonstrate that equating the cognitive load imposed
on the two hemispheres reduces the across-field advantage. Inter-
estingly, this reduction occurred in both studies even though im-
posing equal (versus unequal) cognitive loads on each hemisphere
raised overall measures of cognitive load. In Experiment 2 of the
present study, equating the cognitive load imposed on each hemi-
sphere increased the total number of degrees the two letters needed
to be rotated. In the Weissman et al. (2000) study, equating the
cognitive load to each hemisphere involved presenting an extra
letter in the display, which needed to be perceptually identified and
compared with several other letters in order to reach a match/
mismatch decision. Raising overall demands on cognitive pro-
cesses usually increases the across-field advantage (Banich &
Belger, 1990; Belger & Banich, 1992, 1998; Koivisto, 2000;
Norman et al., 1992; Weissman & Banich, 1999). Thus, our
finding that equating the cognitive load imposed on each hemi-
sphere reduces the across-field advantage, even when it increases
overall cognitive load, demonstrates that the ability to direct un-
equal cognitive loads to the two hemispheres is a powerful deter-
minant of the across-field advantage.

Of course, given the complexities associated with this area of
research, it is important to consider carefully the possible limita-
tions of the present study. As we mentioned earlier, one potential
limitation is that the different participants who took part in Exper-
iments 1 and 2 may have engaged different task strategies. How-
ever, our finding that the size of the across-field advantage in-
creased with the angular disparity of the two letters in both
experiments provided evidence against this possibility. In the

paragraphs that follow, we consider several additional possible
limitations of the present study that should be considered while
interpreting our findings.

Our conclusions regarding the across-field advantage rest upon
the assumption that each letter in match trials was rotated to the
upright position, as predicted by the existent literature on mental
rotation. The present findings support this assumption by suggest-
ing that the two letters in each trial were rotated in parallel.
Because distinguishing parallel from serial processing can be
difficult (e.g., Townsend & Wenger, 2004), we now provide a
detailed explanation for why the data from the present experiments
support a parallel rotation model.

In Experiment 1, our finding that reaction time increased in
proceeding from the 45–45 to the 25–65 to the 5–85 condition (on
both within-field and across-field trials) is clearly inconsistent with
the view that the two letters in each trial were serially rotated to the
upright position. Indeed, the total number of degrees the two letters
needed to be rotated remained constant across these three condi-
tions. However, the gradual increase in reaction time across these
three conditions is consistent with parallel rotation of the two
letters in each trial because the number of degrees the more
severely rotated letter needs to be rotated is increasing across these
conditions (i.e., from 45 to 65 to 85). Assuming that both letters
are being rotated at the same rate, the time needed to complete a
parallel rotation should be determined by the letter that needs to be
rotated by the largest number of degrees.

Experiment 2 provides further evidence for parallel rotation of the
two letters in each trial. Specifically, the constant reaction times for
the different rotation conditions on across-field trials are highly con-
sistent with parallel rotation of the two letters, as the completion time
for a parallel rotation in all three conditions would likely be driven by
the letter that needs to be rotated 85 degrees. On within-field trials,
reaction time increased in proceeding from the 75–85 to the 40–85 to
the 5–85 condition, which is quite the opposite of what a serial
rotation model would predict because the total number of degrees of
rotation is decreasing across these three conditions. Thus, both Ex-
periments 1 and 2 rule out a serial rotation model in favor of a parallel
rotation model. Furthermore, both experiments indicate that the effi-
ciency of mental rotation processes is lower on within-field than on
across-field trials. Next, we review the likely sources for this reduced
efficiency in within-field trials.

Prior research suggests that the reduced efficiency of mental rota-
tion on within-field trials may stem from at least two possible sources.
First, it may stem from a reduced ability to divide distinct mental
rotation processes across the somewhat independent pools of re-
sources that are provided by each cerebral hemisphere, a division of
labor that has been posited to become increasingly advantageous as
task complexity increases (e.g., Banich & Belger, 1990; Weissman &
Banich, 1999). Second, it may stem from an inability to divide
conflicting processes between the cerebral hemispheres (e.g., Lieder-
man, 1986; Merola & Liederman, 1985, 1990; Sohn, Liederman, &
Reinitz, 1996). In the present experiments, rotating two letters by
different numbers of degrees might have induced conflict. For exam-
ple, such conflict could have arisen from the need to implement two
highly similar, yet slightly distinct, mental rotation processes or from
having to continue to rotate one letter after rotation of the other letter
was already completed. Given the two possible sources of reduced
efficiency on within-field trials that we have reviewed, future studies
should further examine the degree to which it is a separation of
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distinct operations across the hemispheres or the separation of con-
flicting operations across the hemispheres that leads to the across-field
advantage for complex tasks.

Thus far, we have emphasized our view that equating the cognitive
load directed to each cerebral hemisphere reduces the across-field
advantage by making it more difficult for each side of the brain to take
the lead for a different aspect of processing (Banich et al., 1992;
Weissman et al., 2000). It is important to consider, however, whether
hemispheric asymmetries for different aspects of mental rotation
might provide a better explanation for the present findings than does
our load theory. Mental rotation tasks involve several task compo-
nents (e.g., stimulus encoding, image generation, maintaining images
in a visual buffer, actual rotation, comparison/decision processes,
response execution, etc.), and some of these components may be
performed better by one hemisphere than by the other (e.g., Harris &
Miniussi, 2003; Hugdahl, Thomsen, & Ersland, 2006; Zacks, Rypma,
Gabrieli, Tversky, & Glover, 1999). One might therefore ask whether
hemispheric asymmetries for various components of our mental ro-
tation tasks could have interacted with the angular disparity of the
to-be-rotated letters in each trial to produce the interhemispheric
effects that we observed.

Although it is difficult to completely rule out an alternative
account of our results that is based on hemispheric asymmetries for
different aspects of mental rotation, several arguments weigh
heavily against this view. First, the size of the across-field advan-
tage appears to be largely independent of the nature and/or degree
of hemispheric asymmetries that are observed for a task (e.g.,
Compton & Weissman, 2002; Lopez, Kosson, Weissman, &
Banich, 2007; Weissman & Banich, 1999, 2000), except in rare
cases when a highly lateralized task can only be performed by one
side of the brain (Belger & Banich, 1998). Using the present data
as an example, in both experiments the largest across-field advan-
tage was observed in the 5–85 condition, but only in Experiment 2
was the 5–85 condition associated with the largest difference
between within-LVF and within-RVF performance. Second, some
task manipulations affect performance when the hemispheres in-
teract, but not when either hemisphere works in relative isolation
(e.g., Banich & Karol, 1992). Such findings indicate that qualita-
tively different processes may be at play when hemispheric inter-
actions underlie performance compared with when a single hemi-
sphere does. Third, when the cerebral hemispheres cooperate to
perform a task, they sometimes both adopt the processing mode of
the less efficient hemisphere, possibly because it is more difficult
for the less efficient hemisphere to adopt the processing mode of
the more efficient hemisphere (e.g., Hellige, Taylor, & Eng, 1989).
Thus, when the hemispheres interact, each may underlie operations
that it is not specialized to perform. Fourth, a rotation-specific
account fails to explain why, even when load is defined completely
differently than in the present study (i.e., as the number of inputs
rather than as the number of degrees each input needs to be
rotated), it is still the case that directing equal versus unequal loads
to the two visual fields reduces the efficiency of across-field
processing (Weissman et al., 2000). It is, in fact, for this reason
that we invoke the general concept of load to account for our
findings (rather than a variety of task-specific processes), similar to
other researchers who have observed effects of manipulating pro-
cessing demands that generalize across multiple tasks (e.g., Bave-
lier, Deruelle, & Proksch, 2000; Kim, Kim, & Chun, 2005; Lavie,
Hirst, de Fockert, & Viding, 2004). Given these considerations, it

seems highly unlikely that the interhemispheric effects we ob-
served in the present study were driven by hemispheric asymme-
tries for different aspects of mental rotation.

More broadly, our findings suggesting that two letters may be
rotated in parallel, particularly on across-field trials in Experi-
ment 2, add to a growing, yet equivocal, literature on whether
mental rotation can be performed in parallel with other cognitive
operations. For example, using a dual-task procedure, Van Selst
and Jolicoeur (1994) obtained evidence that mental rotation can
proceed in parallel with a second task. In contrast, using a similar
procedure Ruthruff, Miller, and Lachmann (1995) found only
sparse evidence to support the parallel processing view. Adding to
this controversy, Heil, Wahl, and Herbst (1999) demonstrated that
certain mental rotation effects under dual task conditions are not
easily explained by any current theory of mental rotation. These
discrepant findings may stem, at least in part, from the fact that
processing can be performed either serially or in parallel in dual-
task paradigms, depending on the strategy participants are encour-
aged to adopt (Meyer & Kieras, 1997a, 1997b). In the present
study, we obtained evidence that two letters can be rotated in
parallel using a same–different matching task, which lacks many
of the complexities that are present in a dual-task situation. Addi-
tional studies should be conducted to further elucidate the effects
we have reported and to determine more precisely the conditions
under which it is possible to rotate two letters in parallel.

Future studies might also investigate whether the interhemi-
spheric effects that we have reported vary with the particular
participant population under investigation. The degree to which
across-field processing is advantageous for a particular task varies
with intellectual giftedness (Singh & O’Boyle, 2004), and the
extent to which across-field processing becomes more advanta-
geous to performance as task complexity increases varies with
handedness (e.g., Eviatar, Hellige, & Zaidel, 1997) and age
(Banich, Passarotti, & Janes, 2000; Reuter-Lorenz, Stanczak, &
Miller, 1999). Thus, individual differences might also modulate
the effects of directing unequal versus equal cognitive load to the
two cerebral hemispheres on the size of the across-field advantage.

The present findings are also relevant to understanding changes in
behavior that are associated with impaired communication between
the cerebral hemispheres. Reduced communication via the corpus
callosum (i.e., the band of fibers that connects corresponding cortical
regions in the left and right hemispheres) can facilitate the perfor-
mance of certain demanding tasks. For instance, split-brain patients, in
whom the corpus callosum has been severed, are better than neuro-
logically intact controls at searching each visual field in parallel for a
target stimulus (Luck, Hillyard, Mangun, & Gazzaniga, 1989). For
most demanding tasks, however, impaired communication across the
corpus callosum leads to performance decrements. For example,
dual-task performance is frequently impaired in split-brain patients
relative to controls (Kreuter, Kinsbourne, & Trevarthen, 1972). More
broadly, performance deficits for demanding tasks have been reported
for a wide array of clinical syndromes that are associated with callosal
injury, such as closed-head injury, attention-deficit disorder, and mul-
tiple sclerosis (for a detailed review of these findings, see Banich,
1998). The present results may therefore inform our understanding of
these clinical syndromes by suggesting that the deficits exhibited by
patients with damage to the corpus callosum may be most pronounced
when a task makes unequal demands on the two cerebral hemi-
spheres.
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In sum, we have demonstrated that an unequal division of
cognitive load between the cerebral hemispheres facilitates the
performance of a complex mental rotation task. Future studies
investigating precisely which aspects of cognitive processing are
divided between the cerebral hemispheres and whether such a
hemispheric division of labor facilitates parallel processing may
help to further reveal the source(s) of the across-field advantage.
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