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Can mental rotation begin before
perception finishes?

ERIC RUTHRUFF
University ofCalifornia, San Diego, La JoUa, California

and

JEFF MILLER
University ofOtago, Dunedin, New Zealand

We conducted six experiments to determine if mental rotation can begin before perception fin
ishes, as allowed by continuous flow models but not discrete stage models of information process
ing, The results of Experiments 1-3 showed that the effect of shape discriminability on RT was un
deradditive with the effect of stimulus orientation, suggesting that mental rotation began before
shape discrimination had finished and that the two processes overlapped in time. The results of Ex
periments 4-6 indicated that mental rotation can overlap with color discriminations as well. In both
sets of experiments, however, the amount of underadditivity tended to be much less than predicted
by models allowing interference-free overlap. This suggests that mental rotation can overlap with
perceptual analysis, contrary to fully discrete models, but that little rotation is carried out during this
overlap due to interference between simultaneous discrimination and rotation processes.

There is general agreement that mental processing is
composed of functionally distinct stages (e.g., Cohen &
Squire, 1980; Damasio, 1985; McClelland, 1979; Sanders,
1980; Sternberg, 1969). However,many fundamental ques
tions regarding the architecture ofhuman cognition remain
to be answered. For example, how many stages ofprocess
ing are there in a given task? Are they performed in a strict
sequence or with some temporal overlap?

Sternberg (1969) proposed that stages operate dis
cretely, such that each stage begins once the previous
stage has finished. This model, shown in Figure l a, makes
specific predictions regarding the types of factors that
will show additive effects in factorial experiments, as
formalized in the "additive factor method" of Sternberg
(1969). Experiments employing this method have
yielded a consistent set of results, which, arguably, can
be taken as support for the underlying discrete model
(Sanders, 1980, 1983; Sternberg 1975).

Despite the successes of the additive factor method,
discrete models have come under attack from many di-
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rections. Some have claimed that discrete processing is
implausible given that the brain is composed of highly
interconnected systems of neurons, rather than the sort
of encapsulation that is perhaps suggested by discrete
models. Critics have also claimed that such models are
incompatible with evidence of graded effects of certain
experimental variables (e.g., Eriksen & Schultz, 1979;
Norman & Bobrow, 1975) and with evidence of over
lapping stages (e.g., Shaffer, 1971). Although some the
orists argue that these criticisms are unfounded or
grossly overstated (Meyer, Osman, Irwin, & Yantis,
1988; Miller, 1988; Sanders, 1990), discrete models are
now often regarded as being overly simplistic (e.g., Rab
bitt, 1986).

An alternative model is shown in Figure 1b. This
model belongs to the class of models we will refer to as
continuous flow models (e.g., the cascade model of
McClelland, 1979), because information is transmitted
continuously from one stage to the next (see Eriksen &
Schultz, 1979). Because information is transmitted con
tinuously, a stage can begin operating even before its
predecessor has finished, and several stages may thus be
active simultaneously. This property, which we refer to
as temporal overlap between stages, is one of the most
important characteristics distinguishing continuous
models from discrete models (see Miller, 1988, for a
discussion of other differences between these models).

Many of the published attempts to discriminate be
tween discrete stage and continuous flow models have
asked whether the perceptual process transmits informa
tion continuously to the response preparation process
that is, whether there is temporal overlap between percep
tion and response preparation (e.g., Coles, 1989; Miller,
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Figure 1.Discrete stage and continuous flow models ofinformation
processing.

1982, 1983, 1987; Miller & Hackley, 1992; Osman, Ba
shore, Coles, Donchin, & Meyer, 1992; Smid, Lamain,
Hogeboom, Mulder, & Mulder, 1991). In some cases, re
sponse preparation does appear to begin before percep
tion has finished (as predicted by continuous flow mod
els), but, in other cases, it does not (as predicted by
discrete models). After reviewing many of these studies,
Miller (1988) concluded that the results could not be ex
plained by strictly discrete or strictly continuous mod
els. He favored the alternative asynchronous discrete
coding (ADC) model (Miller, 1982), which asserts that
only separately coded pieces of information (e.g., iden
tity and color) can be independently transmitted from
one stage to the next. Thus, it is possible for stage N to
be working on one or more of the distinct codes, while
stage N - 1 is still working on the other code(s).

Although the experiments described above indicate
that perception and response preparation do overlap to
some degree, we cannot yet make generalizations re
garding other cognitive processes. In particular, it is not
safe to assume that the flow of information is equally
discrete or continuous between all pairs of stages. For in
stance, information might flow continuously from per
ceptual to decision processes but discretely from deci
sion to response processes. Clearly, it will be necessary
to study information flow between different sets of pro
cesses in order to find out whether one particular form
of information transmission characterizes all or most of
the information processing sequence and, if so, what its
properties are.

The primary goal of the present experiments was to
determine whether perceptual discrimination processes
(specifically, shape and color discrimination) must fin
ish before the onset ofmental rotation, a process thought

TIme

to involve the transformation of a mental image from
one orientation to another. We chose to study mental ro
tation for several reasons. Most importantly, mental ro
tation is a relatively clear-cut example ofa distinct men
tal process, and its basic operation is understood well
enough that we can expect to manipulate it effectively
(Shepard & Cooper, 1982). Furthermore, mental rota
tion is a slow, effortful process, so its duration can be
varied over a range of several hundred milliseconds.
This allows us to more easily test the predictions ofmod
els allowing temporal overlap between stages.

In the experiments to be described below, subjects
viewed stimulus letters and determined if the letters
were displayed in their normal or mirror image forms.
Previous research with this task suggests that subjects
mentally rotate an image of the stimulus letters into the
upright orientation before making the mirror/normal
judgment (Cooper & Shepard, 1973); thus, by varying
stimulus orientation, we can vary the duration of mental
rotation processes. Subjects also discriminated between
different shapes (Experiments 1-3) or colors (Experi
ments 4-6), and the difficulty of these discriminations
varied between blocks. 1

In principle, mental rotation can begin once the sub
ject has formed a rotatable image (and knows in which
direction to rotate) and, under certain circumstances, it
should be possible for this image to be formed before
completion of the required shape or color discrimina
tions. Thus, it is logically possible for mental rotation to
overlap with perceptual discrimination. However, over
lap will occur only if the perceptual process transmits in
formation nondiscretely to the mental rotation process
that is, if the perceptual process transmits preliminary
information about stimulus shape (i.e., the rotatable
image) to the mental rotation process while it is still
working on the required perceptual discriminations. If
instead the perceptual process transmits information
discretely, after it has finished forming the rotatable
image and making the additional perceptual discrimina
tions, then temporal overlap between mental rotation
and perception should not be possible.

In Experiments 1-3, we attempted to determine if
mental rotation can overlap with shape discriminations;
in Experiments 4-6, we tried to determine if mental
rotation can overlap with color discriminations. Mental
rotation and form discrimination both operate upon
stimulus shape, whereas mental rotation and color
discrimination operate upon distinct stimulus attributes.
Therefore, a comparison between the two sets of exper
iments allows us to determine ifthe amount of temporal
overlap is influenced by the similarity of the types of in
formation being manipulated or by the similarity of the
operations needed for mental rotation and the required
discrimination.

Predictions of Temporal Overlap Models
In order to determine whether mental rotation over

laps with perception, the present experiments employed
a diagnostic based on the additivity or underadditivity of
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Figure 2. Processing time diagrams for upright and upside-down
stimun. with temporal overlap between mental rotation and percep
tion, and a hypothetical plot of reaction time as a function of dis
crimination difficulty and orientation.

criminability effect should be smaller for upside-down
stimuli than for upright stimuli.

The most extreme continuous flow models predict
what we will call interference-free overlap. In these
models, perception and mental rotation not only operate
simultaneously but each operates at the same rate as it
would if it were performed in isolation (i.e., there is no
interference between simultaneous processes). To com
pute the underadditivity predicted by interference-free
overlap models, it is necessary to assume a specific joint
probability distribution of the times needed for percep
tion and mental rotation. Unfortunately, even the mar
ginal distributions of these times are unobservable, and
therefore, any specific assumption is necessarily some
what arbitrary. To overcome this problem, we tried a
large range ofplausible assumptions, computing the un
deradditivity predicted in each case. Although this basic
approach is simple, the procedures behind these compu
tations are complicated. Therefore, we present only a
sketch of the procedure here; a complete discussion of
the computations can be found in the Appendix.

In brief, we first inferred limits on the parameters of
the marginal distributions from observed RTs. Then, we
computed the predicted underadditivities throughout the
space ofpossible combinations ofparameter values. For
example, if we inferred that the mental rotation rate (PI)
was between 300 and 500 msec per 1800 and the mean
discrimination time (P2) was between 150 and 250 msec,
we would examine predictions for 121 different joint

factor effects in a factorial reaction time (RT) experi
ment (see Egeth & Dagenbach, 1991; Schweickert &
Townsend, 1989; Stanovich & Pachella, 1977). One fac
tor was the orientation of the stimulus (in degrees from
vertical), which affects the duration of mental rotation
processes. The second factor was the difficulty ofthe re
quired perceptual discrimination. In Experiment 1, for
example, an easy discrimination required subjects to dis
criminate y from r, whereas a more difficult discrimina
tion required them to distinguish between the letters y
and g, which were visually similar in the stimulus font
used.

A wide variety of RT models predict that two factors
will have additive effects if they influence processes that
are carried out in strict sequence, yet they have under
additive effects if they influence processes that are car
ried out at the same time (see Miller, 1993; Schweickert
& Townsend, 1989; Townsend & Ashby, 1983). Thus, if
mental rotation can begin only after shape discrimi
nation has been completed-as assumed by discrete
models-then orientation and the difficulty of the letter
discrimination should have additive effects on RT. Con
versely, if mental rotation can begin before letter identi
fication has been completed and can proceed in parallel
with it-as allowed by continuous models-then orienta
tion and discriminability should interact underadditively.

The prediction of additivity for the discrete stage
model is straightforward and has been described else
where (e.g., Sternberg, 1969); the prediction of under
additivity for temporally overlapping processes, mean
while, is somewhat more complicated. To illustrate the
prediction, we will first suppose that processing times
are deterministic. Processing time diagrams for an over
lap model with deterministic processing times are shown
in Figure 2 for upright and upside-down stimuli. A hy
pothetical plot ofmean RTs resulting from such a model
is shown at the bottom ofFigure 2. When the stimulus is
upright, very little, if any, mental rotation will be re
quired, as shown at the top of Figure 2, and prolonging
perception should thus have a large effect. These condi
tions produce the two points on the left side ofthe graph.
But when the stimulus is upside-down and mental rota
tion takes a long time, as shown in the middle of Fig
ure 2, prolonging perception should have no effect on
the latency of the overt response. These conditions pro
duce the two identical points on the right side of the
graph. Thus, this model predicts that the discriminabil
ity effect will disappear completely for upside-down
stimuli, resulting in a large underadditive interaction be
tween orientation and discriminability.

The predictions of the overlap model are much the
same when we allow for variability in processing times,
although the discriminability effect cannot be expected
to disappear entirely for upside-down stimuli in this
case. As discussed next, the discriminability effect at
each orientation depends upon the exact characteristics
of the overlap model (e.g., whether simultaneous per
ceptual and mental rotation processes interfere with
each other), but, for virtually all such models, the dis-
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distributions with all possible combinations ofPI andP2
from the sets {300, 310, 320 ... 500} and {l50, 160,
170 ... 250}, respectively, under various assumptions
about the correlation present in the joint distribution.
Using this process, we determined what range of inter
action sizes can be predicted by plausible interference
free overlap models. The minimum and maximum of
these predicted interactions are shown in Table 1, for
each experiment.

Less extreme continuous flow models, which will be
called partial overlap models, allow mental rotation to
overlap with discrimination, but they assume that only a
small amount ofrotation can be accomplished during the
overlap. There are several reasons why one might expect
partial, rather than interference-free, overlap. First, the
perceptual system might not transmit the necessary out
puts to mental rotation at the exact moment they become
available. If these outputs are delayed, the amount of
overlap will be less than the maximum possible. Fur
thermore, even if the proper codes are immediately
transmitted to the mental rotation stage, interference
might arise when mental rotation and perception must
operate concurrently (e.g., due to capacity limitations,
outcome conflicts). Such interference could slow either
or both processes relative to their rates in isolation and
thereby reduce the amount of underadditivity. For ex
ample, mental rotation might engage a single-channel
mechanism that is also required to carry out a subset of
the addition shape or color discriminations, in which
case mental rotation could overlap at most partially with
perception.

Because partial overlap models are not uniquely spec
ified, it is difficult to determine how much underaddi
tivity they predict in general. However, it seems likely
that plausible partial overlap models would predict less
underadditivity than would interference-free overlap
models. Therefore, when we found evidence indicating
that there was some temporal overlap of perceptual dis
crimination and mental rotation in the present experi
ments, we then tried to determine whether the amount of
underadditivity was large enough to be consistent with
interference-free overlap models, or whether it was in
stead small enough to suggest that some type of inter-

Table 1
Predicted and Observed Deviations From Additivity

for Experiments 1-6

Observed
Predicted 95%Confidence

Experiment Minimum Maximum M Interval

I 69 126 51 15-87
2 113 162 52 13-91
3 54 128 -30 -64-4
4 21 25 33 6-60
5 91 104 41 -9-51
6 62 74 24 -15-63

Note-Positive numbers indicate underadditivity; negative numbers
indicate overadditivity. The predictions were derived from models al
lowing interference-free temporal overlap between perception and
mental rotation (see Appendix).

ference had occurred, consistent with partial overlap
models. Specifically, we determined if the observed un
deradditivity was significantly smaller than the mini
mum predicted by the interference-free overlap models
(i.e., the data were too nearly additive). If so, we rejected
these models and concluded that some interference must
have been present.

In summary, by examining the effects ofdiscriminabil
ity and orientation on RT in a factorial design, we sought
to determine if mental rotation and perception are per
formed in strict sequence, with interference-free temporal
overlapor with partial overlap.Discrete models predict ad
ditive effects, whereas models allowing interference-free
overlap predict large underadditive interactions. The pre
dictions ofpartial overlap models, meanwhile, lie some
where between those of the two extreme models. In Ex
periments 1-3, we examined the possibility of overlap
between mental rotation and shape discrimination; in
Experiments 4-6, we looked for overlap between men
tal rotation and color discrimination.

EXPERIMENT!

Experiment 1 was an initial attempt to determine if
mental rotation can begin before shape perception has
finished, using the additivity/underadditivity diagnostic
described above. Subjects viewed single stimulus letters
(mirror-image or normal versions) presented in different
orientations across trials. Stimulus discriminability was
varied by pairing within a block either two visually sim
ilar letters (e.g., y and g) or two visually dissimilar let
ters (e.g., y and r). The subjects' task was to rapidly de
termine both the identity and the version (mirror-image
vs. normal) of the letter, pressing one of two keys to in
dicate the response. The stimulus-response (S-R) map
ping was chosen so that subjects had to know both the
identity and version of the letter before preparing a re
sponse. In a block with ys and gs, for example, subjects
pressed one key if they saw a normaly or a mirror-image
g, and they pressed the other key if they saw a normal g
or a mirror-image y.

Method
SUbjects. Sixty-four undergraduates at the University of Cali

fornia, San Diego, participated in Experiment I in partial fulfill
ment ofa course requirement. Five subjects were replaced because
they failed to meet our criterion of 80% correct.l

Stimuli. The stimuli were produced by IBM-PC-compatible
computers connected to NEC Multisync display monitors, viewed
from a distance ofabout 60 em. The stimuli were the lowercase let
ters y, g, r, and t and their mirror images, drawn in light blue on a
white background. The letter fonts were chosen so that the letter
pairs y,g and r, t were visually similar. Letters were presented in
one of six possible orientations: 0°, 60°, 120°, 180°,240°, or 300°
clockwise from upright.

Procedure. Prior to each block of trials, the subjects were told
which two letters they would see during that block. They were in
structed to identify each stimulus letter and determine whether it
was a normal or mirror-image version. Responses were made by
pressing the "z" key or the "I" key. The "I" key was assigned to the
normal version of one letter and the mirror-image version of the
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Figure 3. Mean reaction time and percent error for Experiment 1

as a function of discrimination difficulty and orientation.

easy discrimination condition [F(1,62) = 4.01,p < .05].
The significant underadditivity suggests that the per
ceptual discrimination and mental rotation overlapped in
time, contrary to discrete models.

As can be seen in Figure 3, the discriminability effect
nearly disappears for upside-down stimuli, which seems
consistent with models allowing interference-free over
lap between perception and mental rotation. This was
confirmed by computing predictions of interference
free overlap models, as described in the Appendix. These
predicted interaction sizes, shown in Table 1, are consis
tent with the observed effect of 51 ± 36 msec. Thus, we
conclude that the data are compatible with interference
free overlap models.

Two additional significant effects were obtained in
the analysis of RT in this and subsequent experiments.
The subjects consistently responded faster to normal
stimuli than to mirror-image stimuli (p < .05), as is com
monly found (e.g., Cooper & Shepard, 1973). Further
more, this effect was reliably larger when the shape dis
crimination was difficult than when it was easy (in
Experiments 1-3,p < .05).

Discussion
The significant underadditive interaction between ori

entation and discriminability indicates that there was
temporal overlap of shape discrimination and mental ro
tation in this experiment, contrary to the prediction of
discrete models. Furthermore, the amount ofunderaddi
tivity was consistent with the predictions of models al-

other letter, and the "z" key was assigned to the complementary ver
sions of each of the two letters. The assignment of stimuli to re
sponse keys was counterbalanced across subjects. The subjects were
encouraged to respond rapidly while making very few mistakes.

The discriminability of the letter pairs varied between blocks. In
the difficult discrimination blocks, the subjects discriminated be
tween visually similar letters. The subjects participated in two dif
ficult discrimination blocks: ay,g block and an r, t block, the order
of which was counterbalanced across subjects. In the two easy
discrimination blocks, the subjects distinguished between visually
dissimilar letters (e.g., y and r). The letters were selected by first
choosing either y or g and then choosing either r or t; thus, there
were four possible pairs of letters (y,r; y,t; g,r; g,t). Two of these
pairs were chosen for each subject such that each letter was used
exactly once per subject in the easy discrimination blocks and
such that each of the four possible letter pairs was used equally
often across subjects. Half of the subjects participated in the dif
ficult block first, and half participated in the easy block first. The
subjects then alternated between easy and difficult blocks until
they had completed all four blocks. Each subject saw each letter in
two different blocks: once in an easy block and once in a difficult
block. To avoid confusion, the normal and mirror-image versions
of the letter were mapped to the same responses in both blocks.

On each trial, stimulus identity, version, and orientation were
chosen randomly, with the restriction that each combination ofori
entation, version, and stimulus identity occur equally often within
a block oftrials. The trial began with the presentation ofa fixation
cross for 600 msec. Three hundred milliseconds after the cross
was removed, the stimulus appeared at fixation and remained pres
ent until a response was made. The computer then indicated
whether the response was correct or incorrect, and the next trial
began I sec later.

The experimental session consisted offour blocks of 144 trials
and lasted about 45 min. The subjects were given 20 randomly se
lected practice trials before the first block and 8 randomly se
lected practice trials before each subsequent block.

Results
Mean RTs and error rates are shown in Figure 3 as a

function of stimulus orientation and discriminability.
Throughout the experiments reported in this article, we
found equivalent effects ofclockwise and counterclock
wise rotations and have therefore combined the data
from complementary orientations (e.g., 90° and 270°).

The large effect of orientation on RT was highly reli
able [F(3,186) = 276.60,p < .001],3 as was its effect on
error rates [F(3,186) = 36.80, P < .001]. The much
smaller effect of discriminability (28 ± 35 msec)," was
not statistically reliable. Figure 4 shows the mean dis
criminability effect on RT, and the 95% confidence in
terval around it, as a function of stimulus orientation
(the data from all six experiments are presented together
in this graph to facilitate comparison). The discrim
inability effect decreases monotonically with increasing
orientation, indicating an underadditive interaction be
tween orientation and discriminability. This interaction
effect (measured as the difference in discriminability
effects to upright and upside-down stimuli) was 51 ±
36 msec, which is statistically reliable. Furthermore, a
linear trend analysis- on RTs, which is arguably a sensi
tive test for the form of underadditivity predicted by
models allowing temporal overlap, indicated a signifi
cantly steeper increase in RT across orientations in the
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Figure 4. Mean discriminability effect, and the 95% confidence in
terval around it, as a function of orientation for Experiments l---{i.
The solid lines correspond to the experiments involving shape dis
criminations (Experiments 1-3), and the dashed lines correspond to
the experiments involving color discriminations (Experiments 4---{i).

lowing interference-free overlap. Thus, we may tenta
tively conclude that mental rotation and discrimination
operated simultaneously and without any mutual inter
ference in this task.

The overall discriminability effect was not statisti
cally reliable. This does not vitiate our conclusions,
however, because the significant underadditive inter
action of discriminability with orientation clearly dem
onstrates that the discriminability manipulation was ef
fective. One explanation of the small main effect of
discriminability is that it was obscured by the temporal
overlap ofshape discrimination with mental rotation. To
investigate this idea, we tested 16 subjects in a control
experiment using the same stimuli but requiring re
sponses only to stimulus identity, thereby obviating the
need for mental rotation. Consistent with this explana
tion, a reliable discriminability effect of 63 ± 27 msec
was obtained.

Discrete models could be reconciled with the under
additive interaction between orientation and discrim
inability if subjects were able to rotate the stimuli more
quickly in the difficult discrimination condition than in
the easy discrimination condition. This alternative expla
nation seems unlikely because the same letters were used
in both conditions. Only the letter pairings changed across
conditions, and it is not clear why the rate of rotation of
a given image would depend on the other images that
might have been formed on a given trial. Moreover, the
results of Experiments 4-6 present even more severe dif
ficulties for this alternative explanation, as will be seen.

Another alternative explanation of these results is that
stimulus orientation affects not only the required degree
of mental rotation but also the difficulty of the discrim
ination. Ifthe perceptual discrimination is easier for up
side-down stimuli, then an underadditive interaction be
tween orientation and discriminability could occur. This
alternative explanation seems unlikely because orienta
tion typically has little or no effect on naming latency
when a small set of stimuli are used repeatedly (e.g.,
Corballis, Zbrodoff, Shetzer, & Butler, 1978; White,

The results of Experiment I indicate that mental rota
tion can begin before shape discrimination has been
completed. While the results are consistent with models
allowing interference-free overlap between shape dis
crimination and mental rotation, the reduction ofthe dis-

EXPERIMENT 2

1980; but also see Jolicoeur & Landau, 1984). Further
more, even if stimulus orientation did have an effect on
discriminability, one would expect discriminations to be
more, not less, difficult for upside-down stimuli.

Nonetheless, we tested this explanation in the
identification-only control experiment mentioned above.
Subjects (N = 16) were shown the same stimuli as in
Experiment 1 but were instructed simply to press a re
sponse key corresponding to the letter name (i.e., ignor
ing orientation and version). Consistent with previous
findings, there was no effect of stimulus orientation
[F(3,42) < 1); mean RTs were 552, 557, 551, and
550 msec at 0°, 60°, 120°, and 180°, respectively. Fur
thermore, the discriminability effect for upside-down
stimuli was actually 8 ± 21 msec greater for upside
down stimuli than for upright stimuli. Thus, there is no
support for this alternative explanation of the observed
underadditivity between orientation and discriminability.

Another possible explanation is that the underadditiv
ity between orientation and discriminability is due to
overlap of perception with processes that precede
mental rotation. If these prerotation operations, such as
determining the direction of rotation, are sensitive to
stimulus orientation and operate simultaneously with
shape discrimination, then underadditivity might occur,
for the same reason that overlap of the actual rotation
process with perception causes underadditivity. To test
this hypothesis, we ran a further control experiment,
using the stimuli of Experiment I, in which subjects
were to identify the stimuli and determine their orienta
tion. Subjects (N = 16) responded to letter identity by
pressing one of two response keys, but only if the letter
appeared in the target orientation. During some blocks,
the subjects were instructed to respond only to letters
that were more upright than upside-down (300°, 0°, and
60°), and, during other blocks, the subjects were in
structed to respond to stimuli that were more upside
down than upright (120°, 180°, and 240°), with block
order counterbalanced across subjects. The effects ofdis
criminability on the time to make the identity judgments
were 55, 55, 53, and 49 msec in the 0°, 60°, 120°, and
180° conditions. Comparing the upright and upside
down conditions only, this experiment yielded only a
small (6 ± 54 msec) interaction between orientation and
discriminability in the direction ofunderadditivity, and,
therefore, this control experiment provides no support
for this alternative explanation. However, because these
data are somewhat noisy, we cannot say conclusively
that the underadditivity observed in Experiment 1 was
not due in part to the overlap of perceptual discrimina
tion with prerotation processes.
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Figure 5. Examples of true and distorted stimuli used in Experi
ment 2 (displayedin upright positions).
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Subjects. Twenty new subjects participated in Experiment 2.
Five subjects failed to meet our criterion of 80% correct and so
were replaced.

Stimuli. The stimuli used in Experiment 2 were the true and
distorted letters shown in Figure 5. Each letter appeared as either
a normal or a mirror image and in one ofsix different orientations
(30°,90°, 150°,210°,270°, or 330° from vertical).

Procedure. The subjects were instructed to determine whether
the stimulus letter was true or distorted and whether it was a nor
mal or mirror-image version. Prior to beginning the experiment,
the subjects were allowed to view examples of true and distorted
letters until they were comfortable with the distinction. The S-R
mapping was analogous to that of Experiment 1: true/normal and
distorted/mirror stimuli were assigned to one response key,
whereas true/mirror and distorted/normal stimuli were assigned to
the other response key.

There were eight blocks of 72 trials. Ten practice trials were
given before the first block, and 6 warm-up trials were given be
fore each subsequent block. Half of the subjects completed two
difficult blocks followed by two easy blocks and so on, whereas
the reverse order was used for the other half of the subjects. The
true letter chosen in the first block was F for half of the subjects
and g for the other half, and alternated thereafter.

Results
Mean RTs and error rates are shown in Figure 6 as a

function of stimulus orientation and discriminability.
The large effects of stimulus orientation on RT were
again reliable [F(2,36) = 80.10,p < .001]. This experi
ment also produced a large overall discriminability ef
fect of 199 ± 56 msec. As shown in Figure 4, the dis
criminability effect decreased monotonically across
orientations, indicating an underadditive interaction be
tween orientation and discriminability. The decrease in

Figure 6. Mean reaction time and percent error for Experiment 2
as a function of discrimination difficulty and orientation.
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Method
Except as noted below, the methods were identical to those of

Experiment I.

criminability effect for upside-down stimuli was not
very dramatic because the effect was not very large to
begin with. Clearly, the success of the interference-free
overlap model would be more impressive if a large dis
criminability effect disappeared for upside-down stim
uli. This should be possible, assuming mental rotation
and perception overlap without interference, because the
hundreds of milliseconds needed for mental rotation
allow enough time to conceal quite a large discrimin
ability effect. Experiment 2 was thus designed as a more
stringent test of interference-free overlap models, with
stimuli chosen to require finer perceptual discrimina
tions in the difficult discrimination condition. With a
greater discriminability effect, interference-free overlap
models predict greater underadditivity. Of course, dis
crete models still predict additivity.

In order to require finer perceptual discriminations, it
was necessary to make the stimuli more visually similar
to each other. Unfortunately, the English alphabet does
not provide many pairs ofletters that are highly visually
similar to each other, visually dissimilar to other letters,
and sufficiently nonsymmetric for use in an experiment
involving mirror/normal judgments. Rather than create
novel stimuli that might not have easily identifiable nor
mal and mirror-image versions because oftheir unfamil
iarity, we chose to use "true" and "distorted" versions of
familiar stimuli (letters) and require subjects to make a
true/distorted discrimination.

The true letters used in the experiment were an up
percase F and a lowercase g. Three distorted letters were
formed from each true letter by removing or displacing
a line segment. Examples of these stimuli in their up
right orientations are shown in Figure 5. In the difficult
discrimination blocks, the subjects discriminated be
tween true and distorted images of the same letter (e.g.,
Fvs. distorted Fs). In the easy discrimination blocks, the
subjects discriminated between the true image of one
letter and the distorted images of the other letter (e.g., F
vs. distorted gs).
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the discriminability effect between the most upright and
upside-down orientations was 52 ± 39 msec. Further
more, a linear trend analysis revealed a reliable overall
orientation X discriminability interaction on RTs [F(1,18)
= 5.71, P < .05]. Although the orientation X discrim
inability interaction on error rates was not significant
[F(2,36) = 3.05, .05 < p < .10], it should be noted that
the trend is overadditive, raising the possibility that the un
deradditive interaction on RT was due to a speed-accuracy
tradeoff.

In this experiment, the discriminability effects were
224 and 172 msec for nearly upright and nearly upside
down stimuli, respectively, yielding an underadditive
interaction of52 ± 39 msec. Because the rotation ofnearly
upside-down stimuli took approximately 311 msec (see
Figure 6), however, intuition suggests that interference
free overlap models would predict a much larger reduc
tion of the discriminability effect for upside-down stim
uli. As described in the Appendix, computer simulations
confirmed this intuition: we failed to find any reason
able parameter estimates for an interference-free overlap
model that would predict an underadditive interaction of
less than 113 msec (see Table 1). Because the observed
underadditivity was clearly smaller than this, even after
allowing for sampling error, these results provide evi
dence against interference-free overlap models.

Discussion
The significant underadditive interaction between ori

entation and discriminability suggests that mental rota
tion overlapped with shape discrimination, supporting
the results of Experiment 1; however, this conclusion
must be qualified by noting that some or all of this effect
may have been due to a speed-accuracy tradeoff. In any
case, the observed underadditivity was significantly less
than predicted by models allowing interference-free
overlap. These results clearly contradict interference
free overlap models and support partial overlap models.

EXPERIMENT 3

Although the results of Experiment 2 were inconsis
tent with models allowing interference-free temporal
overlap, that experiment employed a challenging S-R
mapping. It is conceivable that the requirement to re
hearse this difficult S-R mapping could have interfered
with the subjects' ability to overlap shape discrimination
and mental rotation, possibly due to capacity limitations
(e.g., Kahneman, 1973) or outcome conflict (e.g., Navon
& Miller, 1987). The purpose of Experiment 3 was to
replicate Experiment 2 with a simplified S-R mapping
and thereby determine if the failure of the interference
free overlap model-which accounted successfully for
the results of Experiment I-was somehow due to the
overall difficulty of the task.

Stimuli in Experiment 3 were chosen such that letter
identity was implicitly required in order to perform the
mirror/normal judgment. This simplified the required
S-R mapping, because an explicit response to identity

F 7 9e
Figure 7. Stimuli used in Experiment 3 (displayed in upright

positions).

was no longer required. The subjects simply pressed one
key for normal versions and another key for mirror
image versions. This was accomplished by using visu
ally similar pairs of alphanumeric characters-namely
F,7 and e,g-that, in the fonts used, were approximate
mirror images ofone another, as shown in Figure 7. With
such stimuli, it is necessary to identify the letter before
determining whether it is a normal or a mirror image, so
we can assume that the subjects identified the letters
even without explicit instructions to do so. Note, how
ever, that it was possible, at least in principle, for the
subjects to determine the top of the letters and start ro
tating before the letters had been completely identified.

Method
Except where noted below, the methods were identical to those

ofExperiment 1.
Subjects. Thirty-two new subjects participated in the experi

ment in partial fulfillment of a course requirement or for $6. Four
subjects failed to meet our criterion of 80% correct and so were re
placed.

Stimuli. The stimuli were the letters e, g, F, the number 7 (see
Figure 7), and their mirror images, drawn in light gray on a black
background. The stimuli appeared in one of eight possible orien
tations spaced 45° apart (22°, 67°, 112°, or 157° clockwise and
counterclockwise from vertical). Because we avoided horizontal
and vertical orientations, the letters appeared roughly equally
jagged at all orientations.

Procedure. The discriminability manipulation and the assign
ment of stimuli to the easy and difficult blocks was identical to that
of Experiment 1, except that a different set of stimulus letters (F,7
and g, e) was used. Half of the subjects pressed the "z" key in re
sponse to normal images and the "I" key in response to mirror im
ages; for the other half, these assignments were reversed.

Each session lasted approximately 40 min and consisted offour
blocks of 160 trials. The first block was preceded by 12 randomly
selected practice trials, the second block by 6 warm-up trials, and
subsequent blocks by 2 warm-up trials.

Results
The mean RTs and error rates for Experiment 3 are

displayed in Figure 8 as a function of orientation and
discrimination difficulty. RT analyses again revealed re
liable effects oforientation [F(3,90) = 121.61, P < .001],
and the mean discriminability effect in this experiment
was 151 ± 41 msec. Overall, the orientation X discrim
inability interaction was significant for RT [F(3,90) =
3.40,p < .05] and marginally significant for error rates
[F(3,90) = 2.72, p > .05]. However, as can be seen in
Figure 4, the interactive effect on RT was not monotonic
across orientations, and, considering only the most ex
treme orientations, there was a nonsignificant overaddi-
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DISCUSSION OF EXPERIMENTS 1-3

and orientation in this experiment, but the results are
clearly inconsistent with interference-free overlap mod
els in any case.

EXPERIMENT 4

Contrary to discrete models, Experiments 1 and 2
yielded underadditive interactions on RT between orien
tation and discriminability. It appears, therefore, that the
perceptual system, in some cases, transmits to the men
tal rotation process partial information (i.e., enough in
formation for rotation to begin) before shape discrimina
tion has been completed. On the other hand, the amounts
ofunderadditivity observed in Experiments 2 and 3 were
much too small to be compatible with models postulating
interference-free overlap between mental rotation and
perception. Thus, it appears that fully continuous models
can also be rejected and that the correct model must
allow some type ofpartial overlap. Before attempting to
specify the partial overlap model in more detail, we will
present further evidence concerning the temporal overlap
of mental rotation and color discrimination.
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Figure 8. Mean reaction time and percent error for Experiment 3
as a function of discrimination difficulty and orientation.

tive interaction of 30 ± 34 msec. The overall pattern of
the orientation X discriminability interaction is not pre
dicted by any of the models. This pattern may have been
caused by slight differences in stimulus discriminabili
ties at the different orientations, due to the use of a
limited-precision pixel display. Furthermore, the dis
criminability effect on error rates dropped noticeably at
157°, where the discriminability effect on RT was largest,
so a speed-accuracy tradeoffmay have been partially re
sponsible for this pattern of results. Overall, however,
the results seem more consistent with discrete models
than with continuous models, since the overall inter
action was certainly not underadditive. Most impor
tantly, the results clearly argue against models allowing
interference-free overlap, which predict large underad
ditive interactions (see Table 1).

Discussion
The main purpose of Experiment 3 was to determine

if the failure of the interference-free overlap model in
Experiment 2 could be attributed to the complexity of
the S-R mapping or the overall difficulty of the experi
ment. A simplified S-R mapping was used that success
fully reduced overall RTs by several hundred millisec
onds. However, the results were again inconsistent with
models allowing interference-free temporal overlap. In
deed, the lack of underadditivity is most consistent with
discrete models. It is not certain exactly what caused the
significant nonmonotonic interaction ofdiscriminability

One possible explanation for the lack of interference
free overlap in Experiments 1-3 is that different opera
tions involving shape (i.e., fine shape discriminations
and rotation) interfere with one another when they are
carried out simultaneously. In order to investigate this
possibility, Experiments 4-6 tested for temporal overlap
of mental rotation with color, rather than shape, dis
crimination. Because mental rotation and color discrim
ination clearly operate upon distinct stimulus codes
(color vs. shape), any dimension-specific interference
should be greatly reduced or eliminated. The primary
purpose of Experiment 4 was to determine whether men
tal rotation can overlap with color discrimination when
the discriminability effect is relatively small. Experi
ments 5 and 6 used much larger discriminability effects.

The design of Experiment 4 was analogous to that of
Experiment 1. The subjects viewed colored letters and
based their responses on both color and mirror/normal
version. The subjects discriminated between green and
yellow letters in the difficult discrimination blocks and
between red and white letters in the easy discrimination
blocks.

Method
Subjects. Sixty-four new subjects with normal color vision par

ticipated in the experiment in partial fulfillment of a course re
quirement. Five subjects failed to meet our criterion of 80% cor
rect and were therefore replaced.

Stimuli. The stimuli were the uppercase letters F, R, J, the num
ber 7, and their mirror images. These stimuli appeared in one of
six possible orientations (30°, 90°, 150°,210°,270°, or 330° from
vertical). The four colors used in the experiment were red, white,
yellow, and green, corresponding to IBM enhanced graphics
adapter codes 4, 15, 14, and 10, respectively. All stimuli were dis
played against a dark background.
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Figure 9. Mean reaction time and percent error for Experiment 4
as a function of discrimination difficulty and orientation.
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In Experiment 1, we mentioned the possibility that
underadditivity between orientation and discriminability
could result if the subjects were able to rotate the letters
more quickly in the difficult discrimination blocks. This
alternative explanation cannot account for the results of
the present experiment because the only difference be
tween the easy and difficult blocks was the color of the
stimuli, which clearly should have no effect on the rate
of rotation. Because the orientation X discriminability
interaction observed in this experiment bears a striking
resemblance to that of Experiment 1 (see Figure 4), both
in terms of overall size and the pattern across orienta
tions, it also appears unlikely that the rotation speed-up
hypothesis accounted for the results of Experiment 1.

As was the case with Experiment 1, the overall discrim
inability effect did not reach significance. This is not cause
for concern, however, because a control experiment, in
which the subjects responded to stimulus color but not
mirror/normal version, indicated a reliable discriminabil
ity effect of 51 ± 23 msec. Furthermore, the significant
orientation X discriminability interaction clearly indicates
that the discriminability manipulation had an effect.

These initial results suggest that mental rotation be
gins before perception has finished and can overlap with
color discrimination-possibly without interference
at least when the color discrimination is not too difficult.
The purpose of Experiments 5 and 6 was to conduct a
more challenging test of the interference-free overlap
model by increasing the size ofthe discriminability effect.

Procedure. At the beginning of the experiment, the subjects
were told that they would be rewarded between $0.50 and $2 for
participating, contingent upon their speed and accuracy. They
were instructed to quickly determine both the color and the ver
sion of the letter on each trial. Stimuli were mapped to responses
in a manner analogous to that of Experiments I and 2: the normal
letters of one color and the mirror-image letters of the other color
were assigned to one response key, whereas mirror-image letters
of the first color and normal letters of the second color were as
signed to the remaining response key.

Stimuli appeared in red or white during the easy discrimination
blocks and in green or yellow during the difficult blocks. The
computer warned the subjects each time a new block began and in
formed them which colors would be used. Half of the subjects
began the experiment with an easy block, and half began with a
difficult block. Block type then alternated until all four blocks had
been completed.

For each trial within a block, one of the four stimuli (F, R, J, and
7) was chosen randomly. The color, orientation, and version (nor
mal or mirror image) of the stimuli were also chosen randomly,
with the restriction that each color/orientation/version combina
tion occur equally often within a block of trials.

Each session lasted approximately 45 min and consisted of four
blocks of 144 trials. The first block was preceded by 20 randomly
selected practice trials; subsequent blocks were preceded by 4 ran
domly selected warm-up trials.

Results
The mean RTs and error rates for Experiment 4 are

displayed in Figure 9 as a function of orientation and dis
crimination difficulty. The large effects oforientation on
RT were again highly reliable [F(2,124) = 360.12, p <
.001]. However, the overall discriminability effect in this
experiment was only 16 ± 26 msec. Figure 4 shows the
discriminability effect as a function of orientation; the
negative slope indicates an underadditive interaction
between orientation and discriminability. Comparing data
from the upright and upside-down orientations, this in
teraction was 33 ± 27 msec. Furthermore, the linear con
trast ofthis interaction on RT was significant [F(l ,62) =
5.36, p < .05]. The reliable underadditive interaction be
tween discrimination difficulty and orientation contra
dicts discrete models but is consistent with interference
free and partial overlap models.

The discriminability effect in this experiment virtu
ally disappeared for upside-down stimuli, just as pre
dicted by models allowing interference-free overlap. As
shown in Table 1, interference-free overlap models can
generate underadditivities of the size observed in this
experiment, so the data from this experiment are consis
tent with such models.

Discussion
The significant underadditive interaction between ori

entation and discriminability provides further evidence
against strictly discrete models, in which perceptual dis
criminations and mental rotation are performed serially.
Furthermore, as in Experiment 1, the amount of under
additivity is consistent with the predictions of "models
postulating" interference-free overlap ofcolor discrimi
nation and mental rotation.
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EXPERIMENT 5

To make the color discrimination more challenging,
we increased the number of colors within a block from
two to three. In both the easy and difficult blocks, the
subjects discriminated red from non-red stimuli. In the
easy block, the subjects discriminated red letters from
blue and green letters; in the difficult block, the subjects
discriminated red letters from purple and orange-red
letters.

Method
Except where noted, the methods were identical to those of

Experiment 4.
Subjects. Thirty-two new subjects with normal color vision

participated in the experiment in partial fulfillment of a course
requirement.

Stimuli. The stimuli were identical, except in color, to those of
Experiment 4. The five colors used in the experiment were red,
orange-red, purple, blue, and green, corresponding to IBM en
hanced graphics adapter codes 4, 6, 5, 9, and 10, respectively.

Procedure. The subjects were told that they would need to de
termine both the color (red vs. non-red) and the version of the let
ter. The response mapping was similar to that used in Experiment 4.
The subjects pressed one key if the letter was red/normal or non
red/mirror and another key if the letter was red/mirror or non
red/normal.

During the easy discrimination blocks, stimuli appeared in red,
green, or blue; during the difficult discrimination blocks, stimuli
appeared in red, orange-red, or purple. The probability ofa red let
ter was .5; the probability of each of the two non-red colors was
.25. The computer warned the subjects each time a new block
began and displayed the colors to be used.

Results
The mean RTs and error rates for Experiment 5 are

displayed in Figure 10 as a function of orientation and
discrimination difficulty. RT analyses again revealed
large effects of orientation [F(2,60) = 81.63,p < .001].
The overall discriminability effect was 216 ± 68 msec.
Figure 4 shows that the discriminability effect on RT
once again decreased monotonically across orientations,
suggesting an underadditive interaction between orien
tation and discriminability. However, the decrease of 41
± 50 msec, measured between the most upright and
upside-down orientations, is not statistically significant.
The linear component of the interaction also failed to
reach significance [F(l,30) = 2.65, p > .2]. Thus, this
experiment, by itself, does not provide clear evidence
against discrete models.

The amount of underadditivity observed in this ex
periment (41 ± 50 msec) is very small in comparison
with the size of the discriminability effect (216 msec).
Therefore, the data do not appear to be consistent with
interference-free temporal overlap. Indeed, none of the
predicted underadditivities (see Table I) fall within the
range ofobservedvalues, confirming that the interference
free overlap model is not consistent with these data.

Discussion
Although we again observed a small underadditive

trend in the orientation X discriminability interaction, it
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Figure 10. Mean reaction time and percenterror for Experiment5

as a function of discrimination difficulty and orientation.

did not reach significance, and so discrete models can
not be rejected for the present experiment. Because the
main effect ofdiscriminability was quite large, however,
the absence of a large underadditivity does allow us to
reject interference-free overlap models, although, of
course, it is still possible that there is some small amount
ofpartial overlap. Because the failure ofthe interference
free overlap model in Experiments 2 and 3 has now also
been observed when the perceptual task involves color
discrimination, this failure cannot be attributed solely to
the similarity of the representations used by shape dis
crimination and mental rotation.

EXPERIMENT 6

Experiment 5 provided evidence against interference
free temporal overlap between color discrimination and
mental rotation. Experiment 6 was an attempt to repli
cate this result with a less complicated response map
ping. We employed a choice/no-go task, which is like a
go/no-go task except subjects can make one of two re
sponses on the go trials. That the task was indeed much
easier than that used in Experiment 5 is demonstrated by
a decrease of approximately 300 msec in overall RT.

Method
Except where noted, the methods were identical to those ofEx

periment 5.
Subjects. Thirty-two new subjects with normal color vision

participated in the experiment in partial fulfillment of a course
requirement.
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Procedure. The subjects were instructed to determine both the
color (red vs. non-red) and the version of the letter. The subjects
were asked to respond to normal images but not to mirror images.
When the stimulus letter was a normal image, the subjects pressed
one key if the letter was displayed in red and another key ifit was
not displayed in red. On no-go trials, the mirror-image stimulus
letters were terminated after 3 sec; otherwise, the stimulus pre
sentation sequence was identical to that of Experiment 5.

Results
Go trials. Mean RTs and error rates for go trials are

displayed in Figure 11 as a function of orientation and
discrimination difficulty. On go trials, the computer
waited until the subjects made a response, so the subjects
never failed to respond. Errors, therefore, represent in
correct key presses only." RT analyses revealed reliable
effects of orientation [F(2,60) = 126.72,p < .001], and
the overall discriminability effect was 108 :::t::: 58 msec.
Figure 4 shows that the discriminability effect on RT
again decreased monotonically with increasing orienta
tion. The decrease of 24 :::t::: 39 msec between the two
most extreme orientations, however, is not statistically
significant. The linear interaction contrast also failed to
reach significance [F(l,30) = 2.65,p >.1]. Therefore, we
do not have enough evidence to rule out discrete models.

The observed interactions seem much too small to be
consistent with interference-free temporal overlap. In
fact, all of the interference-free overlap models exam
ined predicted larger underadditivities than those ob
served (see Table 1), so we conclude that the data are in
compatible with such models.
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as a function of discrimination difficulty and orientation.

No-go trials. The subjects responded to no-go stim
uli (i.e., mirror images) on 6.1% of the trials. These er
rors occurred more frequently for upside-down stimuli
than for upright stimuli [F(2,60) = 32.27, p < .001].

Discussion
Overall, the results resemble those of Experiment 5.

As in that experiment, the orientation X discriminabil
ity interaction showed a small underadditive trend, but
the trend was not statistically reliable. Furthermore, the
interaction was again too small to be consistent with
models allowing interference-free overlap between color
discrimination and mental rotation. Apparently, then, the
difficulty ofthe response mapping used in Experiment 5
was not responsible for the lack of interference-free
overlap between color discrimination and mental rota
tion. Note that a similar conclusion was reached in Ex
periment 3 regarding the lack of interference-free over
lap between shape discrimination and mental rotation.

The size of the discriminability X orientation inter
action observed in this experiment was similar to that of
Experiment 5, although the overall discriminability ef
fect was only halfthat observed in Experiment 5 (108 vs.
216 msec). This was surprising because the experiments
required identical color discriminations. The apparent
discrepancy in the size of the discriminability effect
might be due to differences between groups of subjects
or perhaps to unintended changes in the contrast or in
tensity of the displays. More likely, however, the differ
ence is due to the nature of the S-R mappings. A pilot
experiment in which the subjects responded only to the
color of the stimuli (red vs. non-red), and therefore in
volved a simple S-R mapping, produced a discrim
inability effect of 105 msec, which lies very close to the
effect size observed in the present experiment (108 msec).
Apparently, the color discrimination is slowed when
subjects are faced with a difficult S-R mapping, perhaps
because subjects cannot optimally prepare for the color
discrimination when they must also prepare for such a
difficult mapping. Seemingly related effects have been
observed in dual-task experiments (e.g., Gottsdanker,
1979; Pashler, 1984). Gottsdanker, for instance, found
that performance on a first task is worse when subjects
expect another task to follow immediately, even on trials
in which the stimulus for the second task never comes.

GENERAL DISCUSSION

Using an additivity/underadditivity diagnostic, we
sought to determine whether mental rotation overlaps
with shape and color discriminations. Whereas discrete
stage models predict additive relations between stimulus
orientation and discriminability in the preser ' experi
ments, models allowing temporal overlap predict under
additive interactions.

Overall, the results exhibited a remarkably consistent
trend toward underadditivity. This trend is shown in Fig
ure 4, which displays discriminability effects as a func
tion of stimulus orientation for all six experiments.
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Discriminability effects consistently diminished with in
creasing orientation (in degrees from upright), suggest
ing that there is at least some temporal overlap of men
tal rotation and discrimination. The only experiment that
did not show a monotonic underadditive trend was Ex
periment 3, in which the discriminability effect was
greatest when the stimulus was nearly upside-down. So,
although the underadditivity is not large and the evi
dence of overlap from several of the individual experi
ments could perhaps be called into question, the consis
tency of the underadditivity suggests that it is genuine.
Thus, we conclude that the data as a whole indicate over
lap of discrimination and mental rotation.

Surprisingly, the amount of underadditivity did not
appear to depend upon the magnitude of the discrim
inability effect. Even though the discriminability effect
for near-upright stimuli varied from approximately 31 to
234 msec, the reduction in the effect across orientations
remained small and approximately constant, as reflected
by the similar slopes of all lines in Figure 4. Note that
this qualitative finding is inconsistent with interference
free overlap models, which predict that the size of the
underadditivity should increase with the size of the dis
criminability main effect.

The amounts of underadditivity in Experiments 1-3,
which required shape discriminations, were roughly
equal to the amounts of underadditivity in Experiments
4-6, which required color discriminations (compare the
solid and dashed lines in Figure 4). This suggests that
the amount of overlap is not influenced by the similarity
of the operations needed for mental rotation and the re
quired discrimination nor by the similarity of the types
of information being manipulated.

Because the underadditivity of orientation and dis
criminability contradicts fully discrete models of infor
mation processing, the present results suggest that the
perceptual system transmits asynchronously several out
puts about a single stimulus to later stages. That is, the
perceptual process appears to transmit some outputs
(i.e., an image used by the mental rotation process) be
fore other outputs (i.e., color and identity codes) have
been produced, at least on some trials. The results do not
indicate, however, whether this early output is itself
transmitted in discrete chunks or in a series of small
(i.e., continuous) transmissions. The present evidence of
temporal overlap is consistent with a number of studies
that have demonstrated temporal overlap of perception
and response preparation (see Miller, 1988, for a review;
see Miller & Hackley, 1992, Miller, Riehle, & Requin,
1992, and Osman et aI., 1992, for more recent exam
ples). The present results extend these findings by show
ing that mental rotation also can overlap with perception.

Although the results, overall, exhibited sufficient un
deradditivity to reject strictly discrete models ofinforma
tion processing, the amount of underadditivity tended to
be fairly small, even when the overall discriminability ef
fect was very large (see Figure 4). This finding is incom
patible with models allowing interference-free overlap of
perception and mental rotation. Because mental rotation

of upside-down stimuli takes a very long time, models
with interference-free overlap predict that even a large
discriminability effect should all but disappear for these
stimuli. Thus, interference-free overlap predicts large re
ductions in discriminability effects across orientations,
contrary to the present observations. This apparent con
tradiction was verified by computing the predicted un
deradditivity for a wide range of models allowing
interference-free overlap, as described in the Appendix. In
four of the six experiments, the observed underadditivity
was less (even allowing for sampling error) than that pre
dicted by any interference-free overlap model that we ex
amined (see Table I). The results of these experiments,
then, appear to be incompatible with models allowing
interference-free temporal overlap, including both fully
continuousmodels and the ADC model (Miller, 1982).The
latter model predicts discrete processing or interference
free overlap, depending on whether distinct codes are
used for mental rotation and perceptual discriminations,
but, without further modification, cannot be reconciled
with evidence ofpartial overlap.

Any satisfactory model must be able to explain the
presence of partial, but not interference-free, temporal
overlap between perception and mental rotation in the
present experiments. One possibility is that a probabil
ity mixture is responsible for the results, with discrete
processing on some trials and interference-free overlap
on others. Similarly, some subjects might transmit in
formation between stages discretely, while others pro
cess continuously. To account for the fact that the under
additivitydid not depend on the size ofthe discriminability
effect, these explanations would require the assumption
that the mixture probabilities depended on discrim
inability in just such a way as to leave constant the aver
age underadditive effect on mean RT. In the absence of
any direct evidence supporting this model, it seems un
likely because it requires such fortuitous changes in mix
ture probabilities.

Two more attractive explanations are based on the
idea that mental rotation and perception interfere with
one another when they operate concurrently. First, men
tal rotation and perceptual discrimination might indeed
be carried out at the same time, but substantial interfer
ence might cause each one to proceed more slowly than
it would in isolation. Such interference might result from
capacity sharing (e.g., Kahneman, 1973) or from out
come conflicts (e.g., Navon & Miller, 1987), to name
two possibilities. With the proper amount of interfer
ence, such models could presumably predict the amount
of underadditivity observed in these experiments.

Second, it is possible that mental rotation can overlap
with only a subset of perceptual operations. We will
refer to this as the central bottleneck explanation (e.g.,
Pashler, 1984; Welford, 1952), because a plausible
version of it is one in which both mental rotation and
certain perceptual operations require access to a single
channel central mechanism. According to this hypothe
sis, mental rotation overlaps with initial perceptual
encoding, which does not require the bottleneck, but
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cannot be carried out in parallel with fine perceptual
discriminations, which do require the bottleneck.

We are not aware ofany published attempts to demon
strate interference between mental rotation and percep
tion, which would clearly support our explanation of
partial overlap in terms of interference. There are, how
ever, several reports that mental rotation interferes in
some way with other difficult cognitive operations, in
cluding response selection (Ruthruff, Miller, & Lach
mann, 1995), response preparation (Band & Miller,
1994), and size-scaling operations (Bundesen, Larsen,
& Farrell, 1981). There is also evidence of interference
when two different mental rotations must be performed
simultaneously (Murray, Corballis, & Campsal1, 1992).
Collectively, these findings support the idea that mental
rotation could interfere with the simultaneous operation
of another mental process. Similarly, there is evidence
that difficult perceptual discriminations are subject to
interference among themselves (e.g., Bonnel, Stein, &
Bertucci, 1992) and with other mental processes, such as
response selection (McCann & Johnston, 1989). Given
that both mental rotation and difficult perceptual opera
tions interfere with other difficult mental operations, it
would not be surprising if they interfered with each
other. The present data are unable to discriminate be
tween the central bottleneck and capacity-limitation ex
planations of the apparent interference between percep
tion and mental rotation.

Concluding Remarks
These results provide evidence for partial overlap be

tween perception and mental rotation. Several conclu
sions can therefore be reached. First, the transmission of
information from perception to the mental rotation pro
cess is nondiscrete; instead, a preliminary perceptual
representation is passed to the mental rotation process
before all task-relevant perceptual analysis (i.e., of shape
or color) is finished. Second, mental rotation is able to
operate during some of the operations required for per
ceptual discrimination. Third, interference prevents
complete overlap ofperceptual discrimination and men
tal rotation -.This interference could be a result of occa
sional delays in the transmission of partial information
or competition between simultaneous perceptual dis
crimination and mental rotation processes (e.g., due to a
central bottleneck).
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N<YI'ES

I. Pilot experiments indicated that the time to make these perceptual
discriminations is not greatly affected by stimulus orientation, and
it is therefore unlikely that such discriminations require any mental
rotation.

2. Despite instructions emphasizing accuracy, a substantial propor
tion of subjects (roughly 15%) in these experiments failed to achieve
80% correct. These subjects have been excluded from all analyses re
ported in this article. However, we have conducted additional analyses
including these subjects and found negligible differences.

3. In all of the analyses of variance reported in this article,p values
have been adjusted using Greenhouse and Geisser's (1959) correction
where appropriate.

4. All confidence intervals reported in this article are 95% confi
dence intervals.

5. Specifically, we examined the linear decrease in discriminability
effects as a function of the average mental rotation times for each ori
entation in the easy discrimination condition.

6. When subjects initially mistake a go stimulus for a no-go stimu
lus, they eventually discover their error, because only go stimuli (i.e.,
normal versions) remain on the screen for longer than 3 sec. This may
result in a small number of unusually long RTs on go trials. Accord
ingly, we removed any RTs longer than 3 sec. Furthermore, we have
conducted additional analyses based on median RTs. The results of
these analyses were similar to those reported below based on mean
RTs, so there is no reason to believe that any of our findings were due
to outlier-based artifacts.

APPENDIX

This Appendix describes the procedures used to compute
predictions from models allowing interference-free temporal
overlap between perceptual discriminations and mental rota
tion. Our goal was to determine how large an underadditive in
teraction between discriminability and orientation such mod
els predict for Experiments 1-6, so that these predictions could
be compared with the observed amounts of underadditivity.

Interference-Free Overlap Models
A general characterization of models with interference-free

temporal overlap is shown in Figure Ala. The box labeled
"Perception" represents those processes required to uniquely
determine the shape (Experiments 1-3) or color (Experiments
4~6) ofthe stimulus letters. The box labeled "Mental Rotation"
represents not only the process used to compensate for non
upright stimulus orientation but also the process of deciding
whether the stimulus is a normal or mirror image. The random
variable To, meanwhile, represents the time required for the
processes leading up to mental rotation (e.g., determining
general shape and the direction of rotation). In this model, the
perceptual stage begins with stimulus onset, whereas the men
tal rotation stage begins some time later (To), and each pro
ceeds until it is completed (at times P and M, respectively).
Interference-free overlap implies that each process begins at
the same time and proceeds at the same rate as it would if it
were performed in isolation. In other words, there is no inter
ference between simultaneous discrimination and rotation pro
cesses, as might occur given capacity limitations or delays in
information transmission between processing stages. Once
both operations have finished, later processes (e.g., response
selection) begin, ending in the execution of a response.

The total RT for this model is equal to the maximum of the
finishing times ofperception (P) and mental rotation (M) plus
the duration of the later (L) processes:

RT = max(P, M) + L. (I)

Because the distribution of L is assumed to be the same
across all conditions of the experiments and we are concerned
solely with differences in mean RTs between conditions, we ig
nored L and simply computed max(P, M) across conditions.
Initially, we report computations in which P and M were as
sumed to be independent random variables; subsequently, we
consider the case in which they are correlated.

All experiments reported in this article involved two dis
crimination conditions factorially combined with three or four
orientations. To simplify the computations, we considered only
the two extreme orientations in each experiment (i.e., upright
and upside-down), where the predictions of interference-free
overlap are the most extreme. Thus, we computed the predicted
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the mean stage finishing times for upright letters in the easy
discrimination condition (i.e., MIl and P1I) be consistent with
data from the single-task control experiments in which subjects
performed only the stimulus identification task or the mirror/
normal task (one of these control experiments is described in
the Discussion section of Experiment I). Identification-only
control experiments revealed that the time required to make
discriminative responses based on shape or color in the present
experiments was about 500 msec. Assuming that between 200
and 400 msec of this time was due to response processes, then
at least 100 msec, but at most 300 msec, of this time was due
to discrimination processes. Across computations, therefore,
we let the mean duration of perception in the easy discrimi
nation condition (Pll ) vary from 100 to 300 msec in steps of
10 msec. Similarly, control experiments revealed that mirror/
normal responses to upright stimuli require about 850 msec. If
we subtract between 200 and 550 msec for response processes
in this mirror/normal task, then the finishing time of mental ro
tation must be between 300 and 650 msec. Therefore, we let
the mean finishing time of mental rotation for upright stimuli
in the easy discrimination condition (M11) vary from 300 to
650 msec in steps of 10 msec.

After estimating the means of Mil and PII, we estimated
the corresponding variances by assuming that each variance
was equal to the mean times a constant. (It is often observed
that the standard deviation [rather than the variance] of RTs
varies linearly with the mean [Chocholle, 1945; Myerson,
Widaman, & Hale, 1990]. We therefore conducted an addi
tional set of simulations assuming that the standard deviation
is a linear function ofthe mean. The predicted deviations from
additivity were slightly greater under these conditions [i.e.,
under this assumption, it would be easier to reject interference
free overlap models], but the differences were fairly small.)
Across all of the experiments and associated control experi
ments, the ratio ofvariance to mean ranged from 40 to 140, so
we let this parameter vary from 40 to 140 in steps of 10.

A further restriction was that the finishing time of the dis
crimination process (Pij)be independent of), the orientation of
the stimulus letter. And similarly, the finishing time of mental
rotation (Mij) was restricted to be independent of i, the diffi
culty of the discrimination process, except for certain condi
tions of Experiments 1-3, as described later. Using this restric
tion, we were able to immediately determine M21 and PI2using
the estimates of M11 and P11.

Next, we chose MI2and P21so that the means and variances
of the resulting RTijs match the experimental datain terms of
the simple main effects of orientation (RT\2 vs. RTII) and dis
criminability (RT21 vs. RT11) . For instance, if an experiment
produced a 1OO-msec discriminability effect for upright letters,
then the Mij and Pij should also produce a 100-msec discrim
inability effect. Once these estimates were obtained, we could
determine M22 and P22 by applying the restrictions described
in the previous paragraph.

One additional parameter was included in the computations
for Experiments 1-3. This parameter allowed for the possibil
ity that some aspect of the mirror/normal discrimination pro
ceeds more (or less) rapidly for visually similar letters. We in
clude this parameter because control experiments involving
only mirror/normal judgments revealed that the subjects con
sistently responded faster when the stimuli were visually sim
ilar. It might be that subjects begin rotating sooner in these
conditions, or perhaps the mirror/normal discrimination pro
ceeds more swiftly. It is important to note, however, that the
silar letters; visual similarity simply reduced RT at all orienta
tions by a constant amount. To account for this effect, we let
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interaction in a factorial experiment with two orientations and
two levels of discriminability (see Figure Al b). Werefer to the
RTs obtained in discriminability condition i and orientation)
as RTij: Therefore, the model predicts,

RTij = max(P ij , Mij). (2)

To obtain mean RTijs using Equation 2, we first needed to
assume a specific shape for the distributions ofPij and Mij. We
chose to use gamma distributions for both, because this distri
bution provides a reasonable model for a stochastic latency
mechanism (Luce, 1986) and it produces roughly the amount
of skew observed in the data. (Later in this Appendix, we de
scribe results of related computations using normal rather than
gamma distributions.)

Figure AI. Processing time diagram of an interference-free tem
poral overlap model and a hypothetical plot of reaction time as a
function of discrimination difficulty and orientation.

Estimation of Model Parameters
We first determined reasonable limits for the parameters of

the model (i.e., the means and variances of each Pij and Mij)
from the observed data and then computed predicted underad
ditivities using a large number of combinations of reasonable
parameter values. (Note that we refer to the parameters Mij and
Pijin terms of means and variances for ease of discussion. Al
though the parameters typically used to describe gamma dis
tributions do not correspond directly to means and variances,
the mean and variance uniquely determine these parameters.)
To give the model every chance of predicting underadditivities
near the observed value, the limits on parameter values were
chosen liberally-that is, we examined parameter combina
tions in which some or all of the parameters had relatively ex
treme values. Therefore, when no combination of parameter
values predicted an underadditivity of approximately the size
we observed (i.e., within sampling error of the observed
value), we could be confident that the model was inappropri
ate for that data set.

We applied several restrictions when choosing parameter
values for the gamma distributions. The first restriction was that

(a)
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the duration of the mental rotation stage for each orientation
condition (Mij) vary with the difficulty of the perceptual dis
crimination. We refer to this parameter as Moffset' where

TheCompumtionof~eanRTs

For every combination of parameter values, we determined
mean RTijs according to Equation 2 using numerical methods.
From Equation 2 and the assumption that P and M are inde
pendent, it follows that

for all}s.
In a control experiment using the stimuli of Experiment 1

but requiring only a mirror/normal judgment, response times
were 63 ± 27 msec faster when the perceptual discrimination
was difficult than when it was easy. Therefore, in Experiment 1
(and in Experiment 2, which was similar), we let Moffset vary
from 36 to 90 msec in steps of6 msec. Experiment 3, however,
employed different stimuli and a different response mapping
than did Experiments 1 or 2, and it is not clear whether the
Moffset is needed for this experiment (i.e., Moffset might be
zero). Consequently, we allowed Moffset for Experiment 3 to
take on values between 0 and 90 msec in steps of6 msec. Nat
urally, we assumed Moffset was zero for Experiments 4-6 in
volving color discriminations; visual similarity of stimulus
color should have no effect on the duration of the mirror/nor
mal discriminations.

(Manuscriptreceived July28, 1994;
revision acceptedfor publication October 17, 1994.)

overlap model was not compatible with the small underaddi
tivity observed in this experiment. The results of these com
putations for Experiments 1-6, along with the observed values
and their confidence intervals, are shown in Table 1. Note that
the interference-free overlap model could be rejected in Ex
periments 2, 3, 5, and 6 but not in Experiments 1 and 4.

Extensions ofthe Computations
Nonindependence of stage times. In the computations de

scribed above, we assumed that the durations of mental rota
tion and perception on each trial were independent, but we also
conducted additional analyses in which the durations were al
lowed to be positively or negatively correlated. These analyses
were carried out by simulation rather than computation, be
cause we could not derive the equations for the desired means
with correlated random variables.

To generate a strong positive correlation, we randomly
chose a value from one probability distribution, computed its
cumulative probability, and then found the value from the sec
ond distribution with the same cumulative probability. The
maximum ofthese two values was taken as the value ofRT for
one trial, and the same procedure was repeated for many trials.
We calculated the mean and standard deviation of these RT
values after each run of 1,000 trials, and the simulation was
stopped when the standard error of the running mean RT
was 1 msec or less. The final value of the running mean was
then taken as the estimate ofthe E[RT] for that condition. Sim
ilarly, to simulate negative correlations, we randomly chose a
value from one distribution, computed its cumulative proba
bility, and then found the value from the other distribution
with the complementary cumulative probability (i.e., one
minus the cumulative probability of the first). These two pro
cedures for generating correlated observations yield the max
imum and minimum theoretical correlations for the gamma
distribution (Whitt, 1976).

We found that positive correlations tend to increase the
predicted deviations from additivity by 10-30 msec, whereas
negative correlations tend to decrease the predicted deviations
by 5-30 msec. Because the experiments reported in this paper
tend to show smaller deviations from additivity than are pre
dicted by interference-free temporal overlap (see Experi
ments 2, 3, 5, and 6), positive correlations tend to make the
interference-free overlap model fit even worse, but negative
correlations make it fit better. However, even with the extreme
negative correlations considered here, interference-free tem
poral overlap models still predict much larger deviations from
additivity than were observed in several of the experiments.

Normal distributions. We conducted an additional set of
computations using normal, rather than gamma, distributions
of stage durations. This produced essentially the same devia
tions from additivity as the gamma distribution.

(3)

(2.1)

for all ts, where the Fs are the cumulative probability distri
butions for the random variables indicated by the subscripts.
Given that P and M were assumed to be gamma distributions
with parameter values determined by the particular combina
tion of means and variances being examined, we could com
pute Fp(t) and FM(t) and hence obtain FRT(t). This was differ
entiated numerically to obtain the probability density of RT,
fRT(t), which was then numerically integrated to obtain the
mean, E[RT].

Having computed E[RT] for each condition, we then com
puted the predicted interaction, defined as the deviation from
additivity (E[RT2Il - E[RT] Il) - (E[RT22 ] - E[RTd). These
procedures generated 83,160 predicted interactions each for
Experiments 1 and 2 (i.e., one for each combination ofparam
eter values), 133,056 for Experiment 3, and 8,316 each for Ex
periments 4-6. For each experiment, we summarized the com
putations by finding the minimum and maximum predicted
deviations from additivity and then checked to see whether the
observed interaction fell within the range of interactions com
puted from the model. For example, in Experiment 2, the min
imum and maximum predicted deviations from additivity were
113 and 162, respectively, whereas the observed deviation was
only 52 ± 39 msec. Because the observed deviation from ad
ditivity was less than that predicted by the model with any
combination ofplausible parameter values, even after allowing
for sampling error, we concluded that the interference-free




