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Rotated mirror/normal letter discriminations are 
thought to be performed by mentally rotating the stimulus 
to the upright prior to making the mirror/normal judg-
ment (Cooper & Shepard, 1973; Corballis & McLaren, 
1984; Hamm, Johnson, & Corballis, 2004). However, the 
response time (RT) function for rotated mirror/normal 
letter discriminations deviates from the linear function 
shown for other tasks thought to employ mental rotation, 
such as the same/different judgments of 3-D block figures 
(Shepard & Metzler, 1971) or left-/right-facing judgments 
of common objects (Jolicœur, 1988; Murray, 1997). The 
RT function for mirror/normal judgments of rotated let-
ters tends to be curved, rather than strictly linear, with the 
slope of the function increasing with stimulus orientation 
(Cooper & Shepard, 1973; Corballis & McLaren, 1984; 
Hamm et al., 2004; Heil, Rauch, & Hennighausen, 1998). 
This change in the relationship between stimulus orienta-
tion and RT requires explanation, given that the strictly 
linear relationship is one of the signature characteristics 
of mental rotation (Shepard & Metzler, 1971). Indeed, de-
viations from linearity have been suggested to reflect the 
influence of additional processes in some tasks (Jolicœur, 
1990) or to reflect alternative processing strategies (Mur-
ray, 1997).

To explain the curved RT function, Cooper and Shep-
ard (1973) originally suggested that mental rotation may 
be faster for more familiar stimuli and that near upright 
letters are more familiar than more inverted letters. This 
would account for the deviation from linearity during 
mirror/normal judgments, because the stimuli that are 
rotated more are rotated more slowly. However, rotated 
common objects would likewise be less familiar and left-/
right- facing judgments do not show this change in men-

tal rotation rates (Murray, 1997), which works against the 
idea that mental rotation rates may vary with respect to fa-
miliarity. Cooper and Shepard also suggested that during 
mirror/ normal letter discriminations, mental rotation may 
not be employed on every trial when the stimulus is near 
the upright. This would suggest that the mean RT com-
prises a mixture of rotation and nonrotation processes, 
with more rotated stimuli requiring a greater proportion 
of trials that employ mental rotation, which results in the 
curved RT function.

Another aspect of the RT pattern found for this task is 
that the RTs for mirror judgments tend to be longer than 
the RTs for normal ones. This was originally suggested 
as possibly reflecting participants’ tendency to prepare a 
normal response (Cooper & Shepard, 1973), which would 
result in a general RT benefit for normal responses. An 
alternative explanation is that mirror stimuli may be fully 
normalized, meaning that they are flipped after they are 
plane rotated (Hamm et al., 2004). This alternative is, in 
part, based on analysis of event-related potentials (ERPs), 
where the upright mirror–normal difference wave re-
vealed a highly similar difference component as the ERP 
marker for plane rotation (Hamm et al., 2004). In addition, 
it was shown that there was a correlation between an in-
dividual’s rate of plane rotation and the magnitude of the 
mirror–normal difference, with slow plane rotators show-
ing larger mirror–normal differences (Hamm et al., 2004). 
This relationship is consistent with the interpretation of 
the ERP data that suggests that the mirror–normal differ-
ence reflects the additional mental rotation required to flip 
the stimulus after the plane rotation has been completed.

If the deviation from pure linearity that is often found for 
rotated mirror/normal judgments of alphanumeric stimuli 
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systematic relationship between orientation and the mix-
ture proportions.

METHOD

Participants
Twenty-six participants voluntarily took part in this study. All had 

normal or corrected-to-normal vision. Although English was not 
required as a first language, all the participants were fluent readers 
of English text. Data from 2 participants were excluded from the 
analysis, due to failure to meet the performance criterion outlined 
in the Procedure section below. All the results presented are based 
on the remaining 24 participants, whose ages ranged from 18 to 
27 years (M  20.8, SD  2.4; 12 male). Twenty-one participants 
were assessed as right-handed and 3 as ambidextrous (but with a 
positive score) on the Edinburgh Handedness Inventory (Oldfield, 
1971). All procedures were approved by the University of Auckland 
Human Participants Ethics Committee.

Stimuli
The six uppercase alphabetic characters (F, G, J, L, P, and R) were 

used as stimuli and are shown in Figure 1 in their normal version. 
A chinrest was used to maintain the participants’ viewing distance 
at 57 cm from their eyes to the center of the screen. The stimuli 
shown in Figure 1 were scaled such that their vertical axis spanned 
4.8º of visual angle (when upright). Each letter was presented in 
both normal and mirror-reversed form 24 times at every orienta-
tion ranging from 0º to 330º, in 30º steps clockwise per block of 
trials. The stimuli were presented in a random order and on a color 
computer monitor with a screen resolution of 800 600 pixels. 
The letters were presented on a gray background. Response timing 
began by first synchronization with the screen refresh cycle, as sug-
gested by Heathcote (1988), and further synchronization with the 
uppermost pixel of the stimulus, using the timing routines described 
by Hamm (2001).

Procedure
Four blocks of 576 trials were conducted in which response hand 

(left or right) and response finger assignment (normal to index and 
mirror to middle or mirror to index and normal to middle) were 
counterbalanced over blocks. This resulted in each participant’s per-
forming 2,304 trials. There were four self-timed breaks within each 
block. Each block required the participant to determine whether the 
letters were normal or mirror reversed. The participants indicated 
their response by pressing a “1” or a “2” on a numeric keypad, with 
the assignment of normal and mirror to the keys depending on the 
particular block conditions. Conditions 1 and 2 required the par-
ticipants to respond with their left hand, with the keys assigned 1  
normal and 2  mirror for Condition 1. The reverse assignment was 
used for Condition 2. Conditions 3 and 4 required the participants to 
respond with their right hand, with Condition 3 assigning the keys 
as 1  normal and 2  mirror and the reverse assignment for Condi-
tion 4. Conditions were counterbalanced using a Latin square.

The entire experiment required approximately 1 h 40 min to com-
plete. The participants had the option of completing the experiment 
in one session or in two sessions of two blocks each. The range of 
completion times was from same day (11 participants) up to 1 week 
(2 participants).

is due to some trials near the upright not requiring men-
tal rotation, it is of interest to determine the relationship 
between stimulus orientation and this nonrotation route 
that appears able to perform mirror/normal judgments. 
To investigate what will be referred to as the mixture hy-
pothesis, the following three assumptions will be made. 
First, mental rotation is never required for upright stimuli, 
apart from the proposed “flip” if the stimulus is mirrored 
(Hamm et al., 2004). Second, mental rotation is always 
employed for inverted stimuli. This second assumption is 
simply stating the status quo, that rotated mirror/ normal 
letter discriminations require mental rotation in order to 
determine the facing of the character. Although this as-
sumption is not stated directly in the literature, it is im-
plied by the reporting of the effect in terms of rates of 
rotation, because assuming a mixture would then lead to 
the conclusion that the rate cannot be recovered without 
removing the nonrotation trials. The third assumption is 
that on trials in which mental rotation is not employed de-
spite the stimulus being presented in an orientation other 
than upright, the mean RT will be equal to the mean RT to 
upright stimuli. This assumption is based on the fact that 
tasks involving decisions about rotated stimuli that are 
not thought to involve mental rotation, such as letter/digit 
classification, generally show flat RT functions (Corbal-
lis & Nagourney, 1978; Corballis, Zbrodoff, Shetzer, & 
Butler, 1978; Heil, Bajric, Rosler, & Hennighausen, 1996; 
Milivojevic, Hamm, & Corballis, 2009), and so a similarly 
flat function is proposed.

From these assumptions, an individual’s rate of rota-
tion is best estimated by the difference in RTs between 
inverted and upright stimuli, since other orientations do 
not purely reflect mental rotation. This allows one to es-
timate the mean RT for trials on which mental rotation 
is employed at each orientation by linear interpolation 
(Shepard & Metzler, 1971). Using the observed RT for 
upright stimuli as the estimate for the nonrotated trials and 
the estimated RTs due to mental rotation, the proposed 
proportion of trials that employ mental rotation at each 
orientation can be recovered. For example, if a partici-
pant has a mean RT of 400 msec for upright stimuli and 
760 msec for inverted stimuli, this translates into a rate of 
rotation of 2 msec/deg [(760  400)/180]. If we observed 
a mean RT of 409 msec for stimuli rotated 30º, this is less 
than the expected time of 460 (400  2  30). By assum-
ing that 409  ( pMR  460)  (1  pMR)  400, where 
pMR is the proportion of trials on which mental rotation is 
employed, we can then simply solve for this proportion: 
pMR  .15. This would suggest that only 15% of the trials 
required mental rotation.1

Therefore, the purpose of the present experiment is to 
investigate the possibility of explaining the curved RT 
function produced during the rotated mirror/normal let-
ter discrimination task as resulting from the mixture of 
trials on which mental rotation is and is not employed. 
The mixture hypothesis will be used as the basis for esti-
mating the proportions for each of these types of trials at 
each orientation to determine at what degree of rotation 
from the upright mental rotation appears to be consis-
tently employed and to determine whether there is any 

Figure 1. Normal version of letters used as stimuli in the pres-
ent study.



208    KUNG AND HAMM

a relationship between participants’ mental rotation rates 
and the magnitudes of their mirror–normal letter differ-
ence. To test this, each participant’s mental rotation rate 
was estimated as the mean difference between upright 
and inverted stimuli, collapsed over mirror and normal, 
divided by 180 to give a millisecond/degree measure of 
rate (MRrate). This was used as the predictor of the partici-
pant’s mean mirror–normal difference (MNdiff) collapsed 
over orientation. A significant positive relationship was 
found [r2  .34; F(1,22)  11.42, p  .05; the regression 
equation that results is MNdiff  52.39 MRrate  20.37], 
indicating that the participants with slower rates of rotation 
also tended to have a bigger mirror–normal difference. 
Neither the participants’ mental rotation rate nor their 
mirror–normal difference was significantly correlated to 
their mean RTs for upright normal letters (both ps  .10), 
which was used as an index of general processing effi-
ciency (Hamm et al., 2004). This replicates the findings of 
a similar relationship found in the behavioral data reported 
in a previous EEG study (Hamm et al., 2004).

A similar two-way ANOVA was performed on response 
accuracies, which are shown in Figure 2B. Nothing was 
found to indicate that any of the findings above were due 
to speed–accuracy trade-offs. The main effect for charac-
ter facing did not reach significance [F(1,23)  0.65, p  
.05]. There was a significant main effect for orientation 
[F(11,253)  19.73, p  .05], for which only the contrasts 
comparing 120º with 240º [F(1,23)  4.71, p  .05] and 
150º with 210º [F(1,23)  6.68, p  .05] and the lin-
ear [F(1,23)  56.36, p  .05] and quadratic [F(1,23)  
19.73, p  .05] trends reached significance. There was a 
significant interaction between character facing and ori-
entation [F(11,253)  3.29, p  .05], for which only the 
contrasts testing for the interaction of character facing 
and the linear [F(1,23)  6.65, p  .05] and quadratic 
[F(1,23)  6.26, p  .05] trends reached significance.

Proportions of Trials on Which Mental Rotation 
Was and Was Not Employed

The estimated proportions of trials on which mental ro-
tation was thought to have been employed were calculated, 
with the assumption that the proportion would be 0 for 
upright stimuli and 1 for inverted stimuli (100% mental 
rotation). Because of the interaction found between mirror 
and normal stimuli and the linear trend for orientation, the 
rates of rotation were calculated separately for mirror and 
normal stimuli. Rates of rotation were estimated from the 
corresponding difference in RTs between upright and in-
verted stimuli, rather than from slopes of regression lines, 
to avoid any relationship between the estimate of the rate 
of rotation and the data under examination. Because pro-
portions for 0º and 180º were 0 and 1 by definition, only 
the values at the intermediate orientations were free to 
vary. The proportions were estimated for each participant 
for statistical analysis.

A three-way within-subjects ANOVA was performed 
on the proportion of rotation values, with character fac-
ing (2), direction from upright (2; clockwise vs. coun-
terclockwise), and orientation (5; 30º–150º) as factors. 
Planned contrasts were used to perform a complete trend 

The inclusion criterion for the analysis required the participant to 
reach a performance level of at least 85% correct overall, with no in-
dividual cell of the design (hand finger orientation character 
facing) being less than 60% correct.

RESULTS

Note that in all the figures, the data presented at 360º 
are duplicated from the 0º data and are included only to 
aid the visual assessment of symmetry, but the actual data 
are entered into the analysis only once.

Mean RT
Mean RTs were calculated for correct responses only, 

and outliers were removed using a sliding criterion to 
avoid bias (Van Selst & Jolicœur, 1994). In a preliminary 
analysis, the mean RTs were analyzed in a five-way mixed 
factor ANOVA, with gender (2), character facing (2), 
hand (2), finger (2), and orientation (12) as factors. 
Planned contrasts were used to test for symmetry in the 
orientation effect by comparing 30º with 330º, 60º with 
300º, 90º with 270º, 120º with 240º, and 150º with 210º 
of clockwise rotation, with an additional six contrasts 
employed to perform a complete trend analysis and test 
for a linear through sixth-order trend component between 
0º and 180º and combining clockwise with counterclock-
wise orientations. This analysis indicated a main effect 
of response finger, with the index finger (777 msec) pro-
ducing shorter RTs than did the middle finger [793 msec; 
F(1,22)  7.43, p  .05]. However, this effect of finger 
did not interact with any other factor. There was no ef-
fect of hand or gender, and no interactions involved these 
factors, apart from an interaction between gender and 
the fifth-order trend component of the orientation factor 
[F(1,22)  5.66, p  .05]. Since this higher order trend 
component currently has no known theoretical interest, it 
will not be discussed further.

On the basis of the preliminary analysis, the mean RT 
data were collapsed and analyzed in a two-way within-
subjects ANOVA, with character facing (2) and orienta-
tion (12) as factors. The same set of contrasts was used 
to examine the orientation factor. The mean RTs may be 
seen in Figure 2A.

This analysis resulted in a significant main effect for 
character facing [F(1,23)  84.55, p  .05], with normal 
letters (716 msec) responded to more quickly than mirror 
letters (854 msec). There was a significant main effect 
for orientation [F(11,253)  99.08, p  .05], for which 
only the contrasts testing for linear [F(1,23)  198.50, 
p  .05], quadratic [F(1,23)  59.12, p  .05], and cubic 
[F(1,23)  11.59, p  .05] trends reached significance. 
The interaction between character facing and orientation 
reached significance [F(11,253)  2.32, p  .05]. The 
contrasts indicated a significant interaction between char-
acter facing and the test for symmetry between 30º and 
300º [F(1,23)  4.58, p  .05] and an interaction in the 
linear trends [F(1,23)  7.92, p  .05].

If the difference between the RTs to mirror and normal 
letters is due to an additional flip after, or near completion 
of, the plane rotation (Hamm et al., 2004), there should be 
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ulus’s orientation away from upright. This would suggest 
that, under the present experimental conditions at least, 
pMR  /180, where  is the orientation of the stimulus in 
degrees from the upright. Therefore, the mean RT can be 
modeled as a simple weighted average between the nonro-
tation trials, with a mean equal to that of the upright con-
dition, and the rotation trials, with a mean RT estimated 
on the basis of the assumption of a linear increase in the 
RT between 0º and 180º. In other words, RT(predicted)  
pMR(RT(MR))  (1  pMR)(RT(~MR)). Where RT(predicted) 
is the expected mean RT based on the modeled mixture, 
pMR is the proportions of trials on which mental rotation 
is thought to have been employed ( /180), RT(~MR) is the 
RT when the stimulus is at 0º using separate values for the 
mirror and normal conditions, and RT(MR) is the expected 
RT if mental rotation was used on every trial, again spe-
cific to mirror and normal conditions in order to capture 
the current interaction. These predicted RTs for mental 
rotation are based on the assumption that mental rotation 
does not behave differently when letters are employed 

analysis and to test for the linear through fourth-order 
trend components. The only significant result was a main 
effect for orientation [F(4,92)  20.37, p  .05], for which 
only the contrast testing the linear trend reached signifi-
cance [F(1,23)  30.57, p  .05]. Examinations of the 
proportions of mental rotation trials, shown in Figure 3, 
suggested that mental rotation may have been employed 
in proportion to the degree to which the stimulus was in-
verted. This relationship converts orientation to propor-
tional inversion as stimulus angle divided by 180, which is 
represented in Figure 3 by the dashed line and is reflected 
in the values of the y-axis. Proportions calculated for each 
of the individual letter stimuli did not reveal any system-
atic differences between the characters, with the presented 
proportions representative across the stimulus set.

Estimating Rotated Mirror and Normal RTs 
From Mean Upright and Inverted RTs

The proportion of trials on which mental rotation ( pMR) 
was employed increases linearly as a function of the stim-
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range of reductions was between 59% (Participant 13) 
and 92% (Participants 7, 19, and 21). As a comparison, a 
purely linear version of the model was evaluated by set-
ting pMR  1 for all orientations, rather than pMR  /180. 
This resulted in only a 51% reduction in the variability 
from the mean, with 1 participant (Participant 12) show-
ing this to be an even poorer fit than the mean alone. This 
analysis suggests that the model extracted from the grand 
average data, even though it does not model the interac-
tion, provides good estimates for individual participant 
performance. Interestingly, 4 participants (2, 8, 10, and 
20) did show better fits for the purely linear model than 
for the proposed mixture, suggesting the possibility of in-
dividual differences with respect to the process that allows 
for these decisions to be made without resorting to mental 
rotation (see Table A1 in the Appendix for a complete list-
ing of fits for both models).

DISCUSSION

As is typical for rotated mirror/normal letter discrimi-
nations, this study showed that the RT was consistently 
shorter for normal letters than for mirror-reversed letters 
(Cooper & Shepard, 1973). The increase in RTs as angular 
displacement of letters from the upright increased pro-
duced a concave function, which is also consistent with 
prior reports (e.g., Cooper & Shepard, 1973; Corballis & 
McMaster, 1996; Hamm et al., 2004; Heil et al., 1998). By 
starting with the assumption that mental rotation should 
produce an RT function that is purely linear as a function 
of stimulus orientation (Shepard & Metzler, 1971) but that 
the response may be determined on some proportion of 
trials without resorting to mental rotation, it was possible 

as stimuli than when other stimulus categories are used, 
meaning that it should produce a linear increase in RT. 
These predicted mixture values were calculated for every 
participant and then averaged and compared with the ob-
served data. Figure 4A shows the model curves, with the 
actual data points plotted for comparison.

The interaction between facing and orientation has typ-
ically not been shown in the literature (Cooper & Shepard, 
1973; Corballis & McLaren, 1984; Hamm et al., 2004). 
Therefore, rather than fit the data on the basis of separate 
rates of rotation for mirror and normal stimuli as above, 
a common rate can be used by collapsing over mirror and 
normal and using the difference between the RTs ob-
served at 180º and 0º. In addition, a common baseline RT 
(RT(~MR)) can be estimated from the average RT at 0º. In 
order to recover the separation between mirror and normal 
RTs, the resulting curve is then shifted up or down. The 
magnitude of the shift is obtained by estimating the mirror 
normal difference (MNdiff) on the basis of an individual’s 
rate of rotation (MRrate), using the regression equation ob-
tained earlier: MNdiff  52.39 MRrate  20.37. Figure 4B 
shows the average predicted curves after using a partici-
pant’s mean RT at 180º and 0º collapsed over mirror and 
normal conditions to provide a single rate of rotation to 
calculate the RTs for mental rotation trials and to predict 
their mirror–normal difference. The error bars represent 
the 95% confidence intervals based on the variability of 
the model predictions.2

As a measure of fit, the sum of squared deviations about 
the participant’s grand mean was compared with the sum 
of squared deviations about the noninteraction model pre-
dicted values (plots shown in the Appendix). The average 
reduction in the sum of squared deviations was 81%. The 
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vious findings and suggests that the mirror–normal dif-
ference may reflect a flipping of the stimulus to fully nor-
malize it (Hamm et al., 2004). With images of common 
objects, it appears that a 180º flip may be faster than a 180º 
spin (Murray, 1997).

On the basis of these findings, an individual’s entire 
RT function can be modeled from two data points: their 
mean RTs for upright and inverted stimuli collapsed over 
mirror and normal trials. From these two data points, one 
can calculate a rate of rotation as being (Rt180  Rt0)/180 
and can use Rt0 as a baseline value. The orientation curve 
is then calculated by Rt   /180  [Rt0    (Rt180  
Rt0)/180]  (1  /180)  Rt0, where  indicates the orien-
tation of the stimulus in degrees away from upright (0º  
180º), Rt  is the predicted RT at the given orientation, and 
Rt0 and Rt180 are the mean RTs at 0º and 180º, respec-

to estimate the proportion of trials on which mental rota-
tion might have been employed. It was expected that this 
estimation procedure would indicate at what orientation 
mental rotation was consistently employed. However, it 
appeared that mental rotation was not consistently used, 
except perhaps for inverted stimuli. It should be pointed 
out that the latter point was not tested in this investigation 
but was one of the underlying starting assumptions. The 
relationship suggested that in the rotated mirror/normal 
letter task, the curvilinear RT function may arise due to the 
combination of a linear increase in RT for trials on which 
mental rotation is employed and a linear increase in the 
proportion of trials that require mental rotation.

In addition, the relationship between an individual’s 
rate of plane rotation was correlated with the magnitude 
of their mirror–normal RT difference. This replicates pre-
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be seen in the Appendix. To fit the interaction, different 
rates of rotation can be used in the modeling of RTs for 
the mental rotation trials by using   (Rt180N  Rt0N)/180 
and   (Rt180M  Rt0M)/180 for normal and mirror trials, 
respectively. Note that the RTs collapsed across mirror 
and normal trials should still be used when estimating the 
mirror–normal difference. Interestingly, the 4 participants 
who were best fit by a linear model also show little evi-
dence for the interaction between orientation and charac-
ter facing shown by the remaining 20 participants. This 
hints at the possibility that those who consistently use 
mental rotation to correct the plane rotation may also tend 
to consistently flip (Hamm et al., 2004).

In order to examine how well this model fits group data 
other than those from which it was derived, the RT data 
from Cooper and Shepard’s (1973) Figure 1, condition N 
(no advance warning), were extracted and the upright– 
inverted difference was used to estimate the RT function 
expected. The predicted curve and the observed data (only 
the normal data are available from their figure) can be 
seen in Figure 5.

To summarize, the present results and analyses suggest 
that the impact of mental rotation on response latencies 
is linear during the mirror/normal letter discrimination 
task, despite the fact that the mean RTs show a curvilinear 
function. The deviation from linearity can be explained 
by a linear increase in the proportion of trials that require 
mental rotation in order to determine the correct response. 
In addition, the relationship between an individual’s rate 
of plane rotation is related to the magnitude of the mirror–
normal difference, replicating the behavioral findings re-
ported in a previous EEG study (Hamm et al., 2004).

The following question remains, however: What is it 
about the mirror/normal letter task that allows for the re-
sponse to be determined without resorting to mental rota-
tion? The proposed model is based on the premise that 
mental rotation acts with the same properties on letters as 
it does on other types of stimuli, in that the transformation 
is proposed to occur at a constant speed regardless of the 
orientation of the stimulus. What is it about alphanumeric 
stimuli that allows for the nonrotation process to provide 

tively. Therefore, the term [Rt0    (Rt180  Rt0)/180] 
simply calculates the predicted RT based on mental rota-
tion manifesting as a linear increase in RTs between 0º 
and 180º. The term /180 indicates the proportion of the 
trials on which mental rotation is thought to occur. This 
proportion also increases as a linear function of stimulus 
orientation (see Figure 3). The term (1  /180) reflects 
the remaining proportion of trials on which the discrimi-
nation is made without mental rotation. These nonrotation 
trials are assumed to have a mean RT similar to that of the 
upright stimuli.

Because the orientation curve above is calculated using 
RTs collapsed over mirror and normal conditions, it does 
not take into account the mirror/normal effect. Although 
the present study reports a significant interaction between 
orientation and character facing, this interaction has rarely 
been replicated in the literature. However, when such inter-
actions have been reported, it appears to have taken the form 
of reduced effects of orientation for mirrored stimuli (Dun-
combe, Bradshaw, Iansek, & Phillips, 1994). If the mirror– 
normal difference reflects an out-of-plane flip (Hamm 
et al., 2004), such a flip may cascade (McClelland, 1979) 
with the plane rotation, which would reduce the mirror–
normal difference at the more extreme orientations. Until 
it becomes clear under what circumstances this interaction 
occurs, one can model rotated mirror/normal letter discrim-
ination under the assumption of no orientation character 
facing interaction. To model the situation in which there is 
no interaction, the orientation RT function above can then 
be shifted up and down by a constant amount. The amount 
of the shift is one half of the predicted mirror–normal dif-
ference, which is calculated as MNdiff  52.39  [(Rt180 
Rt0)/180)]  20.37. Therefore, the RT curves for normal 
trials are modeled by the equation Rt   { /180  [Rt0  

  (Rt180  Rt0)/180]}  [(1  /180)  Rt0]  {52.39  
[(Rt180  Rt0)/180]  20.37}/2, whereas the RT curves for 
mirrored trials are modeled by the equation Rt   { /180  
[Rt0    (Rt180  Rt0)/180]}  [(1  /180)  Rt0]  
{52.39  [(Rt180  Rt0)/180]  20.37}/2.

This noninteraction model was used to fit curves to 
each of the individual participants’ data, and these fits can 

Cooper & Shepard, 1973; Figure 1
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derived from the model employed in the present study, as a function of stimulus orien-
tation in response to mirrored and normal stimuli.
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knowing the current orientation and the normal upright are 
thought to be necessary priors in order to mentally rotate a 
stimulus through the shortest angular distance (Corballis, 
1988). Knowing the current orientation suggests that the 
top– bottom axis has been determined and polarized into 
top and bottom. Locating and polarizing the horizontal axis 
would likewise be sufficient to determine the rotational 
transformation (Corballis & McLaren, 1984), although 
having only this information appears to negate the use of 
the proposed nonrotational process.

In order to facilitate future investigations, the following 
is proposed as a theoretical starting point with respect to 
the nonrotation process that is suggested to be involved. 
Discrimination between mirror and normal versions of a 
letter requires determining whether features of the letter 
occur with the correct polarity along the horizontal axis 
of the letter. Using the letter R as an example, if the curve 
and diagonal leg are determined to be toward the right 
horizontal pole, the stimulus is determined to be normal. 
Mental rotation has been proposed to be required in order 
to align an image of the stimulus with a viewer-centered 
coordinate system that defines left and right. However, if 
it were possible to determine horizontal polarity without 
performing the imagined rotation, mental rotation would 
become unnecessary, and the proposed flat RT function of 
the nonrotation process would be the result. A nonrotation 
process that allows for this horizontal axis polarization 
should also become increasingly less efficient as the letter 
is rotated away from the upright.

In order to perform mental rotation, the following infor-
mation is generally thought to be available. First, prior to 
mental rotation, the letter is identified (Cooper & Shep-
ard, 1973; Corballis, 1988; Heil et al., 1996; Milivojevic 
et al., 2009), which allows for determining the orientation 
in which the stimulus is presented and the normal upright 
orientation allowing for the shortest direction for mental 
rotation to be determined. All that remains is to polarize 
the letter’s horizontal axis. Mental rotation of the stimulus 
to the upright polarizes the horizontal axis into left and 
right, by comparison with the viewer-centered coordinate 
system.

However, it is here suggested that the information 
above may be used to polarize the horizontal axis with-
out actually performing the rotation. Imagine the capi-
tal letter R, normal version, rotated counterclockwise to 
any orientation less than 180º. To bring it to the upright 
requires executing a clockwise rotation. The rotational 
vector of the top pole of the R indicates a movement di-
rection from the upright vertical leg of the R toward the 
curve and diagonal leg of the R, which corresponds to a 
left-to-right movement in upright terms. The bottom pole 
would likewise move right to left. Similarly, if the R were 
presented rotated clockwise, the required direction of 
mental rotation would be counterclockwise, reversing the 
direction, producing a right-to-left code for the top pole 
in upright terms. In other words, the pole of the horizontal 
axis toward which the top pole moves could be coded as 
“right” or “left” by preparing, but not actually perform-
ing, a clockwise or counterclockwise rotation. When the 
stimulus is rotated 180º, the vertical axis of the object is 

the correct response? One possibility may have to do with 
the ease of determining the polarity of the horizontal and 
vertical axes.

Corballis and McLaren (1984) required participants to 
make discriminations between vertically symmetric (i.e., 
b or d? p or q?) or horizontally symmetric (i.e., b or p? 
d or q?) pairs. In one of their reported experiments (E3), a 
set of nonverbal (nonletter) stimuli with these characteris-
tics were also employed. The nonverbal stimuli were very 
similar to the letters (a vertical rectangle with a dot beside 
it, rather than a line with a circle attached to the side). The 
RT data were extracted from their Figures 1 and 3 and 
were collapsed between the verbal and nonverbal stimulus 
conditions, and then the averaged data were used to de-
termine the proportion of trials on which it was estimated 
that mental rotation was employed (see Figure 6). It ap-
pears that when the discrimination involves differentiating 
between horizontally symmetric stimuli (b vs. p or d vs. q), 
mental rotation is employed consistently. However, when 
the discrimination involves vertically symmetric stimuli, 
as in mirror/normal letter discriminations, mental rotation 
appears to be employed less frequently as a function of 
the stimulus orientation. When stimulus pairs are horizon-
tally symmetric, such as p versus b (or d vs. q), the polar-
ity of the top–bottom axis cannot be readily determined, 
whereas a b versus d or a p versus q discrimination allows 
easy determination of the polarity of the top–bottom axis. 
Therefore, it may be that whatever process is employed 
that allows for mirror/normal discriminations to be made 
without mental rotation requires rapid determination of 
the location and the polarity of the vertical axis of the 
stimulus.

In a mirror/normal letter discrimination task, normal 
and mirrored versions of the same letter are always ver-
tically symmetric pairs. In addition, each letter is easily 
identified without use of mental rotation (Heil et al., 1996; 
Milivojevic et al., 2009); therefore, one could determine the 
orientation of the stimulus prior to mental rotation. In fact, 
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Figure 6. Proportions of trials on which it was estimated that 
mental rotation was employed, from data extracted from Corbal-
lis and McLaren’s (1984) study.
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may not aid left-/right-facing decisions involving other 
common objects, because the long-term representations 
for those items would, presumably, code their horizontal 
axis in “front/back” terms, rather than left/right terms, and 
the left-/right-facing task may force comparison with the 
viewer-centered reference frame. Interestingly, direction 
of rotation does appear to produce response compatibil-
ity effects in left-/right-facing judgments with common 
objects (Jolicœur, 1988) when the RT functions for the 
separate responses are examined.

Finally, it appears that although clockwise and coun-
terclockwise directions may be able to code for the left 
and right poles of the horizontal axis, these directions of 
the horizontal axis do not appear to code the vertical axis 
into top and bottom. This is indicated by the finding above 
that stimuli with symmetry about the horizontal axis, such 
as b and p (Corballis & McLaren, 1984), appear to con-
sistently require mental rotation in order to polarize the 
vertical axis. This suggests that rotational direction has 
a greater correspondence to horizontal directions than to 
vertical directions.

In summary, it appears that the RTs for rotated mirror/ 
normal letter discriminations can be modeled by the com-
bination of three components. The first component is 
the mean RT on those trials that require mental rotation, 
which produces a linear increase in RT as a function of the 
orientation of the stimulus. The proportion of trials that 
require mental rotation appears to be in direct proportion 
to the degree to which the stimulus is inverted. The second 
component is a nonrotation method of response determi-
nation, suggested to be based on the codes applied to the 
horizontal axis by determining whether either a clockwise 
or a counterclockwise transformation is required. What 
influences the mixture ratio between these two processing 
routes, what manipulations may benefit or penalize the 
nonrotation process, and whether these two processes op-
erate serially or in parallel remain to be determined. The 
third and final component to the RT is the mirror–normal 
difference, which appears to be related to an individual’s 
mental rotation rate. This relationship is consistent with 
the notion that this difference reflects an out-of-plane flip 
of the stimulus item (Hamm et al., 2004).

In closing, it should be noted that the possibility of a 
second orientation-sensitive process other than mental 
rotation being involved in rotated mirror/normal letter 
discriminations has obvious implications for the interpre-
tation of orientation effects found in brain-imaging data. 
Which linear effect is being measured? Do the linear ef-
fects of orientation found during brain imaging reflect the 
prolonged engagement of mental rotation as a process, 
the proportion of times that mental rotation is employed, 
or perhaps the increase in conflict between incompatible 
spatial codes that leads to the increased failure rate of the 
proposed nonrotation route?
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aligned with the environmental vertical, but with opposite 
polarity. This alignment of the vertical axes may allow for 
a random direction of rotation to be assigned. Moreover, 
since this alignment of the vertical axes also occurs for 
the upright, even upright presentations may have a ran-
dom direction assigned, even though the magnitude of the 
required rotation would be zero, and so this nonrotation 
process could be operating at all orientations and would 
produce an orientation-independent RT function. This 
suggested process dovetails nicely with one of the origi-
nal assumptions that was made when starting out on this 
investigation—namely, that the nonrotation process would 
produce a flat function with a mean RT equal to the mean 
of the upright condition.

Why, then, is mental rotation required at all, and why 
is it more necessary as the letters are presented at more 
extreme orientations? To provide a resolution to this issue, 
it is suggested that as the letter is rotated further from the 
upright, the polarity as defined by the rotational direction 
information above conflicts with the left/right codes that 
are produced by the viewer-centered coordinate system, 
meaning that when a normal version of R is rotated 180º, 
the curve is actually on the viewer’s left, whereas for a nor-
mal upright R, the curve is on the viewer’s right. Although 
preparation for rotation in either direction could polarize 
the axis to assign the curve to the right side, the viewer-
centered coordinate system is coding it as left, creating 
maximal interference or spatial conflict. On the basis of 
the analysis, the need to resolve this conflict between the 
proposed spatial codes appears to be in proportion to the 
strength of the conflict, which itself increases as the axes 
increase in their misalignment. Again, this dovetails nicely 
with another of the initial assumptions, which is that men-
tal rotation would always be required for 180º presenta-
tions. However, maximal interference does not necessarily 
lead to the conclusion that resolving the conflict must be 
performed 100% of the time, and so the proposal can only 
be considered as tentatively supporting this assumption.

Under the present model, mental rotation is employed to 
resolve the conflict between the rotation-direction-induced 
polarity codes and the spatial codes of the viewer-centered 
coordinate system. Mental rotation would achieve this 
resolution by bringing the two codes into alignment, and 
it may be that mental rotation is necessary to do this, and 
not a double-check optional procedure, if the two codes 
are effectively canceling the polarization of the horizontal 
axis. Similar spatial compatibility effects operating as a 
function of stimulus orientation have been suggested to 
be at play in other tasks (Light & Hamm, 2008). It also 
may be that conflict between the letter parts for a mirror 
stimulus conflict with the spatial coding of the long-term 
normal, a conflict that is resolved by the proposed out-of-
plane flip (Hamm et al., 2004).

In short, it may be that the direction of required rotation 
acts as the source of information that allows for the po-
larization of the horizontal axis without requiring mental 
rotation. It may be that the direction of rotation informa-
tion is able to benefit alphanumeric stimuli because of 
the importance of left and right with respect to the long-
term representations of those characters. This process 
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NOTES

1. The proposed calculation of proportions takes advantage of the 
property of the arithmetic mean that if one combines the scores from 
two distributions, the arithmetic mean of the combined distribution will 
be the weighted means of the two individual distributions, regardless of 
the shape of those distributions. This does not apply to other measures of 
central tendency, such as the median, the geometric mean (nth root of the 
product of n scores), or the harmonic mean (the reciprocal of the mean 
of the reciprocal of the scores).

2. Note that the curved function is found in all blocks, including the 
first, and so does not appear to be a result of practice. Moreover, the 
model proposed produces a good fit for all individual blocks, suggesting 
there was no change in the proportions that make up the mixture over the 
course of the experiment.

this article should be addressed J. P. Hamm, Research Centre for Cogni-
tive Neuroscience, Department of Psychology, University of Auckland, 
City Campus, Private Bag 92019, Auckland, New Zealand 1142 (e-mail: 
j.hamm@auckland.ac.nz).
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APPENDIX

Table A1 
Fits for Linear and Mixture Models

SS % Reduction

Participant 
Number

  
SS Mean

 Linear 
Model

 Mixture 
Model

 Linear 
Model

 Mixture 
Model

1 369,181 133,889 41,286 64 89
2 240,699 31,332 61,117 87 75
3 335,656 218,330 55,134 35 84
4 200,125 149,487 40,260 25 80
5 636,355 366,096 102,344 42 84
6 374,075 164,690 97,580 56 74
7 233,633 42,444 18,132 82 92
8 864,194 69,503 158,137 92 82
9 767,322 286,623 138,223 63 82

10 1,048,030 80,398 239,197 92 77
11 448,419 153,073 54,881 66 88
12 788,663 894,822 296,660 13 62
13 149,867 145,795 61,251 3 59
14 1,922,072 1,050,104 261,110 45 86
15 326,021 132,082 58,619 59 82
16 526,024 265,846 83,008 49 84
17 568,681 170,937 48,230 70 92
18 1,794,759 772,015 484,039 57 73
19 1,085,594 320,164 117,696 71 89
20 640,646 143,852 155,053 78 76
21 456,833 219,899 35,797 52 92
22 296,689 191,157 42,883 36 86
23 168,239 53,783 37,066 68 78
24 602,303 539,486 174,353 10 71

Note—The sum of squared deviations (SSs) from a participant’s grand 
mean (column 2), from a model that fits only a linear estimation of the 
orientation effect (column 3), and from the mixture model (column 4). Col-
umns 5 and 6 present the models’ effectiveness at predicting individual 
participant performance as a percentage of the reduction of the deviation 
about the mean, with boldface values highlighting the better fit. The itali-
cized negative value for Participant 12 highlights the fact that the models 
could potentially increase the variance relative to the mean (a negative im-
provement). Both the linear and mixture models estimate the mirror normal 
difference on the basis of rotation rates and do not model the interaction. 
Participants 1–12 are male; 13–24 are female.

The following figures show the observed mean RTs in milliseconds for normal (filled circles) and mir-
rored (open squares) trials for all the participants as a function of the orientation of the letter in degrees 
clockwise from the upright (30º steps). Solid lines show the model predictions for normal trials, and 
dashed lines show the model predictions for mirrored trials. The presented model curves do not model the 
observed facing orientation interaction but use a common rate of rotation for both mirror and normal 
predictions for the proportion of trials thought to require mental rotation. The separation between mirror 
and normal trials is also estimated from this rate of rotation.
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