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The influence of long-term practice on mental rotation of 3-D objects
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We evaluated the influence of long-term practice on the performance of a mental rotation task in which subjects judged whether two 3-D objects
presented in different orientations were identical. Stimuli and experimental conditions were analogous to those used by Shepard and Metzler.
Sixteen subjects were selected, to test the influence of aptitude for mental imagery on this learning process. Subjects participed in 12 to 15
sessions over 6 weeks. Two catalogues of different stimuli were alternatively used during three (or six) consecutive sessions to determine the
influence of complexity and familiarity of figures. For all subjects, the inverse of the velocity of mental rotation along the sessions was adequately
fitted by a decreasing exponential curve. However, evidence for mental rotation did not disappear, even after 15 sessions. Asymptotic variations
can be attributed to differences in stimuli as well as imaging skills of subjects. Our results lead to a new interpretation of the mental rotation

process.

INTRODUCTION

The paradigm of mental rotation, as introduced by
Shepard and Metzler?’, gives insight into the processes
of image representations and manipulations. This is a
paradigm in which subjects were asked to determine
whether two figures displayed in different orientations
were identical or not. Subjects were simultaneously
shown pairs of images with different orientations, which
had been constructed from five rigid 3-D structures
and their enantiomorphs (mirror-reflected images). The
subjects’ response times (RT) were linearly related to
the difference in orientation (OD), giving support to
the hypothesis that they mentally rotate the stimulus in
this identification process.

Since then, many experiments of this type have been
performed under a variety of conditions (i.e. different
stimuli, different modes of presentation) leading to
specific RT-OD functions that often reproduce this
linearity. Nevertheless, the experiments concerned with
specific influence of practice on this mental rotation
process have produced some conflicting results.

In the initial experiment by Shepard and Metzler?,
subjects were presented with 320 pairs of images in one
continuous session. In a study of practice effect, Metz-

* Corrzsponding author. Fax: (33) | 43 54 16 53.

SSDI (926-6410(93)E0020-G

ler?!, using a single 3-D object (and its enantiomorph)
found a constant rate of mental rotation over 1728
trials. On the other hand, with seven blocks of 72 trials
(with no rest period between consecutive blocks) using
two basic objects, Kaushall and Parsons'® obtained
response times which were unrelated to the difference
in orientation by the time the seventh block was
reached. This suggests that subjects no longer used
mental rotation after practice. In the latter experiment,
the two shapes were successively presented, the “first
one always corresponded to a ‘standard object’ in a
constant orientation. Subjects were informed of this
fact but not of the strategy to be used. The introduc-
tion of a new but similar object within the fifth block
had no effect on the slope of the RT-OD function. The
authors, however, gave no description of the difference
between the new and old objects.

Using 2-D matrices of black and white squares,
Bethell-Fox and Shepard?® observed response times that
remained dependent on the rotation angle with prac-
tice but became independent of the complexity of
stimuli, as defined by the ‘number of perceptually
distinct pieces’ in their 3 X 3 grid stimuli. The intro-
duction of new shapes showed a mental rotation rate
that was complexity dependent, but this effect also
disappeared with time. These variable results may be
explained by different experimental conditions such as
the type (nature, familiarity, complexity) of stimuli,
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their number, or their presentation mode. This latter
consideration can lead to possible memorisation of the
stimuli and reduction in the need for mental rotation™.
According to Steiger and Yuille™, the complexity de-
pendence of the mental rotation process was a key
argument for rejecting Shepard and Metzler’s hypothe-
sis?’.

Yet, none of these previous experiments were based
on long-term training with an appropriate number of
stimuli that would impede an easy memorisation.

We investigated this effect of practice on mental
rotation in a set of experiments similar to that carried
out by Shepard and Metzler?. We used identical or
mirror-reflected pairs of 3-D objects which were simul-
taneously and randomly presented to subjects. Our
purposc was to study: (i) if therc was an influence of
practice, and if so, (ii) the characteristics of this train-
ing (the evolution of the parameters of the RT-OD
function), (iii) the stimulus dependence on this prac-
tice, and since these stimuli were grouped in two sets,
the set dependence on this practice.

A fundamental feature of our experiment is that our
procedure could hardly allow a direct memorisation of
stimuli.

In addition to issues of practice, differences be-
tween individual aptitudes for performing mental rota-
tion have been reported. These differences may be
attributed to general abilities in spatial viewing and to
differing processing strategies'*?. A differential ap-
proach to human image processing based on moduli of
mental image treatment was proposed by Kosslyn'” and
refined by Kosslyn and Jolicoeur!” and Schwartz and
Kosslyn?’. These authors suggest that the manipulation
of mental images requires, for example, firstly the
activation of the image in a visual buffer (called ‘pic-
ture” modulus by the authors), then its retention in this
visual buffer (‘regenerate’ modulus), its mental scan-
ning (‘scan’ modulus) or its mental rotation (‘rotate’
modulus). The performance of a subject in a task
involving mental imagery will depend on performance
related to each modulus. Denis’, giving support to this
theory, has recently provided a definition of ‘good
imagers’ as those who possess the following character-
istics: (i) specific abilities in the functionally independ-
ent moduli of human image processing, (ii) the ability
to identify situations in which imagery seems to be
useful, and (iii) a preference for using mental imagery
to solve certain tasks.

Tapley and Briden?? noted a gender difference re-
sulting in lower performance for mental rotation for
female subjects. Richardson?*, however, showed that
this difference disappears as the educational level of
the subject increases. We tested whether differences in
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Fig. 1. Classification of subjects according to their scores for the

paper Mental Rotation Test. The subjects can be divided into two

groups. Subjects with high scores, more than 14, are classified as

‘good’ imagers and subjects with scores lower than 12 are classified
as ‘poor’ imagers.

the performance during practice of mental rotation
between ‘poor imagers’ and ‘good imagers’ reflect un-
derlying differences in imaging skills.

A preliminary account of the results was previously
presented’’.

MATERIALS AND METHODS

Subjects

Twenty subjects (10 male, 10 female) were designated as (‘good
imagers’ or ‘poor imagers’) on the basis of their scores for the paper
Mental Rotation Test*. Most were students between the ages of 20
and 25, and they were divided into four groups. Each group con-
tained subjects of both sexes and both imaging abilities. Each group
had at least one subject of a determined profile (sex, ability) for
comparison purposes and was submitted to different experimental
designs as explained below. Four females decided against continuing
the experiment resulting in a modification of our initial objectives.
The results presented here are therefore for 16 subjects (10 male and
6 female) without reference to gender differences (see Fig. 1). The
training consisted on average of two regular sessions per week.
Subjects were paid for each session.

Stimuli

Stimuli consisted of perspective views of 3-D wire frame rigid
objects composed of ten contiguous cubes in different spatial orien-
tations. These views were generated by computer software. The lines
composing the views were antialiased by software (i.e., a gaussian
filtering of intensity was applied to the lines in order to eliminate
staircase effect due to pixel sampling of the screen), and had a width
of 1 mm. All lines of the cubes were drawn in grey scale (the uniform
white has a luminance of about 80 cd /m?), against the dark back-
ground of the screen (with a luminance of about 0.04 cd/m?). The
mean luminance of a perspective view of an object was 5.5 cd/m? at
60 cm from the screen. The computer screen on which the figures
were displayed had 800 % 600 pixel resolution.

Two series of stimuli were used (catalogues A and B); each
containing 156 examples consisting of the simultaneous presentation
of two views. For each catalogue, these two views were obtained with
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Fig. 2. Single view of the twelve objects used in this experiment.
These ubjects were equally and randomly divided in two catalogues
A and B.

six objects and their enantiomorphs which were displayed in differ-
ent orentations (rotations in ‘depth’ or in the ‘picture-plane’ be-
tween (° and 180° in multiples of 30°). The orientation of each pair
of views was random but selected so as to avoid occluded or ambigu-
ous parts. Fig. 2 shows a single view of each of the 6 objects in each
of the two catalogues.

Proced:ire

Subjects were seated in a dark room with the screen at a distance
of 60 ¢cm from their eyes. The screen was viewed through a cylindri-
cal black optical tube to avoid any external reference frames. Each
image overed approximately 8° of visual arc in height and width and
was secn binocularly.

Subjects pressed the right button to indicate that the two objects
were identical or the left button to indicate a mirror-reflected pair.
Each experimental session lasted 30 min with 10-s pauses every 4
min. The subject’s response triggered the appearance of the next
pair. The presentation immediately followed an ‘attention’ message
and did not exceed 15 s: if this time was not sufficient, the stimulus
was removed, the trial was rejected and instructions were delivered
on the screen to continue. This time was sufficiently long for virtually
all responses. Only one catalogue was used for each session, and
trials were randomly presented over 30 min. Their number depended
on the subject’s speed, but each object was approximately equally
presented. Sessions were mixed with ‘picture-plane’ and ‘depth’
rotations.

The entire system was controlled by a MOTOROLA 68030
microprocessor and a graphic QPDM coprocessor. The operating
system OS9 recorded response times with a resolution of 80 us.

Subjects were asked to use mental rotation to determine the
congrucnce of the two views and were not informed of the change of
catalogue (if any) or specific rotation axis in advance. The strategy of
mental rotation was first introduced to subjects in the paper test in
which they were asked to picture and to rotate a mental figure in
their mind as they would have done with a physical object.

They were, however, informed of the following: (i) the different
cases that could occur (‘picture-plane’ or ‘depth’ rotations with
objects that were identical or enantiomorphic); (i1) the sole consider-
ation ¢t the first button press; (iii) the random orientation of the
pairs; (iv) the random occurrence of the trial; and (v) the length of
session- and pauses.

Experiniental design

Each group performed a certain sequence of the two catalogues
(A and B): 3A/3B/3A /3B, 6A/6B/3A and symmetries, 3B/3A/
3B/3A and 6B/6A /3B. We wished to analyse the transition effect
from one catalogue to the other as well as long-term practice effect
across catalogues.
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RESULTS

The sixteen subjects performed all the sessions, ac-
cording to their group (12 or 15 sessions), however,
data for six sessions (four with catalogue A and two
with catalogue B), collected on five subjects, were
impossible to analyse due to technical problems and
were considered as missing values in further statistical
analyses. Initially, we trecated separately the results
obtained for the two catalogues. In the subsequent
analyses of dependent variables (error rate, coefficient
of correlation, intercept and slopes of the regression
lines), first we report the effects due to intrinsic prop-
erties of the stimuli (difference between catalogues,
between axes of rotation or between enantiomorphic
and identical stimuli) for all subjects and over all
sessions. Second, we report the effects due to imaging
abilities and number of sessions. Finally, we report the
effects due to change of catalogues and novelty of
stimuli.

Effects of intrinsic properties of the stimuli

In this part, we will demonstrate that subjects gave
more incorrect responses, as well as rotated mentally
more slowly, the stimuli from catalogue B than those
from catalogue A.

Error rate

We tested whether there are differences in the error
rate due to catalogues or to the nature of stimuli. For
each subject and each session, we computed the per-
centage of incorrect responses, i.e. the ‘error rate’. We
divided data according to the identical or enantiomor-
phic nature of stimuli. As these numbers were rela-
tively small (less than 20%), we made the statistical
analyses after adding 1 to these numbers and then
taking their square roots®. We call the resulting value
the transformed error.

The overall mean (for all subjects over all sessions)
of the transformed error was 1.66 + 0.85 (mean + S.D.)
and 1.84 + 0.95 (mean + S.D.) for catalogue A (identi-
cal and enantiomorphic stimuli, respectively), and 2.30
+0.95 (mean + S.D.) and 2.60 + 1.05 (mean + S.D.)
for catalogue B. Subjects gave more incorrect re-
sponses on catalogue B than on catalogue A for both
identical and enantiomorphic stimuli (one tailed ¢-test:
Lz = —5.29, P <0.0001 for identical stimuli and ¢,y
= —5.49, P < 0.0001 for enantiomorphic stimuli).

Subjects tended to give more incorrect responses for
enantiomorphic stimuli than for identical stimuli for
both catalogues. This effect was significant for cata-
logue B (one-tailed #-test: 7,, = —1.96, P < 0.05), but
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did not reach a significant level for catalogue A (P >
0.10). The low percentage of incorrect responses on
both catalogues showed that subjects clearly under-
stood the task.

Analyses of response time (RT)

For subsequent analysis, we considered only the
correct responses of subjects for trials in which the
objects were identical. Moreover, we divided data ac-
cording to the axis of rotation. For each subject and
each session, we performed a linear regression analysis
on raw response times (RT), as a function of the
difference of orientation between the two figures (OD).
These linear regressions gave us three parameters: (i)
the intercept, which represents the time required by a
subject to perform the discrimination task when two
figures are in the same orientation, predicted by linear
model; (ii) the coefficient of correlation, which indi-
cates the quality of fit of the linear model; and (iii) the
slope of the regression line. The inverse of slope corre-
sponds to the rate of the mental transformation.

A - Coefficient of correlation

Prior to doing statistical analysis on these values, we
transformed them according to the Z-transformation
used in Snedecor and Cochran?, in order to get rid of
the skewed distribution of coefficient of correlation.
This transformation of the coefficient of correlation is
called the ‘transformed coefficient’ in the following.

The mean values (mean + S.D.) of the transformed
coefficient were 0.73 + 0.19 and 0.82 4+ 0.17 for ‘the
picture-plane’ rotation (for catalogue A and B, respec-
tively), 0.70 + 0.17 and 0.78 + 0.2 for ‘depth’ rotation
(for catalogue A and B, respectively).

The transformed coefficient was always higher for
catalogue B than for catalogue A (one-tailed t-test;
ty; = —3.79, P<0.001 and t,;= —3.01, P<0.005
for ‘picture-plane’ and ‘depth’ rotation, respectively).

We can also notice that the transformed coefficient
was usually higher for ‘picture-plane’ than for ‘depth’
rotation (paired t-test; #,,, =2.17, P <0.05 for cata-
logue A and t,,, = 2.55, P <0.05 for catalogue B).

In summary, we found that the linear model was
adequate to describe the data. Moreover, the quality of
the fit is dependent on the catalogue and on the axis of
rotation.

B — Intercept

We tested whether differences between the cata-
logues and the axes of rotation reported above for the
coefficient of correlation exist also for the intercept.
The mean values of the intercept were 1.32 4+ 1.04 s
(mean + S.D.) and 1.07 + 0.59 s for ‘picture-plane’ ro-

tation (for catalogues A and B, respectively), 1.26 + 0.75
s and 1.41 + 0.72 s for ‘depth’ rotation (for catalogues
A and B, respectively).

The values of intercept were generally not signifi-
cantly different for catalogue B and catalogue A (two-
tailed t-test; f,5; = 2.05, P> 0.04 and ¢, = —1.40,
P >0.15 for ‘picture-plane’ and ‘depth’ rotation, re-
spectively). Similarly, the values of intercept were not
significantly different for ‘picture-plane’ and ‘depth’

rotations for catalogue A (paired t-test; t,, = —0.3,
P > 0.75), but were significantly different for catalogue
B (paired t-test; #,,, = — 7.1, P <0.001).

In summary, there were no significant differences
between the two catalogues regardless of the time
required to perform a judgement of equality, when the
two figures had no difference in orientation.

C — Slope of the regression lines

Finally, we tested whether the slopes of the regres-
sion lines were dependent on the catalogues and /or on
the axes of rotation. The mean value of the slope was
1.17 + 0.68 ms/deg and 2.11 + 0.92 ms/deg (mean +
S.D.) for ‘picture-plane’ rotation (for catalogue A and
B, respectively), 1.30 +0.75 ms/deg and 1.90 + 0.87
ms/deg for ‘depth’ rotation (for catalogue A and B,
respectively). The inverse of slope corresponds to the
‘velocity’ of the mental transformation. The mean
‘velocities” were, respectively for catalogues A and B,
85 deg/s and 47 deg/s for ‘picture-plane’ rotation, 76
deg/s and 52 deg/s for ‘depth’ rotation. These values
were in the same range as those reported in previous
studies using the same paradigm and similar 3-D ob-
jects?.

In contrast with intercept values, the values of slopes
were significantly different for catalogue B and cata-
logue A (one-tailed r-test; t,,; = —8.24, P <0.0001
and t,,s = —5.26, P <0.0001 for ‘picture-plane’ and
‘depth’ rotation, respectively).

We noted that the value of slope for ‘picture-plane’
rotation does not differ from that for ‘depth’ rotation,
for either catalogue A (two-tailed ¢-test; ¢,,, = 1.26,
P>0.20), or catalogue B (two-tailed t-test; 7,5, =
—1.62, P> 0.10).

In summary, we can point out that the rate of
mental rotation is lower for catalogue B than for
catalogue A, but no difference can be attributed to
axes of rotation.

Effects of practice and individual imaging ability
In this part, we tested the effect of learning and

mental imagery skill by performing an analysis of vari-
ance (ANOVA) on the parameters defined above



(transformed error, transformed coefficient, intercept,
slope), with the number of sessions and the imager
class (‘good’ or ‘poor’ as defined previously) as factors.
For each of those parameters, we will indicate the
effect of each factor alone (session number or imaging
ability) as well as the interaction between them.

We will demonstrate that the significant differences
in performance due to imaging skills or due to cata-
logues remain more or less constant over the training
period. We will also point out that a simple exponen-
tial decreasing model can help describe the data for
the slope (i.e. the inverse of mental rotation) over the
training period.

Error rate

Imaging skill. The factor ‘imager class’ was highly
significant for both catalogues and for both identical
and enantiomorphic stimuli on the transformed error
(F,,,=8.7, P<0.01 (identical stimuli), F,,;=6.9, P
< 0.05 (enantiomorphic stimuli) for catalogue A and
F,;, =80, P<0.01 (identical stimuli), F,,, =248, P
< 0.0001 (enantiomorphic stimuli) for catalogue B).
Indeed, ‘good’ imagers made fewer errors on both
catalogues over the entire training period (mean values
of error rate: 1.0% (identical stimuli) and 1.70% (enan-
tiomorphic stimuli) for catalogue A and 3.0% (identical
stimuli) and 3.20% (enantiomorphic stimuli) for cata-
logue B) than ‘poor’ imagers (mean values of error
rate: 3.6% (identical stimuli) and 4.50% (enantiomor-
phic stimuli) for catalogue A and 6.70% (identical
stimuli) and 9.00% (enantiomorphic stimuli) for cata-
logue B).

Effect of training. The mean error rate tended to
decrease over the training period, but the change was
not significant for either catalogue or for identical or
enantiomorphic stimuli (the four F-tests: P> 0.1).

Imaging skill / training cross effect. There was no
significant interaction between the factor imager class
and the session number for either catalogue or either
nature of stimuli (identical or enantiomorphic) (the
four F-test: P> 0.75).

TABLE 1

Value of the different Fisher tests on the transformed coefficient
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In summary, for initial trials, there is a difference in
the accuracy of the discrimination between ‘good’ and
‘poor’ imagers. Although the rate of errors decreased
for both classes, they decreased in parallel such that
the initial difference between those groups persisted
throughout the experimental period.

Analyses of response time (RT)

We considered the effect of training and imaging
skill on coefficient of correlation, intercept and slope.
As above, we studied only the correct responses of
subjects for trials in which the objects were identical,
and we divided data according to the axis of rotation.

A ~ Coefficient of correlation

Neither factor alone (imaging skill, session number)
has a significant effect. However, there was in general
a significant interaction between the two factors, imag-
ing skill X session number, (but only marginally signifi-
cant for ‘depth’ rotation with catalogue A). This sug-
gests a differential influence of practice on ‘poor’
versus ‘good’ imagers. The values of the F-tests are
given in Table 1.

‘Poor’ imagers and practice. An ANOVA performed
on the subgroup -of ‘poor’ imagers showed that there
was generally no significant effect of number of ses-
sions on the transformed coefficient (F,, 5, = 1.18, P>
0.3 for catalogue B and ‘picture-plane’ rotation, F,, s,
= 1.0, P> 0.45 for catalogue B and ‘depth’ rotation,
Fi443=20, P>0.03 for catalogue A and ‘picture-
plane’ rotation and finally F,,,=0.498, P> 0.9 for
catalogue A and ‘depth’ rotation).

The correlation coefficient did not change over the
training period for ‘poor’ imagers.

‘Good’ imagers and practice. For ‘good’ imagers,
there was generally a significant effect of session num-
ber on the transformed coefficient (F ,,;=3.6, P <
0.005 for catalogue B and ‘picture-plane’ rotation,
Fi453=3.6, P <0.005 for catalogue B and ‘depth’ rota-
tion and F,;,=3.5, P <0.005 for catalogue A and
‘depth’ rotation), except for catalogue A and ‘picture-

The number of stars gives an indication of the value of P for each F-test. When no star is indicated, the F-test did not reach the level of
significance of P < 0.05. Usually, the interaction between the session number and the factor imager class was significant.

Factors Catalogue A Catalogue A Catalogue B Catalogue B
‘picture-plane’ ‘depth’ rotation ‘picture-plane’ ‘depth’ rotation
rotation rotation

Session (n =15) Fi473=087 Fla73=191* Flymn =114 Fi472=139

Imagers (n=2) Fi13=0.17 Fi3=340 Fip=110 Fi7,=001

Session X Imagers Fly73=244** Fla73=148 Fl4q =257 *** Fla7; =2.58 ***

* P <0.05 ** P <0.01, *** P <0.005, **** P < 0.001.
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TABLE 11

Value of the different F-tests on the intercept values

The number of stars gives an indication of the value of P for each F-test. When no star is indicated, the F-test did not reach the leve] of

significance of P < 0.05. The interaction between the session number and the factor imaging skill never reached significance. Moreover, the
session number alone usually did not reach significance, but the factor imaging skills always reached significance.

Catalogue A Catalogue A
‘picture-plane’

rotation

Factors

‘depth’ rotation

Catalogue B
‘depth’ rotation

Catalogue B
‘picture-plane’

IUlullU’L

Session (n = 15) Fl4a73=1.20 Fi473=141
Imagers (n = 2) Fi;=486* Fi;=520%
Session X Imagers Fl473=1056 F14 73=0.53

Flap=228% Fia7,=1.49
F..__AR7* F. ., = 803 ¥***
1,72 72

Fly7, =043 Fi44, =037

*poOns ¥ p ool ¥R p o nons *¥EE¥F p 0ot
P <005 P < < 1.

v.U Ui 1 RN F RS VRV )
s . ’

plane’ rotation (F, 5, = 1.3, P> 0.2).

Over the training period, the ‘good’ imagers showed
an improvement in the quality of the fit of the linear
model during the first four sessions (reaching a maxi-
mum of 1.19 for ‘depth’ rotation), but decreased subse-
quently to a stable level (about 0.75) for the value of
the transformed coefficient for catalogue B and for
both axes of rotation. For catalogue A, the effect was
slightly different, there appeared first a decrease in the
quality of the fit (reaching a minimum of 0.56 for
‘depth’ rotation), followed by an increase in the middle
of the training period (reaching a maximum of 1.15 for
‘depth’ rotation). ‘Picture-plane’ rotation with stimuli

011 Didric LIOI]

from catalogue A tends to show similar effects as for
‘depth’ rotation (with the same catalogue) but usually

the tune
both the type

[a%

esser complexity (see later) o

v-n
D
=4

ue to a
c w0

—

u
of rotation and of the catalogue (as compared to cata-
ogue B).

In summary, the values of the transformed coeffi-
linear model is uauauy auequalc
to fit data for both groups, indicating that subjects
mentally rotated stimuli as explained to them in the
instructions. However, ‘good’ imagers seemed to be
more likely to change strategies which they used to

perform the task, than ‘poor’ imagers. This resulted in

TABLE II1

Value of the different F-tests on the slope of the regression lines

differences from session to session in the quality of the
fit of the linear model.

B — Intercept

Imaging skill. A significant effect was obtained with
the factor imaging skill (Table II). Usually, ‘good’ im-
agers required much less time to perform a 0° differ-
ence in orientation judgement than ‘poor’ imagers
(mean values for ‘good’ and ‘poor’ imagers, respec-
tively: catalogue A, ‘picture-plane’ rotation 1.06 s/1.51
s; catalogue A, ‘depth’ rotation 1.07 s /1.41 s; catalogue
B, ‘picture-plane’ rotation 0.86 s/1.19 s; catalogue B,
‘depth’ rotation 1.15 s/1.56 s).

Nevertheless, for each group and eac

tion, there was no significant difference

.......... Sigis

=
)
7
[®)
)
-
=}
-
i

requ1red for 0° difference judgement (#-tests on cata-
logue A and B intercepts for ‘good’ and ‘poor’ imagers,

respectively: ‘picture-plane’ rotation tg =25, P>
0.01/t,,, = 1.73, P> 0.05; ‘depth’ rotation tg, = —0.86,

P>035/t,, = —0.95, P>0.3).

Lffect of training. The effect i
number was generally not significant (see Table II),
except for ‘picture-plane’ rotation for catalogue B. For
this one exception, the effect of session number was
only marginaily significant (P > 0.01). This effect was
contributed mainly by the first session, as the effect is

The number of stars gives an indication of the value of P for each F-test. When no star is indicated, the F-test did not reach the level of
significance of P < 0.05. The interaction between the session number and the factor imaging skill never reached significance. However, each

factors alone usualily reached a level of significance.

Catalogue A Catalogue A

‘picture-plane’

Factors

‘depth’ rotation

Catalogue B
‘depth’ rotation

Catalogue B
‘picture-plane’

rotation rotation
Session (n =15) Fly73 =377 **%* Fla73=2.69 *** Fi4n=220% Flaz =25%*
Imagers (n = 2) Fyyy= 1471 %%+ Fppy=19.78 **+ Fp oy = 19,18 **** Fy oy = 2372 %%%%
Session X Imagers Fi473=0.67 Fi373=0.50 Fii72=0.15 Fia7,=047

* P <008, ** P <001, *** P <0.005, **** P <0.001.



no longer significant when the ANOVA is performed
without the value of the first session. So, it seems that
the training did not lessen substantially the time re-
quired to judge whether two figures in the same orien-
tation are identical.

Imaging skill / training cross effect. There was no
significant interaction (see Table II) between the two
factors (P > 0.85 for the four F-tests).

In summary, there was no significant effect of train-
ing on the intercept, but an effect of imaging skill was
demonstrated.

C - Slope of the regression lines

Efject of training. There was a significant effect of
session number on the slope of the regression lines: i.c.
the mean slope decreased from session to session, or
conversely, the presumed ‘velocity’ of mental rotation
increased over the training period (see Table III).

When plotting the average value of slope for both
catalogues against the number of session, as in Fig. 3
for ‘picture-plane’ rotation, the decrease in the slope
for each catalogue can be summarised by fitting a
decreasing exponential curve (r = 0.92 and r = 0.80 for
catalogues B and A, respectively). Similar effects ap-
peared for ‘depth’ rotation.

A simple description of practice effect. Our aim was
not to provide a highly reliable model of the mental
rotation practice effect as a function of session num-
ber. The purpose underlying the use of an exponential
curve to fit the data was only to provide a simple
description of the data (with few parameters) so as to
compare the effects of catalogues and imaging skills
over the training period. A linear model was first

"PICTURE-PLANE" ROTATION

—®— CATALOGUE B

y = 2,922 % 104(-0,0239x)
R = 092

——%— CATALOGUE A

y = 16771 * 10/(-0,0233x)
R = 0,80

Mean Slopes in 104(-2) sideg

™ T T T T
7 8 9 1011 1213 1415

w
IS

|
o

Num. session

Fig. 3. Iiffect of the number of session on the slopes of the regression
lines. For ‘picture-plane’ rotation and for each catalogue, we plotted
the average slope (of all subjects tested on this catalogue) as a
function of the session number. The black squares correspond to
catalogue B and the white squares correspond to catalogue A. Bars
indicate the standard deviation of each of the means. For each
catalogue, an exponential curve, corresponding to the equation on
the right was fitted to the data (see text).
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"PICTURE-PLANE" ROTATION FOR CATALOGUE B
"POOR" VERSUS "GOOD" IMAGERS

—@— Poor Imagers

y = 3,3833 * 10(-0,0226x)
R = 086 ,

—®— Good Imagers

y = 2,4806 * 104(-0,0272x)
R = 0.87

Mean slopes in 10°(-2) sideg

0.0 T T T T T T T T 1
0o 1 2 3 4 5 6 7 8 9 101112131415
Num. session
Fig. 4. Effect of session number on the slopes of the regression lines:
difference between ‘good’ and ‘poor’ imagers. For ‘picture-plane’
rotation and for catalogue B, we plotted the average slope (of all
subjects tested on this catalogue and belonging to a given class of
imaging skill) as a function of session number. The black squares
correspond to the group of ‘good’ imagers and the white squares
correspond to the group of ‘poor’ imagers. Error bars represent the
standard deviation of the slopes. For each group, an exponential
curve, corresponding to the equation on the right was fitted to
the data.

tested, but the correlation coefficients between the
linear model and the data were lower than for the
exponential model.

The form of these exponential curves is: S(n) = $(0)
-101~¢"™ where n is the number of session, S(n) is
the computed value of the slope at session n (V{n) =1
/S(n) is the velocity of the mental rotation at session
n) and G is an adjusted parameter, representing the
gain of the practice effect (log,,(S(n)/Sh+1)) =
—log,o(V(n) /V(n + D)) in the velocity of mental rota-
tion from one session to the next. It appeared also that
the gain G was more or less independent of both the
catalogue and the axis of rotation (mean + S.D.: 0.023
+ 0.001). While the velocity increased for both cata-
logues, tpe initial difference between catalogue A and
B (that is the mean slope being higher for catalogue B
than for catalogue A by about 1.3-1072 s/deg) was
maintained over the entire training period.

Imaging skill. A significant effect of imaging skill on
the slopes of the regression lines also appears (see
Table III). As shown in Fig. 4 for ‘picture-plane’ rota-

tion and for catalogue B, ‘good’ imagers had a higher

velocity of mental rotation than ‘poor’ imagers. This
difference in performance between ‘good’ and ‘poor’
imagers remained more or less constant over the train-
ing period. The same model of a decreasing exponen-
tial curve can be applied with good correlation (r = 0.87
and r=0.86 for ‘good’ and ‘poor’ imagers, respec-
tively) on each group of subjects.

Imaging skill / training cross effect. There was no
significant interaction between the two factors (P>
0.75, for all of 4 F-tests).
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Does ‘mental rotation velocity’ tend to infinity? We
tested whether the rate of mental rotation reached an
infinite value at the end of the training. As not all of
our subjects were trained for 15 sessions, we decided to
test the null hypothesis (i.e. that the rate of mental
rotation is virtually infinite) at the 12th session for all
subjects. In fact, this null hypothesis is an unrealistic
one, because it corresponds to an infinite velocity of
the mental rotation. We therefore decided to test also
the hypothesis that at the end of the training the
velocity was higher than 300° per second. This limit is
subjective, but it seemed that with a computed velocity
higher than this value, it would be difficult to report

the use of a mental rotation process with our protocol,

as the mean velocity of mental rotation reported b

‘Jl
Metzler?’ was about 60° per second and
+
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a significant difference between the average velocity
reached at the end of the training and the proposed
value for the null hypothesis. Furthermore, the average
velocities reached at the end of the training are within
the range of values previously reported for such a
paradigm?’.

Clearly, the rotation speed was always significantly
lower than 300° per second and never reached 13000°
per second as reported by Kaushall and Parsons'®
These results support the idea that subjects. used a
mental rotation process during the entire training pe-
riod.

Effects of change of catalogues and novelty of stimuli

From the previous results, it appears that, at least
for the rate of mental rotation, performance on cata-
logue B was not equal to performance on catalogue A.
The mean velocity of mental rotation was higher for
catalogue A (for both axis of rotation: 85°/s for ‘pic-
ture-plane’ rotation and 76°/s for ‘depth’ rotation)
than for catalogue B (47°/s and 52°/s, respectively),

TABLE IV

Value of the average velocity at the end of the training

the error rate was lower, but the intercept was not
significantly different. In the following, we will say that
the catalogue B is more complex than the catalogue A
in the sense that: (1) the mean mental rotation velocity
is higher for catalogue A than for catalogue B; and (2)
subjects made fewer errors on catalogue A than on
catalogue B.

We decided to test the effect of the change of
catalogue, mainly on the rate of mental rotation. Fur-
thermore, the experimental design also allowed us to
test for an effect of novel stimulus. Half of the subjects
changed at session 7 from one catalogue to another

which they had never seen before. The second half

other on which thev had already trained durinog earlier
OLaer On willil ey 1aG arcadldy irailnca Guring €4arics
praCtICC SCSSIOHS.
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We will demonstrate in this part that the rate o

mental rotation depends on the catalogue used, but
does not depend on novelty of stimuli.

For each subject, we computed the difference in
slopes (i.e. the inverse of rate of mental rotation)
between the sixth and the seventh session. At this time,
haif of the subjects changed from catalogue A to
catalogue B (groups 3B/3A /3B/3A and 6A/6B/3A
as explained in experimental design paragraph) and the
other half changed from catalogue B to catalogue A
(groups 3A /3B /3A /3B and 6B /6A /3B).

We tested by a multifactor ANOVA: (i) the effect of
change of catalogue (from A to B compared to from B
to A), (ii) the effect of novelty (subjects previously
trained on a certain catalogue compared to subjects
never trained on that catalogue) and (iii) the effect of
imaging skills by an ANOVA on the difference on
slope of mental rotation.

We separated in this analysis the two axes of rota-
tion.

Effect of change of catalogues
For both types of rotation, there was a significant
effect of change of catalogue (F,,=12.44, P <0.01;

Fg=12.35, P <0.01). This effect can be summarised

In the second and third rows, we tested whether rotation speed at the end of training reaches infinity or 300° per second. The value of the ¢-tests

as well as the significance Ievel are given in these two rows.

Catalogue A
‘picture-plane’

Catalogue A
‘depth’ rotation

Catalogue B
‘picture-plane’

Catalogue B
‘depth’ rotation

rotation rotation
Average velocity 125°/s 99° /s 61°/s 71°/s
HO(/V=0) t, =472 FF* =3.14 ** fg =69 ¥¥** g = 4.9 FEHFE
H3(1/V=1,300) r,=276% f,=211% fo=5.52 ¥¥** ro=3.75 ***

* P <0.05 % P <0.01,*** P <0.005, **** p <0.001.
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Value of the difference in slopes (in 10 =2 s / deg) between two consecutive sessions

Some subjects changed from one catalogue to another (transitions A-B and B-A) or not (transitions A-A and B-B). For each axis of rotation and
for 3 critical sessions in the training (session 3, 6 and 9), we computed the average difference in slope with the following session as well as the

standard deviation.

Transitions 3th—4th 3th—4th 6th—7th 6th—7th Oth—10th 9th— 10th
‘picture- ‘depth’ rot. ‘picture- ‘depth’ rot. ‘picture- ‘depth’ rot.
plane’ rot. plane’ rot. plane’ rot.

A-B —0.69+0.58 —-0.75+0.47 —-1.26 +0.41 -0.81+0.32 —-0.47+0.42 —-0.36+0.38

B-A 1.12+1.78 0414092 0.734+096 0.664+0.81 0.544+0.40 1.16+0.69

A-A 0.3240.07 0.514+0.22 0.4540.84 0.49+1.30

B-B 0.28+0.54 —-0.01+0.70 0.07+0.39 0.01+0.13

by the fact that when the transition was from A to B,
subjects showed a decrease in the slope of mental
rotation (average change of slopes of —1.26-1072
s/deg and —0.81 1072 s/deg for ‘picture-plane’ and
‘depth’ rotation), but conversely when the transition
was from B to A, subjects showed an increase in the

Subject 11
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rate of mental rotation (average change of slopes of
0.73-107% s/deg and 0.66-1072 s/deg for ‘picture-
plane’ and ‘depth’ rotation).

Furthermore, this transition effect can be shown at
other periods of the training as well. Table V gives the
average differences in the inverse of the rate of mental

Subject 9
“Picture-plane” rotation
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Fig. 5. Effect of the change of catalogue during the training for four subjects, one from each experimental group. We plotted the slope of the

regression line for ‘picture-plane’ rotation as a function of the session number. Each subject was trained on both catalogues in different

sequences. For each subject, we notice the general effect of training (decrease in the rate of mental rotation) as well as the effect of complexity of
catalogue, neither of which disappeared over the training period.
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rotation between sessions n and n + 1, as well as the
standard deviation, when n corresponds to a change of
catalogue.

It appears that a change in training from catalogue
A to catalogue B always entailed a decrease in the
mental rotation velocity used with catalogue B com-
pared to the one used with catalogue A, independent
of the point in time at which the transition occurred
during the training period. The change from B to A
entailed always a strong increase in the rate of mental
rotation.

No novelty effect

There were no significant interactions of second or
third order between these three factors (the change of
catalogue, the novelty effect and the imaging skill)
(P > 0.35 for the eight F-tests). There was no effect of
imaging skills alone (F, 3 =0.014, P> 0.9; F,;=0.20,
P> 0.65 for ‘picture-plane’ and ‘depth’ rotation, re-
spectively) or of novelty alone (F,,= 132, P> 0.25;
F,q= 117, P>0.30).

In summary, subjects showed a clear influence of
practice, but this influence of practice seemed depen-
dent on the complexity of the catalogue used at a given
session. This effect of complexity did not disappear
over the training period and was not related to an
effect of novelty of stimuli.

Fig. 5 shows the effect of change of catalogues on
inverse of rate of mental rotation for four different
subjects belonging to each of the four groups of our
experimental design. The effect reported previously for
the overall behavior of each group shows up clearly for
individual responses as well.

Does the training with one catalogue extend to the
other? As the effect of complexity of stimuli seems to
be important, we can ask if there was a kind of proce-
dural learning over the training. For example, if a
subject was trained on catalogue A, which appears to
be less complex, will he or she show an improvement of
the mental rotation rate when trained on catalogue B,
as compared to a subject trained directly on catalogue
B? To test this hypothesis, we compared the mean
inverse of the rates of mental rotation (over three
consecutive sessions in order to reduce the variability
of the first session) obtained during the three first
sessions for subjects beginning experiments with cata-
logue B (groups 3B /3A /3B /3A and 6B /6A /3B), with
the mean inverse of the rates of mental rotation ob-
tained for the fourth, fifth, and sixth or the seventh,
eighth, and ninth sessions with subjects already trained
on catalogue A (groups 3A /3B /3A /3B and 6A/6B/
3A, respectively).

The results (see Table VI) showed a trend towards a

TABLE VI
Value of the average slope (in 10~ 2 s / deg) for 3 consecutive sessions

Group 0 is constituted of subjects beginning the training with the
specified catalogue, noted at the head of the column (A or B). Group
1 represents subjects trained with the other catalogue during the 3
first sessions then trained with the specified catalogue during session
4 to 6. Group 2 represents subjects trained with the complementary
catalogue during the six first sessions then trained with the specified
catalogue during session 7 to 9.

Catalogue A Catalogue A Catalogue B Catalogue B

‘picture-plane’ ‘depth’ ‘picture-plane’ ‘depth’

rotation rotation rotation rotation
Group 0 1.80+0.51 1.71£0.52  251+0.62 277+ 1.14
Group 1 1.31+0.44 1.69+0.79 217+0.76 2.334+0.77
Group 2 1.77+1.24 1.88+1.05 150+0.75 1.97 +0.67

higher rate of mental rotation obtained for subjects
already trained on this task with another catalogue.
Nevertheless, this difference was never statistically sig-
nificant, perhaps due to the small sample size.

It seemed also that subjects trained with a complex
catalogue (catalogue B), then changed to a simpler one
(groups 3B/3A /3B /3A and 6B /6A /3B), showed sim-
ilar results as subjects beginning the task with the
simple one. Yet subjects trained with a simple cata-
logue tended to show better performance when they
changed to a complex catalogue than subjects begin-
ning the training with the complex catalogue. More-
over, a slight improvement appeared when subjects
were trained during 6 sessions (as compared to 3) with
the easiest catalogue, prior to the change in the com-
plexity of catalogue.

Subjects’ reports

In the following paragraph, we report some sponta-
neous remarks made by some subjects at the end of the
sessions. Most of the subjects reported that they men-
tally rotated the right image and noticed that ‘picture-
plane’ rotations seemed easier. A specific rotation sense
(clockwise versus counter clockwise) was difficult to
define for them. Two subjects mentally rotated them-
selves around the objects, but only until the third to
the fifth session. Some tried to manipulate mentally
the left perspective or to rotate themselves mentally
but they explained that such strategies led to difficul-
ties in the correct achievement of the task.

With practice, mental rotation was said to be much
more easily applied and some refinements in strategies
occurred. Some of the subjects referred to a double
rotation: i.e. rotations of both views during intermedi-
ate sessions, and one subject had the feeling of rotating
himself and the object.

The subjects became aware of the introduction of
new shapes but they were not sure that the whole set



had changed. All had the feeling of ‘having already
seen’ shapes after three consecutive sessions and the
feeling of achieving sometimes a ‘direct identification’,
without the need for the mental rotation process. Some
subjects clearly indicated a memorisation occurring ‘by
pair’.

The feeling of complexity was explained by the
number of cubes in the ends of the 3-D structures.
They seemed to use both holistic or sequential segment
by segment rotations of objects. No specific strategy
was associated which to either the gender of the sub-
ject, or the ability to perform the task, or the cata-
logue. Some subjects indicated that they perceived

objects’ discriminative parts (‘arms’ and ‘joints’), but

not feel that they performed the mental rota-
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tion of these parts only. However, perceiving such

distinctive parts could trigger the mental rotation of
the whole representation of an object
DISCUSSION

Influence of practice

Our main results concerning the influence of long-
term practice on mental rotation may be summarized
as follows:

(i) We observed a linear relation between response
times and angular differences for all sessions and
all subjects.

(ii) The inverse of the rate of mental rotation de-
creased as a function of session number and this
decrease was adequately fitted by an exponential
curve.

(iii) We have shown a dependence of mental rotation
velocity on both the set of objects used and on the
intrinsic imaging skills of the subjects (as mea-
sured by the paper Mental Rotation Test*?).

(iv) The gain in mental rotation velocity from one
session to the next did not depend on either the
catalogue of images or the imaging skill of the
subject: the initial difference in performance due
to either differences in the catalogues or differ-
ences in imaging skill remained constant over the
training nPrmd

(vi) Being trained on an easier catalogue seems to

facilitate the acquisition of mental rota tion skills.
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(vii) Under our experimental conditions (large set of
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tion time (RT) and orientation (OD) as observed by
Kaushall and Parsons'® nor the disappearance of the
complexity dependence or the novelty effect as seen in
Bethell-Fox and Shepard’s experiment®. These discrep-
ancies do not correspond to contradictory theories but
rather represent differences with regard to experimen-
tal conditions. Kail and Park'® propose an interesting
theory for the general mechanisms occurring with the
practice of mental rotation. According to this theory,
practice increases the strength and the number of
representations of a given object stored in memory.
For the first trials, only a few representations are
available and the response times are thus much more

likely to correspond to the execution of the mental

fn[lnn algorithm. With practice, the response to a
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trieved directly from

ll-learned stimulus is instead re

Therefore, the identification tasks involve both a
mental rotation process in itsclf and a memory re-
trieval process. Practice influences the mental rotation
process as well as the acquisition of significant features
in the encoding space. These two components are
simuitaneously engaged but the predominant process
(mental rotation vs memory retrieval), as revealed by
the response times, depends on the degree of storage
of stimuli. In the limit, this theory would predict that
mental rotation would disappear with practice. All
objects orientation would eventually be stored, and
retrieved directly from memory.

This hypothesis is purely theoretical but provides an
explanation for: the independence of response time
from angle in the Kaushall and Parsons’s experiment '®
that may be attributed to the phenomenon of memori-
sation; the number of sessions in the Bethell-Fox and
Shepard’s experiment® that enables one to compensate
for the complexity. The novelty effect may be due to
the occurrence of new features, though the algorithm
of equality judgement is not yet computed optimally.

Since memorisation was not easy in the present
experiment, the mental rotation process is still prepon-
derant by the last session. However, according to com-
ments made by subjects, some responses seem to be
directly retrieved

It is worth noticing

that these two components do
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for both catalogues reinforces the assumption that
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an unique mental rotation process which is available
and that it persists over the training period.

Nevertheless, we will propose a new interpretation
of mental rotation that explains differently this obser-
vation (see below).

Individual imaging ability

The main results concerning individual imaging abil-
ity according to the two classes that we defined are:
(i) the error rate is higher for the catalogue B for the

two classes, but ‘good’ imagers made fewer errors

on both catalogues over the entire training period.

(ii) The mental rotation Q]nnp is lower for cnnd im-

mental rotation velocity was higher,
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(iv) The intercept is lower for ‘good’ imagers.

As mentioned in the introduction, individual ability
to perform mentai rotation tasks may be attributed to
general aptitudes in spatial viewing. Kosslyn and al.!'®
and Goldston et al.!! found individual differences in a
variety of imagery tasks. Lohman?® postulated that
high spatial ability implies a better accuracy in solving
complex rotation problems.

Just and Carpenter* studied the preferred cognitive
coordinate system used by subjects. ‘Poor’ imagers
seem to use cognitive coordinate systems that are near
the standard axes of the stimuli or environment. They
proposed that rotations are made by sequential steps
of rotation but theses steps are larger for ‘good’ im-
agers. In addition, they argued that the former have
poor book-keeping forces that oblige them to do subse-
quent rotation and confirmation. ‘Good’ imagers ma-
nipulate much more easily than ‘poor’ imagers objects
that remain structured and some studies also support
the idea that they generate images more quickly than
‘poor’ imagers®'?. As noted above, this easy manipula-
tion enables them to use more flexible strategies (sig-

nificant effect of session number for ‘good’ imagers).
However, these differences may reveal different ways

of processing mental images. Steiger and Yuille?” noted

individual differences in the ‘standard’ orientation of a
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stored stimulus to explain their results observed under
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treatment

These considerations and the fact that, in our exper-
iment, the error rate and the intercept are greater for
‘poor’ imagers, show that these latter have probably
more difficulties to extract and code features of 3-D
objects. The intercept is commonly referred to the
identification time at 0°. In our experiment, the gain in
mental rotation velocity from one session to the next
did not depend on imaging skill.

Catalogue effect

Our results demonstrated differences between the
two catalogues of test images. When performing the

mental rotation task with catalogue B, all subjects,

whatever their lmﬂmnc cl(lll gave more incorrect re-

sponses and showed a lower ‘velocity’ of mental rota-
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ing period. That last remark runs against previous
results obtained by Bethell-Fox and Shepard®. They
found that the initial ‘velocity’ of mental rotation was
dependent on the complexity of stimulus, but this de-
pendence disappeared with practice. Nevertheless, the
velocity of mental rotation depended on the noveity of
stimulus. Thus, a novel stimulus with a lower complex-
ity than a well learned stimulus, was processed at a
lower rate of mental rotation. Cooper and Podgorny®
found that the velocity of mental rotation was inde-
pendent of the complexity of 2-D polygons (as counted
by the number of sides), but they did not specify the
level of practice of the subjects.

These previous results®® were achieved with a dif-
ferent protocol than ours. First, they involved 2-D
stimuli (matrices or polygons). Second, the task relied
on a ‘memorised’ mental rotation paradigm, in the
sense that subjects had to judge whether the displayed
stimulus is identical to a previously memorised stimu-
lus. Third, the intersession rest time was short, as the
entire experiments lasted less than 3 h (compared to
approximately 1.5 month, for our experiment). We will
attempt to see whether our results can be attributed to
one of these differences.

One of the advantages of using 2-D stimuli in a

mental rotation task was the number of studies made

to define a measure of complexity for such ﬁouresl’z.
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Using such a measure of complexity for 2-D polygons,
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‘the more complex forms contain distinguishing fea-
tures so that the entire figure does not have to be
examined when comparing it with a second figure’.

Nevertheless, the stimuli used in our experiment are
perspective views of 3-D objects. Some studies have
been done to give a measure of complexity with draw-
ings of 3-D objects. Butler’ proposed a measure of
complexity of drawings of wire frame objects, as well
as, of solid objects, based on previous works*'2, in
which ‘the complexity is measured by adding the infor-
mation load computed using coding theory and the
number of lines’. This measure seems effective for
predicting the perceived dimensionality of objects
drawn, as a function of measured complexity, but this
measure is very difficult to perform on our stimuli, and
moreover it remains dependent on the point of view
from where the object is seen.

In fact, our results have shown that the velocity of
mental rotation is similar for ‘picture-plane’ and ‘de-
pth’ rotation for a given catalogue. As hypothesized
already ?’, our results seem to indicate that the subjects
had internal 3-D representations of objects, and that
measures of complexity based on 2-D drawings are not
adequate. The results of Kaushall and Parsons!® lead
to similar conclusions as they have shown that there
was no facilitative effect of having viewed the objects
from various perspectives. The task remains to find a
measure of complexity based on the 3-D structure of
objects which can explain the differences in the mental
rotation obtained. Shepard and Metzler?® proposed
that the number of cubes in an object which they used
as stimulus, could be a valuable measure of complexity.
Yuille and Steiger®* proposed a similar measure based
on the number of cubes as long as there is no feature
redundance in the figure. These authors pointed out
that the more complex the 3-D object was, the slower
the rate at which subjects mentally rotated it. However,
subjects can sometimes use a strategy exploiting ‘fig-
ural redundancies’ of objects to perform mental rota-
tion. From their point of view, the mental rotation task
showed a clear practice effect, and consequently, as
argued by Pylyshyn?, the process of mental rotation is
‘cognitively penetrable’. Thus, the complexity depen-
dence of the process was a key argument for rejecting
Shepard and Metzler’s hypothesis?’. This hypothesis
stipulates that mental rotation is an ‘holistic’ or ‘ana-
logue’ process in the sense that subjects mentally ro-
tate the ‘whole’ internal representation of the stimulus.

On the opposite, Yuille and Steiger supposed that
‘the mental rotation task is performed by a series of
sequential comparisons of figure segments’. In this
‘piecemeal’ interpretation of mental rotation, they sup-
posed that subjects first searched for similar segments
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in the two views (usually the ‘arms’ of the figures), then
compared them and if there were identical, computed
and stored information about the angular discrepancy
between these two segments. This process would be
repeated for subsequent segments. They noticed that
this hypothesis finds some support in the study of eye
movements during a mental rotation task!'®,

New hypothesis on mental rotation

Taking into account our results, as well as previous
results?* we propose a new interpretation of the
process of mental rotation. The key point in our hy-
pothesis is that, during an identity judgement of 3-D
objects, subject mentally rotates an object-centered
reference frame, called in the following the ‘principal
plane’, and not a internal representation of an entire
3-D object or an internal representations of subsequent
segments of 3-D objects.

More specifically, we suppose that subjects will ini-
tially define what we call the ‘principal’ plane of the
3-D object. With Shepard’s stimuli (ten contiguous
cubes, four branches and three right angles), this
‘principal’ plane is defined as the plane containing the
two middle branches. We note that generally in our
experiment, the plane containing the central joint is
also the plane containing the maximal number of con-
tiguous cubes. By extension to other assemblies of
contiguous cubes, the ‘principal’ plane is defined as
the plane on which the maximal number of contiguous
cubes of the object lies.

With our stimuli, the ‘principal’ plane contained
from 5 to 9, out of the ten possible cubes (see Fig. 2).
Our main hypothesis is that subjects mentally rotate in
a ‘holistic’ way the internal representation of the part
of the object belonging to this ‘principal’ plane, and
not the entire representation of the object. All the
cubes out of this ‘principal’ plane would be processed
separately in a kind of ‘search and confirmation’ strat-
egy (see ref. 13 for the terminology). Thus, the greater
the number of cubes out of this ‘principal’ plane, the
more different features one has to manipulate, and the
greater the amount of time required to execute the
mental manipulation. We can also imagine that the
number of cubes out of this plane is not so important
as compared to the number of segments perpendicular
to this ‘principal’ plane. Further experiments should
resolve this point. Nevertheless, if our assumption is
correct, previous experiments would give no evidence
that the mental rotation of what is actually rotated (the
‘principal’ plane) is a complexity-dependent process.

With our interpretation of mental rotation, the
number of cubes out of this ‘principal’ plane would
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predict the differences in mental rotation rate between
objects. The more numerous the outlying cubes are,
the slower the velocity of mental rotation. Thus, with
catalogue A, there are on average 1.83 cubes out of the
objects’ ‘principal’ plane (range from 1 to 3), but with
the catalogue B, there are on average 3.5 cubes out
(range from 2 to 5). We suppose that this difference in
the number of out-of-plane cubes explains the highly
significant difference in the rate of mental rotation
between catalogues A and B.

Similarly, such a hypothesis can explain the results
of the experiment of Yuille and Steiger* in which the
so-called ‘twisted’ objects are processed more slowly
than ‘non-twisted’ objects. In fact, for the ‘twisted’
objects, the number of cubes out of object’s ‘principal’
plane was bigger than in the case of ‘non-twisted’
objects. We suppose that this is the reason why the rate
of mental rotation of ‘twisted’ objects is slower than
the rate of mental rotation for ‘non-twisted’ objects.
Moreover, we can explain by our intepretation the
results of Metzler and Shepard??. These authors have
shown a difference in the mental rotation velocity
between similar 3-D objects. They explained that the
lower rate of mental rotation of object designated C in
the paper?® was due to the presence of almost symmet-
rical features in this object, which was not the case for
the four others. In fact, it is also clear that this object
has four cubes out of its ‘principal’ plane while the
four other objects had all only two cubes out of their
‘principal’ plane. Without denying that some structural
properties of objects could help or hinder the mental
rotation process, we can explain Shepard’s results by
our model.

In conclusion, we propose a new interpretation of
mental rotation based on the extraction by the subject
of a structural variable of objects, their ‘principal’
plane, by the subject. We suggest that the subject
mentally rotates the internal representation of the ob-
ject’s part lying in this plane and not the whole object’s
representation (‘holistic’ point of view) or segment by
segment (‘piecemeal’ point of view). The existence of
cubes which lie out of this ‘principal’ plane will de-
crease the velocity of mental rotation. Though this
model must be clarified by further experiments, our
intepretation can already resolve previous contradic-
tory results.

In this study, we demonstrate that the subjects still
use a strategy of mental rotation over long-term prac-
tice with an appropriate number of stimuli. The influ-
ence of practice on mental rotation of 3-D objects
results mainly in an improvement of velocity of mental
rotation. In addition, we show that initial differences in
mental rotation performances, due to spatial abilities

of subjects or complexity of 3-D objects used, do not
disappear over the training period.
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