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with the usual F test for the differ-
ence between two linear models.
This study would require large sam-
ples with broad ranges of ability for
the statistical test to have sufficient
statistical power. Using .02, the
usual increment to g found in our
studies, and specifying p < .05, the
minimum sample required to detect
the .02 increment with 80% power
is about 320. Only when studies
such as this are done can we know
the relationships among tacit knowl-
edge, g, and job performance.

It should also be remembered that
g has been studied for many de-
cades, and its correlations with
many other human characteristics
are well documented. For example,
Brand, whose quotation provides
the title for this article, documents
more than three dozen correlates of
g, including creativity, achievement
motivation, health and fitness vari-
ables, leadership, and social skills.
Insofar as these variables are corre-
lated with g, selection on one yields
selection on the others per force. Put
another way, when you select on g,
vou also select on creativity,
achievement motivation, health and
fitness, leadership, and social skills.

McClelland (this issue) suggests

that social class is responsible for
much prediction of job performance
but stops short of calling for using
social class in personnel selection.
No doubt g and social class are re-
lated, but restricted samples and
their attendant estimation bias again
distort the true predictiveness of g.
Brand® provides an insightful discus-
sion of the fallacy of partialing out
variables highly related to g and in-
terpreting the predictiveness of only
the remaining g variance. Further,
McClelland picks one study with
low values as an example of the av-
erage magnitude of the validity of g
and avoids meta-analytic studies
with large numbers of validation
correlations, which average much
higher.”

Calfee (this issue) interjects sev-
eral topics that are irrelevant to the
research findings on the prediction
of job performance. Although the or-
igin of intelligence testing, tea-
spoons and gallons of smarts, track-
ing in schools, and anecdotes about
Colorado River boat trips may be im-
portant, they do not address the root
issue. Further, he suggests that the
generality of the measurement of in-
telligence should not be trusted, but
presents no evidence contrary to the

findings presented in our original ar-
ticle. In fact, Ceci, whom Calfee
cites, noted that intelligence has
“ubiquitous significance as a pre-
dictor of real-world academic, so-
cial, and occupational accomplish-
ments.’"®
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Mental Rotation of the Intended
Direction of Movement

Giuseppe Pellizzer and Apostolos P. Georgopoulos

In the three-dimensional (3-D)
world, a person continuously expe-
riences spatial transformation of the
objects and of the global frame of
reference (e.g., horizon, mountains)
that surround him or her. For exam-
ple, when driving a car, a person’s
perspective view of everything that
forms the outside environment
(buildings, trees, cars, etc.) changes

progressively. In a smaller scale,
handling an object changes its per-
spective view in relation to the ma-
nipulations. Because people contin-
uously face these spatial
transformations, it is adaptively rel-
evant to be able to anticipate their
effects. For example, the “‘sudden
insight”" (described in apes and in-
fants') to use a nearby stick to catch
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a desired object or a fruit, or any
problem solving involving detours or
use of tools, typically requires men-
tal spatial operations before the ac-
tion. These past 20 years, a renewed
interest in mental operations, and
particularly in mental spatial opera-
tions, was generated by studies mea-
suring response times.” Among the
latter, we focus on the so-called
mental rotation studies.

STUDIES OF
MENTAL ROTATION

In 1971, Shepard and Metzler’
first reported that the time it takes for
subjects to judge whether two 2-D
perspective drawings represent the
same 3-D object or two mirror-
image objects increases as a linear
function of the angle between the
two portrayed orientations. This
finding suggested that the subjects
mentally rotate the image of one ob-
ject into congruence with the other
to make their decision. A different

set of studies was carried out using
asymmetric 2-D figures, like letters,
numbers, or random shapes; sub-
jects had to decide whether the stim-
ulus presented was normal or mir-
ror-image.* Again it was found that
the reaction time (RT) was a mono-
tonic increasing function of the an-
gle between the stimulus orientation
and the standard upright position for
letters and numbers and between the
stimulus orientation and the previ-
ously learned orientation for random
shapes.

Although the mental rotation phe-
nomenon is usually considered as
confined to perceptuallike pro-
cesses, it extends to motor processes
as well, and particularly to represen-
tations of the intended direction of
movement. In a recent experiment,’
human subjects were asked to make
an arm movement on a plane at a
specified angle away from the direc-
tion of a visual stimulus. The main
finding was that RT increased as a
linear function of the angle (see Fig.
1). This result is similar to that de-
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Fig. 1. Results of a study in which subjects were asked to make an arm movement at a
specified angle (8) away from the direction of a visual stimulus. Each point plots the
median difference between the RT for the movement at angle & (RT.,) and the RT for the
movement in the direction of the stimulus (R,). From Georgopoulos and Massey.®

Reproduced with permission.
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scribed for mental rotation of visual
images and is compatible with the
idea that the subjects mentally rotate
their intended direction of move-
ment from the direction of the visual
stimulus toward the final direction of
movement.

Shepard and colleagues® sug-
gested that the process of mental ro-
tation has analog properties in
which the ongoing mental transfor-
mation has a one-to-one correspon-
dence with the intermediate stages
of the external rotation of an object.
In other words, the analog hypothe-
sis makes the assumption that there
is some physiological variable in the
brain that represents the orientation
of the imagined object (or the in-
tended movement) and that this vari-
able undergoes a continuous trans-
formation during the mental
rotation, passing through values that
represent intermediate directions.
This point of view was challenged,
though, producing the so-called an-
alog-propositional controversy of
mental imagery.® For example, this
mental transformation could be im-
plemented by the application of for-
mal rules on symbolic representa-
tions.

Recent experiments’ with mon-
keys have provided direct evidence
of a mental operation that has ana-
log characteristics. These experi-
ments have shown that a represen-
tation in the brain of the intended
direction of movement is continu-
ously transformed during the RT
when a movement has to be made at
an angle from the stimulus direction.
However, to understand the results
of these experiments, it is necessary
to understand how neural activity in
the brain can be meaningfully re-
lated to the intended direction of
movement.

NEURAL CODING OF

Several studies in awake monkeys
have been devoted to the relation
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between direction of movement and
single-cell discharge in the motor
cortex.® Typically, neuronal activity
is recorded while monkeys perform

a task that requires them to move the
hand from a starting position in the
direction of a visual target. The di-
rection of the movement is varied by
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Fig. 2. Broad directional tuning of a cell in the arm area of the motor cortex. (a) Impulse
activity (firing) during movements in the planar (2-D) directions indicated by the draw-
ing at the center (five trials per movement direction). The short vertical marks in each
record indicate action potentials. The five records for a given direction are aligned to the
onset of the movement (M). The slightly longer vertical mark in each record indicates
the onset of the target (T) specifying the required direction of movement. Note vigorous
firing during movements in the 135° direction and the absence of firing during move-
ments in the opposite direction (315°). (b) Tuning curve derived from the above data.
Average firing frequency over the interval from the appearance of the target until the
hand entered the target window is plotted against direction of movement. From
Georgopoulos, Kalaska, Caminiti, and Massey.® Reproduced with permission.
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varying the direction of the target.
The results show a significant
change of activity of cells in the mo-
tor cortex in relation to the direction
of movement before the initiation of
the movement and during the move-
ment itself. How much a cell is ac-
tive depends on the cell and on the
direction of the movement. A cell’s
activity is broadly tuned with respect
to the direction of movement; that
is, a cell’s activity is most intense for
movement in a particular direction
(the cell’s preferred direction) and
decreases progressively for move-
ments made farther away from this
direction (see Fig. 2). The preferred
directions differ from cell to cell and
are distributed in the whole 3-D di-
rectional continuum. These results
indicate that a given cell fires during
movements in various directions;
conversely, movement in a particu-
lar direction is accompanied by the
firing of a large population of cells.

How, then, is the direction of
movement represented in a unique
fashion in a population of neurons
each of which is directionally
broadly tuned? One hypothesis is
that the motor cortical command for
a given direction of reaching can be
regarded as an ensemble of vectors.?
Each vector represents the contribu-
tion of a directionally tuned cell. A
particular vector points in the cell’s
preferred direction and has length
proportional to the change in cell
activity associated with the given di-
rection of movement. The vector
sum of these weighted cell vectors
(the neuronal population vector)
points at or near the direction of the
movement (see Fig. 3). Therefore,
information concerning the direc-
tion of movement can be obtained
unambiguously from the neuronal
ensemble. The neuronal population
vector hypothesis provides the tool
by which to monitor the processing
of directional information in time,
that is, when the movement is in-
tended.

There are several aspects of in-
tending a movement. The common-
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Fig. 3. Neuronal population vectors
(thick dashed lines with arrows) calcu-
lated for movements in the directions in-
dicated in the drawing at the center. All
clusters are formed by the same neuro-
nal population (N = 241 cells). Each
cell’s vectorial contribution is repre-
sented by a thin line along the axis of its
preferred direction. The length of the
thin line is proportional to the change in
the cell’s activity from its average activ-
ity observed during the eight movement
directions. Notice the spatial congru-
ence between the direction of the neu-
ronal population vector and the direc-
tion of the movement. From
Georgopoulos, Caminiti, Kalaska, and
Massey.”? Reproduced with permission.

est case is when a movement is pro-
duced as soon as a stimulus appears:
Some time intervenes between the
occurrence of the stimulus and the
beginning of the movement, which
is the traditional RT. This time varies
depending on the sensory modality
of the stimulus and any imposed
constraints on the movement but
usually takes 200 to 300 ms. The RT
can be regarded as the time during
which the movement is intended. In
other cases, a delay can be imposed
so that the movement will be initi-
ated after a period of waiting, while
the stimulus is still present. These in-
structed delay paradigms probe a
step further the representation of in-
tended movements, in the sense that
there is not an immediate motor out-
put while the representation is being
kept active. A specific case of de-
layed tasks, the memorized delay
task, involves movements that have
to be produced based on informa-

tion kept in memory. The difference
from the instructed delay task is that
the stimulus defining the direction of
the movement is turned off after a
short period of presentation, and the
movement is triggered after a delay
by a separate "'go’’ signal. Thus, in-
formation concerning the intended
movement has to be retained during
the delay.

In all three cases, the representa-
tion of information about the in-
tended movement can be studied
under different conditions that im-
pose different processing con-
straints. It would be interesting to
know whether this representation
could be identified and visualized
during the RT, the instructed delay,
and the memorized delay periods.
Because the information assumed to
be represented is about direction,
the neuronal population vector
could be a useful tool by which to
identify this representation. Comput-
ing the population vector every 20
ms during these three periods pro-
duced clear results: In all these
cases, the population vector pointed
in the direction of the intended
movement.'® These findings under-
score the usefulness of population
vector analysis as a tool for visualiz-
ing representations of the intended
movement and show that in the
presence or absence of an immedi-
ate motor output, as well as when
the directional information has to be
kept in memory, the direction of the
intended movement is represented
in a dynamic form at the ensemble
level.

NEURAL ACTIVITY DURING
A MENTAL |

TRANSFORMATION OF THE

* INTENDED DIRECTION

Knowing how to relate neural ac-
tivity to the intended direction of
movement allows studying condi-
tions in which a mental operation,

Copyright © 1993 American Psychological Society

such as mental rotation, must be
performed before the movement is
produced. In experiments of this
kind,” monkeys were trained to
move a handle on a 2-D working
surface either toward a visual stimu-
lus (direct task) or 90° counterclock-
wise from the stimulus (transforma-
tion task), depending on whether the
stimulus appeared dim or bright, re-
spectively. The cell activity in the
arm area of the motor cortex (con-
tralateral to the performing arm) was
recorded extracellularly. The neural
activity was analyzed at the single-
cell and neuronal population levels.

The changes in the activity of sin-
gle cells after the visual stimulus was
presented in the direct task were as
described previously.? The activities
of these cells also changed in the
transformation task. There were no
cells whose activity changed only in
the transformation task, from which
we infer that the representation of
direction of movement during the
transformation task does not involve
a separate neuronal population at
the level of the motor cortex. (The
population of recorded cells is not,
and cannot be, exhaustive, but we
believe that it is representative.) An
analysis of the population vector as a
function of the time since target on-
set revealed an orderly rotation of
the population vector from the direc-
tion of the target counterclockwise
through 90° to the direction of the
movement’ (Fig. 4). Interestingly,
the rates of rotation of the popula-
tion vector (about 400 °/s) were in
the range of the rates of mental ro-
tation obtained in human subjects.’

There are several surprising
points in these results. First, there
was no a priori reason to expect that
the population vector would point to
any direction other than the direc-
tion of the movement, on the simple
hypothesis that the motor cortex is
involved only in the production of
movement. The interpretation of the
population vector as showing the di-
rection of motor intention suggests
that in the transformation task, the
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Fig. 4. Results from direct (left panel) and transformation (right panel) tasks. (a) Task.
Unfilled and filled circles indicate dim and bright stimulus, respectively. Interrupted
and continuous lines with arrows indicate the stimulus (S) and movement (M) direc-
tions, respectively. (b) Neuronal population vectors calculated every 10 ms from the
onset of the stimulus (S) at the positions shown in (a) until after the onset of the move-
ment (M). For the direct task, when the population vector lengthens, it points in the
direction of the movement; in contrast, for the transformation task, when the population
vector lengthens, it points initially in the direction of the stimulus and then rotates
counterclockwise (from 12 o'clock to 9 o'clock) and points in the direction of the
movement. (c) Ten successive population vectors from (b) are shown in a spatial plot,
starting with the first population vector that increased significantly in length. Notice the
counterclockwise rotation of the population vector in the right panel. (d) Scatter plots of
the direction of the population vector as a function of time, starting with the first
population vector that increased significantly in length after stimulus onset (S). For the
direct task, the direction of the population vector is in the direction of the movement
(~180°); for the transformation task, the direction of the population vector rotates
counterclockwise from the direction of the stimulus (~90° to the direction of the
movement (~180°. From Georgopoulos, Lurito, Petrides, Schwartz, and Massey.”
Copyright 1989 by the American Association for the Advancement of Science. Repro-
duced with permission.
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motor intention is not restricted to
the direction of movement but occu-
pies intermediate directions during
the RT. Second, there was no a pri-
ori reason to expect that the popula-
tion vector would shift in an orderly
fashion in the counterclockwise di-
rection, for no explicit instruction
was given to the animals to that ef-
fect. The results obtained suggest
that the population vector spanned
the smallest angle. This strategy
could, presumably, minimize the
time and computational load in-
volved in the transformation re-
quired.

Could the apparent rotation of the
population vector be the result of ac-
tivation of two subsets of cells, one
with preferred directions at or near
the stimulus direction and the other
with preferred directions at or near
the movement direction? If cells of
the former type were recruited at the
beginning of the RT, followed by
those of the latter type, then the vec-
tor sum of the two subsets could pro-
vide the rotating population vector.
However, in an experimental test of
this hypothesis, such a pattern of ac-
tivation was not observed.”

A true rotation of the population
vector could be reflected in the en-
gagement of cells with intermediate
preferred directions during the mid-
dle of the RT. Indeed, such a tran-
sient increase in the recruitment of
these cells was observed.” This find-
ing supports the idea of a true rota-
tion of the population signal.

SIMILARITIES BETWEEN

MENTAL ROTATION OF
DIRECTION OF MOVEMENT

AND MENTAL IMAGES

Do the mental rotation of the in-
tended movement direction and of
mental images share something in
common, or are they totally inde-
pendent processes? To answer this
question, we compared the perfor-
mances of human subjects in a
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visuomotor mental rotation task and
a visual mental rotation task.'' We
found that the processing rates in
both tasks were correlated, but nei-
ther rate correlated significantly with
the processing rate in a visuomotor
memory scanning task. These results
suggest that visuomotor and visual
mental rotations possess common
processing constraints that cannot
be ascribed to general processing
rate performances.

It is possible that there is a com-
mon brain structure underlying men-
tal spatial rotation in both visuomo-
tor and visual tasks. An alternative
hypothesis is that there are similar
neurophysiological constraints
when a mental spatial rotation must
be performed, regardless of the brain
structures involved. No brain areas
other than motor cortex have been
explored during the transformation
task; therefore, it is uncertain wheth-
er the motor cortex is the locus of
visuomotor mental rotation or, more
probably, whether changes in cell
activity occur in parallel in various
brain areas. Nevertheless, the fact
that the motor cortex is involved in
such a cognitive task is remarkable,
for the motor cortex is not generally
considered to be involved in cogni-
tive operations.

Studies of mental rotation of vi-
sual images with brain-damaged hu-
man subjects and studies measuring
evoked potentials and regional cere-
bral blood flow in normal human
subjects performing a rotation task
have documented involvement of
structures in the parietal region and
primarily in the right cerebral hemi-
sphere.'? It is not clear what neuro-

physiological mechanisms underlie
the visual mental rotation. However,
the neuronal population vector anal-
ysis has already been applied suc-
cessfully to relate neural activity in
different brain areas to attributes of
visual stimuli,"® and could be a use-
ful tool to visualize possible mental
rotation of images in these areas.
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