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The Space Around Us

Giacomo Rizzolatti, Luciano Fadiga, Leonardo Fogassi,
Vittorio Gallese

Space, although unitary when examined in-
trospectively, is not represented in the brain
as a single multipurpose map. On the con-
trary, in the brain there are numerous spatial
maps (1-3). Of these, many are located in
cortical areas that participate in the control
of movement, such as eye movements, head
movements, arm movements, and so on.

Spatial relativity: Visual receptive fields. ..
The mannequin fixates a point (red spot) on a
computer keyboard. The solids on the face and
arm indicate two visual receptive fields coded
in body-parts coordinates. The gray areas in-
side the solids represent tactile receptive fields.

The map located in the ventral premotor
cortex (area F4) is paradigmatic among the
spatial maps related to skeletal move-
ments. In this area, most neurons discharge
in association with movements of the head
or the arm (4). Furthermore, a large pro-
portion of them are bimodal, responding
both to visual three-dimensional stimuli
and to tactile stimuli, mostly applied to the
face or arm. A surprising property of F4
neurons is that their visual receptive fields
(RFs) are circumscribed to the space
around the tactile RFs, as if the cutaneous
space extended into the visual space adja-
cent to it (peripersonal space) (4-9). An-
other surprising property is that visual RFs
of F4 neurons remain anchored to the body
regardless of the position of the eyes and of
the body parts on which the tactile RF is
located (7-11) (see figure).

Until recently it appeared that moving
stimuli were required to trigger F4 visual re-
sponses. But now Graziano, Hu, and Gross
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report on page 239 of this issue (12) that
many F4 neurons fire tonically at the presen-
tation of stationary three-dimensional ob-
jects within monkey peripersonal space. The
most intriguing finding, however, of this very
interesting report is that some of these toni-
cally discharging neurons continue to fire
when, unknown to the monkey, the stimulus
previously presented has been withdrawn,
and the monkey “believes” that it is still near
its body. Space representation in the pre-
motor cortex can be generated, therefore,
not only as a consequence of an external
stimulation but also internally on the basis of
previous experience.

What is the nature of this representation?
There are two main possibilities. The first

...coded in body-part coordinates...
The mannequin fixates the computer screen. In
spite of a change of gaze, the location of the
two visual receptive fields remains in the same
position as in the first panel. A visual receptive
field, if coded in retinal coordinates, would
move with the gaze.

is that the premotor neurons code space
visually; that is, given a reference point
(for example, the body parts on which the
visual receptive field is anchored), the
neurons signal the location of objects by
using a Cartesian or some other geometri-
cal coordinate system (visual space). The
alternative possibility is that the discharge
of neurons reflects a potential action, a
motor schema (13, 14), directed toward a
particular spatial location (motor space).
The presentation of a visual stimulus or the
memory of its location, as in the new study
(12), would evoke automatically one of
these schemata, which, regardless of
whether it is executed, maps the stimulus
position in motor terms.

Arguments in favor of a strictly “visual”
hypothesis are the tight temporal link be-
tween stimulus presentation and the onset
of neuron discharge, the response constancy,
and the presence of what appears to be a
visual receptive field (4-9). On the other
hand, F4 is a premotor area directly con-
nected to the primary motor cortex (15). It
sends projections to the spinal cord (16),
and its intracortical microstimulation evokes
body part movements (4). These elements
appear to favor the notion that F4 contains a
store of motor schemata for bringing the head
or the arm toward specific spatial locations.
Although an answer to the “visual” versus
“motor” representation issue cannot be given
at present, it seems to us most likely that the
neurons are coding a motor scheme.

Why? First, a Euclidean space, as assumed
by the visual hypothesis, excludes time. Each
set of neurons, when activated, specifies the
object location in space regardless of stimula-
tion temporal dimension. The prediction is,
therefore, that the spatial map as expressed
by receptive field organization is basically
static. In contrast, in the case of motor space,
because time is inherent to movement, the
spatial map may have dynamic properties
and may vary according to the change in
time of the object’s spatial location. Fogassi
et al. (11) provide evidence that this is the
case: The receptive field extension of F4
neurons increases in depth when the speed of
an approaching stimulus increases.

Second, in the ventral premotor cortex
there is another functional area (area F5)
related to object-to-hand movements trans-

...move only when the body moves.
The mannequin moves its head, directing its
gaze toward the mug. The arm is also moved
toward it. The spatial location of the receptive
fields moves with the body parts, remaining an-
chored to the tactile receptive fields. The por-
trait on the wall is that of the philosopher
Edmund Husserl, founder of phenomenology.

formation (14, 17) rather than to space-to-
head or arm movements transformation. Ex-
periments in which object shape (visual hy-
pothesis) and object graspability (motor hy-
pothesis) were compared showed that the
responses evoked by object presentation bet-
ter correlated with the way in which objects
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had to be grasped rather than with object
pictorial aspects (18). Therefore, objects ap-
pear to be described in F5 more in motor than
in visual terms. Admitting that the basic
transformation process is analogous in the
various ventral premotor cortex sectors, the
fact that in F5 objects are coded in motor
terms suggests a similar motor interpetation
for space coding in F4.

Finally, the motor interpretation offers
a better or at least a more economical ex-
planation for the location of spatial recep-
tive fields around the body. If the visual
interpretation were correct, one would
have to postulate an ad hoc, complex visual
mechanism able to eliminate visual infor-
mation coming from points outside the
peripersonal space. In contrast, the three-
dimensional properties of premotor recep-
tive fields are easily accommodated by a
motor interpretation. According to this
view, movements progressively carve out a
working space from undifferentiated visual
information. The anatomical basis underly-
ing this process may be represented by the
fronto-parietal connections. These connec-
tions would constrain motorically the visual
parietal neurons, through a visuomotor
coupling between visual stimuli and move-
ments directed toward them. The func-
tional properties of bimodal parietal neu-
rons of areas VIP (19) and PF (6, 20), both
strictly linked to F4 (21, 22), are consis-
tent with this interpretation. The move-
ment-based space (which may be subserved
also by other fronto-parietal circuits) be-
comes then our experiential peripersonal
visual space.

The data reviewed above and the hy-
potheses we discuss are at odds with the
traditional view of cognitive sciences that

percepts are built from elementary sensory -

information via a series of progressively
more and more complex representations. In
contrast, they stress the importance of mo-
tor areas and motor-to-sensory pathways for
the construction of object and space per-
ception, and the artificiality of constructing
arigid wall between sensory and motor rep-
resentations. It is interesting to note the
closeness of this view, emerging from single-
neuron recordings, and the philosophical
stance of phenomenological philosophers
on space perception. Space is “not a sort of
ether in which all things float.... The points
in space mark, in our vicinity, the varying
range of our aims and our gestures”
(Merleau-Ponty) (23).
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Stacked Organic Light-Emitting

Diodes in Full Color

James R. Sheats

The proliferation of portable electronic
devices such as pagers, cellular telephones,
personal digital assistants, and hand-held
computers has driven designers to search for
a new generation of display technology.
These portable tools demand something
more sophisticated than the simple alpha-
numeric displays of kitchen appliances yet
must be smaller than a full-fledged laptop
computer. Although a monochromatic dis-
play is adequate for some applications, full
color is necessary for many and-desirable for
most; yet it is not easy to achieve in inex-
pensive, battery-powered devices. Re-
cently, Shen et al. (1, page 2009) described
a novel approach to full-color organic elec-
troluminescent (EL) displays that could sat-
isfy this need and demonstrates dramati-
cally the vetsatility of thin-film organic
optoelectronics.

Portable display technology is con-
strained by the need for low-cost battery-
compatible drive voltage, high efficiency,
reasonable lifetime, and resistance to the
temperature extremes of outdoor or auto-
mobile use. Most approaches, such as
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plasma displays, vacuum fluorescence, and
inorganic thin-film electroluminescence,
face some combination of these obstacles.
Inorganic light-emitting diodes (LEDs) are
simply too expensive. As a result, the mar-
ket has been largely left to liquid crystals
(generally without backlighting), which
leave much to be desired in the way of
viewability.

Organic electroluminescence, a subject
with roots in the 1960s, has now reached
the point where commercialization of
small, pixel-addressed displays seems close
to reality (2). Device lifetime, a major con-
cern only a few years ago, is now several
thousand hours for many systems, and in the
tens of thousands for the best; it remains
acceptable for temperatures up to at least
60°C or more. Efficiencies are superior to
most of the other competitors. A bias of 10
V or less is sufficient to drive a passive ma-
trix-addressed 64 x 256 pixel display, and
the voltage drop along the metal and in-
dium-tin-oxide (ITO) lines is acceptable
for a display of this size. Drivers with ad-
equate current capacity are available at rea-
sonable (though significant) cost. Thus,
despite the difficulties involved in the in-
troduction of such a new technology,
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