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Anatomical and physiological observations in monkeys
indicate that the primate visual system consists of several
separate and independent subdivisions that analyze differ-
ent aspects of the same retinal image: cells in cortical
visual areas 1 and 2 and higher visual areas are segregated
into three interdigitating subdivisions that differ in their
sclectivity for color, stereopsis, movement, and orienta-
tion. The pathways sclective for form and color seem to be
derived mainly from the parvocellular geniculate subdivi-
sions, the depth- and movement-selective components
from the magnocellular. At lower levels, in the retina and
in the geniculate, cells in these two subdivisions differ in
their color selectivity, contrast sensitivity, temporal prop-
ertics, and spatial resolution. These major differences in
the properties of cells at lower levels in each of the
subdivisions led to the prediction that different visual
functions, such as color, depth, movement, and form
pereeption, should exhibit corresponding differences.
Human perceptual experiments are remarkably consistent
with these predictions. Moreover, perceptual cxperiments
can be designed to ask which subdivisions of the system
are responsibleé for particular visual abilities, such as
figure/ground discrimination or perception of depth from
perspective or relative movement—functions that might
be difficult to deduce trom single-cell response properties.

EQPLE WITH NORMAL COLOR VISION WILL PROBABLY FIND

the left illustration in Fig. 1 less clear and three-dimensional

than the one on the right. Bur it springs forth if you look at it
through a blue filter, such as a piece of colored glass or cellophane,
In the left version the grav and yellow are equally bright, or
lumunant, for the average person, whereas the nghe version has
luminance-contrase intoroarion, The abiline to infer distance and
three-dimensional shape from a two-dimensional image is an exam-
ple of a visual function that ¢an wse luminance but not color
differences. Depth from perspective and color perception are thus
aspects of vision that seem 1w be handled by entirely separate
channels in our nervous svstemn.

Even though intuition suggests that our vision can plausibly be
subdivided into several components—olor, depth, movement,
form, and texnure perception—our perception of any scene usually
seems. well unified, Despie this apparent whaoleness, studies of
anatomy, physiology, and human perception are converging roward
the conclusion thar our visual system is subdivided into several
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separate parts whose functions are quite distinet. In this article we
sumimarize some of these anatomical, physiological, and human-
pereeprual observarions.

Physiological and Anatomical Studies

Occasionally people with strokes suffer surprisingly specific visial
lssses—tor example, loss of color discrimination without impair-
ment of form perceprion, loss of motion perceprion withour lass of
color of form perception, or loss of tace recognition without Joss of
the ability to recognize most other categories of objects or loss of
eolor or depth perception (1), Such selectivity seems to indicare thar
the visual pathway is functionally subdivided at a tairly gross level,

Anatomical and physiological studies in monkeys also support
this idea of functional divergence within the visual pathway. They
reveal major anatomical subdivisions at the earliest peripheral stages
in the visual system as well s segregadon of funcrion at the highest
known corncal stages, but undl recently there was little information
about corresponding subdivisions in the intermediate levels, the fiest
and second cortical visual areas,

Suebdrvicions at early stages i the vioual patbway. It has been known
tor & century that the nerve fibers leaving the eves diverge ro provide
input both to the lateral geniculate bodies and to the superior
colliculi. The colliculus seems to be relatvely more important in
lower mammals than &t is in primares, in which its main role is
protably onentation toward rfargets of inkerest; here we will he

Fig. 1. The same image ar equiluminance {left) and non-cquiluminance
(right}. Depth from perspective, spatial organization, and figure/ground
segregarion are diminished in the equiluminant version. To convince
vourself that the lefi version docs indeed contain the same information as che
other, look at it through a piece of blue cellaphane or glass, These two eolors
may not be close encugh o your equiluminance point eo be effective,
Changing the light source may help,
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Fig. 2. The primate lateral penicu-
late body. This six-lavered serucrure
is the first stage in the visval system
after the retina, and i cofsisss of
two distiner subdivisions, the veneral
wo magnoaiite lavers and the
dorsal four parvéceltolar layers, The
rwo eves project 1o different layersin
the interdigirating fashiom shown: ©
indicates layers: thar are inoervared
bv the coneralateral eve; i indicargs
layers with input from the ipsilaceral
£y,

Fig. 3. Receptave fields tor
{left) typical color-oppao-
nent parvoceliular genicu-
late neuron, excited over a
small region by red light
and inhibited over a larger
region by green light and
{right) rypical broadband “"— —
magnocellular neuron, excited by all wavelengths in the conter and inhibited
by all wavelengths in tes surround

concerned exclusively with the gemculo-cortical part of the visual
system, which seems to be directly concerned with visual perception
{2}—what we think of as secing.

The primarte lareral geniculate body is a six-lavered structure, with
two ebviously different subdivisions: the four dorsal, small-cell
{parvocellular) layers and the rwo ventral, large-cell (magnocellular)
layers; these rwo subdivisions differ borh anatomically and physio-
logically. In 1920 Minkowski (3) discovered that each eve projects
to three of the six lavers in the peculiar alternating fashion shown in
Fig. 2: cach halfretina is mapped three tmes onto one geniculate
body, rwice to the parvocetlular layers and onee o the magnocellu-
lar, and all six topographic maps of the visual field are in precise
register (4.

The tour parvocellular layers seem to be very similar, if not
idencical, anatomically and physiolegically. Bur the magne- and
parvocellular divisions are profoundly different, implying a major
splhit in the visual pathway. This division is most obvious, and was
first recognized, in the geniculate, bur it does nor originate there;
the twio geniculare subdivisions receive inpur from two intermixed
bur anaromically distinet types of retinal ganglion cells: type A cells
are farger and project to the magnocellufar division, and the smaller
tvpe B cells project to the parvocellular division (5). These rwo
subdmvisions of the visual pathway, which we will refer to as magno
and parvo, are distinguishable both anaromically and physiological-
ly. Whether this duality in the visual pach arises even earher, at the
bipolar or horizoneal cells in the retina, is not known. We can at least
be reasonably cermain thar the two components must both derive
their inputs from the same rods and cones and that the marked
differences in response properties must therefore depend on the way
the photorecepror inputs are combined,

Though they differ significantly in their response characteristics,
the magno and parve systems do share some basic physiclogical
properties. Their rcct:pl::'lw: ficlds (the regions of retina over which
their impulse activity can be influenced) are all circularly svmmetri-
cal, and about 90% show center-surround opponency (6, 7); some
cells are excited (impulse rate speeded up) by illumination of a small
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retinal region and inhibited (impulse rate slowed down) by illunn-
nation of a larger surrounding region, whereas others are the
reverse, inhibited from the center and excited from the surround,
Because of the antagonism berween center and surround, large
uniform spots produce feeble responses or none. This center-
surround arrangement is found also at earlier levels, starting with the
retinal bipolar cells. Clearly these cells are wired up so as wo convert
the information from the phororeceprors into information about
spatial disconunuities in light patterns. This should not be surpris-
ing, since we ourselves are very poor in judmng overall levels of
illumination, as anvone who oies doing photography withour a
light merer well knows—we are lucky if we can come within an [
stop (a factor of 2) of the right exposure. On the ather hand we can
detect a spot that 15 as little as a few percent brighter or darker than
its immediate surround.

The magno and parvo divisions mvmhnh.ss differ phyvsiclogically
r ways—color, acuity, speed, and contrast sensitivity (7—

10), oot glreer >
CColorSabout 90% of the cells in the pagnmilul;ﬂ}cm of the

geniculate are strikingly sensitive to differences in wavelength,
whereas cells n the magnocellular layers are not. The three types of
concs in the primare retina have broad, overlapping specrral sensinv-
itics and can be loosely rermed red-, green-, and blue-sensitive, to
incicate that their pi.'tk sensitivities are in the long-, middle-; and
short-wavelength reglons of the specorum. Parvo cells are wave-
length selective because they combine these cone_inputs so as in
effect to subrrace them (Fig. 3, left). A tvpic
example, receive excitatory inputs 1ots receprive held cenrer from
red cones only, and inhibitory inputs to its receptive field surround
from green cones only. Such a cell will be excited by long wave-
lengrhs (reds), inhibited by short wavelengths (blues and greens),
and be unresponsive to some intermediate wavelengeh (yellow),
Besides such red—on center, green—off surround cells, most of the
other possibilitics also occur, most commonly red cones antagonized
by green, and blue versus the sum of red and green (thae is, yellow).
In contrast o the color selecuvity of most parvo cells, magno cells
{and also the remaining 10% of the parvo cells) sum the inpurs of
the three cone rypes, so thar the spectral sensitiviry curves are broad,
and the response to a change in illumination is of the same ovpe,
either on or off, at all wavelengths (Fig. 3, right) (11}, The magno
system is thus in effect color-blind: as in black-and-white photogra-
phy, owo different colors, such as red and green, at mmc larive

brightness will be indistinguishable, m‘o g;
@' e second difference berween magn parvo cells is

the size of their field cenrers. For both svstems the average size of the
receptive feld center increases with distance from the fovea, consist-
ent with the differences in acuity berween foveal and peripheral
vision. Yet ar any given eccentricity, magno cells have larger
receprive ficld centers than parvo cells, by a factor of 2 or 3,

peed, Magno cells respond faster and more mansiently than parvo
celisT This sensitivity to the emporal aspects of a visual stimulus
suggests that the magno syscem may plav a special role in detecring
movemnent. Many cells ar higher levels in this pathway are selecrive
for dizection of movement,

Shapley et al. {10) found that magno eells are much
mare sensidve than parvo cells to low-contrast samuli. Both begin
to respond when the center and surround brightnesses differ by only
| or 2%, but with increasing contrast magno responses increase
rapidly and level off at about 10 to 15% conerast, wheteas parvo
responses increase more slowdy, and sarurare ar far higher contrasts.

These four major differences berween the two subdivisions, in
color, acuity, quickness, and contrast sensitivity, imply that they
contribute to different aspects of vision. Exactly whar aspects have
become clearer recently, with new anaromical rechniques thatr have
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made it passible to follow these subdivisions farther into the central
nervous system and o correlare them with the response selectiviry of
cells ar later stages in each subdivision for maore abstrace stimulus
features.

Continneation of the magno and parvw smbdtvistons & viveal area 1,
The segregation of the two pathways is perpetuated in the primary
visual cortex (12) (Fig. 4). Cells'in the magnocellular geniculate
lavers project to laver 4Ce, which projects in turn to layer 48, which
then projects to-visual area 2 and to cortical area MT. Parvo cells
project to laver 4CB, and from there the connections go 1o layers 2
and 3, and from there o visual arca 2. The parvocellular division
splits to form an additional subdivision in the upper layers of visual
area 1. The first evidence for this further subdivision came in 1978
when Wong-Biley (13} stained visual area 1 for the mitochondrial
enzyme evtochrome oxidase and saw alternating regions of light and
dark staining. The dark regions are round or oval in sections cut
parallel to the surface; they are most prominent in the upper layvers
(2 and 3} but are also faintly visible in layers 5 and 6. They mmed
out to represent pillar-like structures about 0.2 mm in diamerter,
spaced (.5 mm apart (14} We term these strucrures blobs because of
their three-dimensional shape. Blobs are tound only in the primary
visual cortex; they occur in all primates thae have been looked ar, and
in the prosimian Galege, bur have not been found in ather prosi-
mians or any lower mammals (13).

Since lavers 2 and 3 receive most of their inputs from parvo-
recipient layer 4C8, both the blobs and the inrerblobs could be
considered continuations of the parve subdivision. Nevertheless the
blobs should probably be thoughe of as a separate subdivision,
because they have somewhar different inputs and very different
response properties from the interblobs (16-18). The visual re-
sponse properties of cells in the blobs suggest thar they may also
receive magnocellular inpur (17, 18).

Thus by the cutput stage of visual area 1 the magno system
remains segregated, and the parvo system scems to have split into two
branches. All three subdivisions, magno—4Co—4B, parvo-»4CF—»
interblob, and parvo( +magno? —4Cp—+blob, then project to visual
area 2.

These anaromically defined subdivisions in the primary visual
cortex differ from each other in the kinds of visual informarion they
carey (18), as in earlier stages,

|
Parvacollular

In the magno pathway, cells in layer 4B are arlentation selective;
that is, they respond best to lines of a particular orentaton, and
most of them also show selectivity for the directoon of movement
(18, I9)—far example, a cell preferring horizontal lines may respond
when an edge is moved upward bur not when it moves dewnward,
Like magnocellular geniculare cells, cells in 48 lack color selectiviny,

In the interblobs, most, perhaps all, cells are also orientation
selective, Unlike cells in layer 4B, most are not direction selective;
10 to 20% arc end-stopped. responding ro short bur not long line or
edge stimudi. The receptive fields are small, and the opdmum line
thickness is similar to the optimurn spot size of cells in the geniculate
parvocellular layers at the same eccenmricing. This system may
therefore be responsible for high-resolution form perception, Al-
though anatomical evidence indicates thar the interblob syseem
receives its major input from the color-coded panvocellular genicu-
late layers, most of the interblob cells are not explicitly color-coded:
they show no color opponency and respond well to achromatic
luminance contrast borders, Nevertheless, many of them respond o
an appropriately onented color-contrast edge regardless of the
colors forming the edge or the relatve brightmess of the two colars,
Similarly, they usually respond to lines or borders of any brighmess
contrast (light-on-dark or dark-on-light), even though the anteced-
ent geniculate cells are either on-center or off-center bur not bath,
This suggests thar much of the color-coded parvocellular input s
pooled in such a way that color contrast can be wsed ww idenoty
borders but thae the information about the colors (including black
versus white) forming the border is lose (20)

Blob cells are not orientadon selective bur are either color or
brighmess sclective. The blob system thus seems to carry informa-
tion complementary to the mformation carried by the interblob
systern. The brightness-selective {non—color-coded or broadband)
blob cells have larger receprive field centers than the broadband
geniculate cells bur are otherwise similar—they are either excited or
inhibired by small spots of light, and they respond less well ro large
spots, indicating surround inhibition. These broadband blob cells
could receive input from either the magnocellular gemiculate cells or
from the broadband parvo cells, bur the physiological properties of
many of them would be more consistent with input from the magno
system (17, 18}, We assume that the color-opponent blob cells
receive input from the color-opponent parvocellular geniculate cells,
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Fig. 5. Section parallel o the
sirface through visual areas |
and 2 of 3 squirrel monkey,
stained for cytochmome oxidiase.
Visual area 1 15 on the left; the
blobs appear as small round
dots, In Visual area 2 the cyro-
chrome-oxidase suin reveals
pattern  of  alternating  thin,
thick, and pale seripes.

though they differ from them in that their receptive field cenrers are
larger and their color coding is doubly opponent—they give oppo-
site responses to different parts of the spectrum in the center (say, on
tor ted and off w0 green), and both types of center responsc are
reduced when the spor is made larger.

The blob and inrerblob svstems thus work in entirely different and
complementary ways. Blob cells are expliciely color-coded, excired
by calors in ene region of the specrrum and inhibited by others, and
not selective for stimulus orientation, Intechlob cells are selective for
stmulus orentanon but mostly are not color selective, responding
to aline or edge of the correct orientation regardless of its color, The
strategy of carrving orientation information m a system that miostly
pools color intormarion and color-contrast informanion in a separate
system that does nor carry orientation information is probably more
efficient than having single cells selective for bath the orientation
and color of a border. Nevertheless, as emphasized carlier, although
most of the interblob cells are not overtly color selective, they
probably receive their inputs from explicitly color-coded parvocellu-
lar geniculate cells and are mose likely not color-blind in the sense
thart the cells in the magno syseem probably are. Most interblob cells,
even though they lose the information abour the colors that form a
border or the sign of the contrast of the border; should respond to
calor-contrast borders in which the two colors are equally bright;
such borders would be invisible to magno cells,

Vigal aver 2. The main targee of visual arca 1 is visual area 2
{Brodmann’s area 18), which shows an equally intriguing pacern
when stained for oviochrome oxidase (Fig, 5) (16, 21). Instead of
small round dors, rangential sections show a parter of stripes, much
coarser than the blobs of visual arca 1; chese alternacely dark and
light stripes are several millimerers wide and nun perpendicular 1o
the border berween visual areas 1 and 2, probably extending over
the entire 8- to 10-mm width of visual area 2. The dark stripes are
themsehves of two wypes, thick and thin, The regularioy of this
partern of thick, thin, and pale stripes varies from animal o animal
and s clearer in New World monkeys than in Old Waorld ones, at
least partly because in Old World monkeys visual area 2 is buried in
the Tunate sulous, Given three histologically defined regions in visual
area 2 and the tact thae viswal area 1 has three kinds of subdivisions
that project to other cortical areas, it was natural to ask if they were
relared. And indeed, from tracer injections into the three kinds of
stripes in visual area 2, we found thar the blobs are reciprocally
connected to the thin stripes, the inteeblob regions o the pale
stripes, and layer 4B to the thick stripes (Fig. 4) (18, 22),

The nexr step was to record from cells in visual area 2, o leamn
whether the three subdivisions carry different types of visual infor-
niation, We did indeed find marked differences, which were consist-
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ent with the properties of cells in the antecedent subdivisions of
visual arca 1 (18, 23

Cells in rh{jhin stripes showed no onentaton selectivity, and
over hall were coloroded, just as we had found in the blobs. As in
the blobs, maost of the color-coded cells were doubly opponent, with
two antagenistic inputs 1o their centers, and surround antagonism
tor both of these center inputs. About half of the thin-seripe cells,
both broadband and color opponent, exhibited an additional prop-
erty not seen in the blob cells: the receprive Reld centers were big-
ger, ver optimum spot sizes were about the same, A ovpical cell
might respond best, say, to a 0.57 diameter spot, give no response at
all w 2% or 47 spots (indicating surround antagonism), and vet
respond actively to the (.57 spot anywhere within an area about 47 in
diameter. These cells can be broadband or color opponent. Several
vears ago Baizer, Robinson, and Dow (24) described this kind of

broadband  cell, which they called “spor cells,” in visual area
2

Cells in lht: ornentation selective bur not direction
selective, At least Talf of them are end-stopped; this represents a
dramatic increase in the proportion of end-stopping over what is
seenan visual area 1. We have argued that end-stopping, like center-
surround antagonism, is an efficient way of encoding informarion
about shape (23). Like cells in the interblobs, pale-stripe eells are not

explicitly color-coded, and we expect that they would respond to
color-contrast borders at all relacive brightnesses, though we have

ehe great majority of cells likewise show
orentaton sclectivity, but are seldom end-stopped. The most
consistent response selectivicy we see in the thick stripes is for
stereoscopic depdi—most cells respond poorly o stimularion of
either eye alone bur vigorously when both cyes are stimulated
wogether, and for most cells the responses are extremiegly sensitive o
variarions in the relative horizontal positions of the stimuli in the
twir eyes (retinal disparity), Poggio and Fischer (25} had seen
similar disparity-tuned cells in visual area 1 in alent monkeys,
predominantly in layer 48, the layer that projects to the thick stripes
of visual arca 2. In the thick stripes we find the same three basic
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Fig. 6. ( A} Loss of depth from parallax ar equilumenance. The position of the
middle bar is made ro vary with the observer’s head position. In this case, the
center bar appears to lie n front of the reference bars, excepr when the bars
are made equiluminant with the background. {B) Two frames of a movic in
which the movement of does generares the sensation of a three-dimcsional
object. The dots appear to lie on the surface of 4 sphere (which vou can sec
b sterec-viewing ﬂp'l.:su ewo frames). All sensation of depthiis lost when the
daors are cquiluminant with the background,
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Flg. 7. Computer-generated images
in which shape is gencrared by shad-
mi In the middle image the two
colors are eguiuminane, and  the
three-dimensional shape is harder to
discern than in the other two images,
which have luminance-contrast.

classes of cells deseribed by Poggio and Fischer—ueells selective for
near stimuli, far stimuli, or stimuli falling on cxactly corresponding
retinal points. Like cells in the pale stiipes, these cells show no color
sclectivity; moreover, we would predic that these cells would belike

their magnocellular predecessors and would not rcspcmd o calor- ¢

contrast borders when the colors are equally brighr, though we have
not vet tested responses o equiluminant color-contrast borders
cither in laver 48 of visual arca 1 orin the thick stripes of visual area
)

Orher studies {26, 27) have not reported such a clean segregation
of cells with diffcrent physiological properties in visual area 2, or as
clear a correlation of physiclogical subrypes with the three types of
stripes. How clear the funcrional segregation s in visual area 2
remains 1o be resolved, but we suspect thar these differences are due
to cholce of classificanon criteria (23),

Higher visal aveas. Meanwhile, explorations of visual areas be-
vond 1 and 2 are helping close the gap berween the functions
suggested by clecrrophysiological studies and whar clinical obser-
vatons imply about the segregation of vanous functions in the
human visual system. The response properies of cells ar levels
bevond visual arca 2 suggest that the segregation of funcrions begun
at the carlicst Jevels is perpetuated at the highest levels so far studied,
Indeed, the segregation seems to become more and more pro-
nounced ar each successive level, so that subdivisions thar are
interdigitated in visual areas 1 and 2 become segregated into entirely
separate areas at still higher levels, One higher visual area in the
middle temporal lobe, MT, scems to be specialized for the analysis of
movement and stereoscopic depth (28 Ie receives input not anly
from laver #B invisual area 1 (29}, which 1s also rich in direcoionalicy
and disparity selectiviey, bue also from the thick stripes in visual arca
2 {26, 30, which, as already described, contain many cells selective
for binocular disparity (23), Ancther higher visual area, visual area
4, has been reported o contain a preponderance of color-selective
cells (31, but just how specialized visual area 4 is for color 15 sl
unclear since many of the cells show some selectivity for onentation,
Visual area 4 receives input from the eolor-coded thin simpes n
visual area 2 and possibly from the pale stripes {26, 30, 32). The
notion that there 15 a higher visual area devoted largely 1o the
processing of color mformation is consistent with the clinical
observation that pancnts with strokes in the posterior inferior
occipital lobe {perhaps in a region homologous to visual arca 4) can
lose color perception without impairment of form or mavement
perceprion.

There are strong suggestions that these channels remain segregat-
ed through still higher levels in the brain (33). From leston studies
Pohl (34) and Ungereider and Mishkin (35) have defined two

T4
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Functionally distiner divisions of visual associanion areas: the empo-
ral-oecipital region, necessary for learning to idencify objects by their
appearance, and the paricro-ocdpital region, needed for tasks in-
volving the positions of objects; a distinction they refer to as

mticre” versus "what! ¥ispal area 4 preferentially projects to the

“temporal division and MT primarily to panetal cortex (36}, Thus the

temporal visual arcas may represent the contnuation of the parvo
system, and the parie tal areas the continuation of the magno
pachway. There can be lirtle doube chat in the next few years work on
the dozen or so areas north of the stmare correx will grearly enhance
our understanding of vision in general

Human Perception

Despite many gaps, the picure beginning to emerge trom the
anatomical and electrophysiological stadies summarized above is
that the segregaton begun in the eve gives rise o separare and
independent parallel pathways. At early levels, whire there are two
major subdivisions, the cells in these two subdivisions exhibit at least
four basic differences—color selectiviry, specd. acuiry, and contrast
sensitivity, At higher stages the continuations of these pathways are
selective for quite different aspects of vision (form, color, move-
ment, and stereopsis), thus generating the counterintuitive predic-
tion that different kinds of visual rasks should differ in their colos.
remporal, acury, and conrrst charactensvics. To rest this prediction,

1
we asked whether the differences seen in the geniculate can be

detected in conscious human visual perception by comparing the
color, temporal, spatial, and conerast sensitivities of differenr visaal
funcrions. Many of these questions, not surprisingly, have aleeady
been asked, and the answers are wonderfully consistent with the
amatomy and physiology, For several decades psychologists have
accumulated evidence tor ewo channels in human vision, one
chromatic and the other achromarie, by showing thar different rasks
can have very different sensitivities to color and brightness contrast,
Given what we know now abour the elecrophysiology and the
amatomy of the subdivisions of the primate visual system, we can
begin oty to correlace the perceptual observations with these
subdivisions (37). Though at higher cortical levels there seem to be
three subdivisions, possibly with some mixing of magno and parva
inputs to the blob systwem, the most important distinction i
probably berween the magno system (magno—4Ca—4B—MT)
and the parvo-derived subdivisions (parvo—4CE—interblobs- spale
stripes— visual area 43) and [parvo( +magno? j—=4CA—blobs—thin
stripes—viszal area 4], In our discussion of human perception we
will, therefore, stress the distnetions berween funcnons thar seem to
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Fig. 8. Gibson’s cornidor il-
lusion. [From (#7) with pet-
mission, copyright 1950,
Houghton "-{Iﬁ:lln] Ar equi-
lumirance  the image no
longer appears o recede
inte the distance, and the
cylinders all appear to be the
same siee, as indecd they
acmally are.

be carried exclusively by the magno system and rhose thar seem ro be
carried by the parvo-derived pathways.

From the fact thae the magno system is color-blind and is faster
than the parve system, we can predict that discrimination of color
and diserimination of brightness should have different temporal
propertics. This is indeed so: in 1923 Tves {38) showed thar people
can follow brightness alternations at much faster rates than pure
color alternations,

The high incidence of movemenrt and direction selectivity in MT
suggests thar this area may be particularly concerned w ith move-
ment perception. Because anatomically MT receives its major inputs
trom laver 4B of the primary visual cortex and from the thick stripes
of visual arca 2, both part of the magno pathway, onc would predict
that human movement perception should somehow reflect magno
charmeteristics: color blindness, quickness, high contrast sensitivicy,
and low acuiry, Perceptual experiments indicate thar movement
perceprion does indeed have these characreristics s im-
paired for patterns made up of equiluminant colorss Cavanagh,
Tuler, and Favreau (39) found that if they ga:m,mt:d maving red and

grecn sinewave bT['lPL‘.‘S “the FH:!.CL‘I"- uiluminous

grnnngs is subsrantially slowed _ . . the gratings often appear to stop
even though their bars are cicarh' resalved .o the motion is

appreciated only because it is occasionally noticed that the bars arc at
some new position” (39, p. 897, ﬁmjd MOYVETCNRT QI‘CLEHGI]
is |mP1.1rcd ar high spatal frequencies, consistent with the low

acuity of the magno svstem. Campbell and Maffei (41) viewed
slowly rotating gratings and found a loss of motion perception at the
highest resolvable frequencies, “Ar a sparial frequency of 16 and 32
cvclesideg a strange phenomenon was experienced, the grating was
perceived as rotating extremely slowly and most of the tme it
actually appeared stationary. Of course, the subject could call upen
his memory and deduce thar the gratng must be moving for he was
aware that some seconds before the gradng had been at a particular
‘eleck-face position,” Even with this additional information thar the
grating must be rﬂtnung the illusion of ‘stopped maotion® p:rsisr:d”
41, p. 7145, Whar is most surprising abour the perceprion af both
the equiluminant stripes and the very fine stripes is that even though

the sensation of movement is endrely. or almost entirely, lost, the |
stripes themselves are soll clearly visible—they arc clear enough thar”

changes in their position can be seen, even though they do not seem
to be moving, Last, movement can be vividly perceived with very
rapidly alternating or very low contrast images (37, 413 Thus, as
summarized in Table 1, the properties of human movement percep-
tion are remarkably consistent with the properties of the magno
SVSTem.
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Finding cells in the thick stripes of visual area 2 and in MT thar
are tuned o retinal disparity suggests that the magno system is also
involved in stereoscopic depeh perceprion. Consistent with this, Lo
and Fender (42) found that subjects could not see depth in
equiluminant color-contrast random-dot stereograms even though
the dots mnking up the stereogram remained perfectly clear (43).
This finding has been disputed, bue we found that differences in
results can arise from variations in subjects’ equiluminance points
with eccentricity, which make it difficult to achieve equiluminance
across the visual field, Like movement perception, stereopsis fails for
stereograms containing only high, but resolvable, spatial frequen-
cies bur it is not diminished for rapidly alternating or very low
contrast stereograms (37) (Table 1),

Deduction of flerther wagno ov parve fleections from perceptual tesis,
Sipce the functions thar electrophysiological studies had suggested
should be carried by the magno system did indeed show all four
distinguishing characteristics of thar syvstem, we decided 1o ask
whether other visual funcrions, cnes not predicted by single-cell
response properties, maght also mamifest some or all of these
properties,

If a particular magno cell sums red and green inputs; there will be
ared | green ratio at which the red and green will be equally effecoive
in stimulating the cell. This need noc imply that every magno cell has
the same rado of red o green inpuars and therefore necessarily the
same equiluminance point. Nevertheless, the fact thar movement
and stereopsis fail ar equiluminance implies that, for a given
observer, the null ratio must be very similar for the majoriey of his
cells responsible for thar funcrion. I\r—ugr:r (44 found that of 33
magnocellular geniculare cells smudied in owo monkeys, 73% were
unresponsive to a moving color-contrast border ar a particultar
relative brighmess—a brightness rano thar was very close w0 a
human observer’s equiluminant poinr. Thus not anly do individual
cells in the magno svstem seem 1o be color-blind, bur the properties
of stereopsis and movement perceprion indicace thar the magno
system as a whole is color-blind. [There is, however, currently some
disagreement about whether the magno system is inactive at equilu-
minance {43).] People with the most common forms of color
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Flg. 9. Linking by mevement s lost ar eguiluminance. All mine of e
ambiguous motion squares appear o move in synchrony, even though any
one seen alone could be seen moving either horizonmally or verncally. This
limking disappears at equiluminance, and the dots move every which wav,
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blindness, due o the lack of one of the three cone pigments, are not
nearly as color-blind as the magno system appears to be. They sall
have rwo cone types 1o compare, and so they confuse only a small
fracon of possible color pairs and can differentiate most color pairs
at all relanve brightnesses,

Since both morion perception and stereoscopic depth perceprion
are lost at equiluminance, we suspected thar che ability to use relarive
motion as a depth cue might also be lost. Relative motion s a very
powerful depth cue: when an observer moves his head back and
torth or moves around in his environment, the relative motion of
objects provides information about their distance, In the experiment
shown in Fig. 6A, the position of the middle bar was coupled
head movement, and the middle bar appeared to be either behind or
m front of the reference bars, depending on whether its movement
wis the same as, or contrary to, the head movement. When the bars
were made equiluminant with the background, all sensation of
depth disappeared (37).

Relarive movement of different parts of a three-dimensional
object is also a powerful depth cue, Figure 68 shows two friumes of 2
mavie in which random dots move, some to the nghe and some to
the left, as if they were pasrcd on a rotung spherical surface. The
movie gives a powerful sensation of a rotating spherical surface—
unless the dots are equilurmnant with the background, and then all
sensation of depth is lost (37}, and the dots seem to dance aimlessly,
Thus depth from maonion, both from viewer parallax and from object
morion, seems also to depend on luminance contrast and could we]l
be a function of the magno svstem, Consistent with this idea, o
could sce depth from motion at very low levels of lumm.mcL
contrast (37). [ Aeesasatrat ity g#u... 4t

e L

Ihe redinal intage PSR T SRt naalmd o tﬂ}% he
three-dimensional relanonships of objects the visual systems uses
many kinds of cues besides stereopsis and relative motion—perspec-
vve, gradients of rexoure, shading, occlusion, and relarive position in
the image. We wondered whether the sensation of depth from any
of these other cues might alse exhibic magno characreristics. [t

seemed c.spm:mlh' likely that the abilicy to perceive iii:prh from
shading might be carried by an achromartic system, because shading
is almost by definition purely luminance-contrast information; that
is, under natural lighting conditions a shaded region of an object has
the same hue as the unshaded parts, simply darker. But in biclogy
just because something could, or seemingly even should, be done in
a certain way does nor mean thar i will be. Nevertheless, Cavanagh
and Leclerc (46) found that the perception of three-dimensional
shape from shading indeed depends solely on luminance contrast
That 15, in order o produce a sensaton of depth and three-
dimensionality, shadows can be anv hue as long as thev are darker
than unshaded regions of the same surface, Many artists seem o
have been aware of this;, for example, in some of the self-portrais of
Van Gogh and Matisse the shadows an their faces are green or blue,
bur they still convey a normally shaped face, Black-and-white
photographs of these paintings (taken with film that has approsi-
mately the same spectral sensitivity as humans) confirm thar the
shadows are actually darker than the unshaded parts. The converse
can be seen in Fig. 75 here the green shadows do not convey a
sensation of depth and shape when they are the same brightness as.
the blue but do when they are darker (when the bluc is darker, the
blue parts are incerpreed as shadowed),

Perspective was well known to artists by the dme of the Renais-
sance and is a powerful indicator of deprh. Converging Lines or
gradients of texture are automatically interpreted by the visual
system as indicating increasing distance from the observer; thus the
image in Fig. & (47 looks like 2 corridor receding into the distance
despite the conflicing informanon from other depth cues. the
absence of stercopsis or relative moton, which tells us we are
looking at a Aar surface: The perceprion of depth from perspective
probably underlies many illusions: the rwo cylinders in Fig. 8 are the
same size (and they each cover the same area on vour rerina), burare
p-crcciv:d by most pcnl:llc as being unequal.

We found that when i images with strong perspective are rendered
in equiluminant colors instead of hl"ick and white, the depth

Table 1. Summary of the correlations between human psychophysical results and the physiological properties of the three subdivisions of the primace
geniculo-comical visual sysrem. A check ndicares thar the psychophysical resulbrs are consisrent with the physiology, and a blank indicares that such an

experunent has not been done

" Magrmo Svstem
Lo v

Contrast  Temporal . Spatial
b selec- SEnE- reso- reso-
Physiology tvity  rivity lution  fution
e high fast levae

Human perception
Movement percéption

Movement detection H 4 J

Apparent movement W v J 4
Dieprhy cues

Sterenpsis o S J J

Interocular rivaley o *

Parallax o

Depth from monion S g

Shading S J

Contour lines J o

Oeclusion o4

Perspective o 4 J
Linking properties

Linking by movement & o

Linking by Ty S 4 S

collincarity
(Hlusory borders)
Figure/ground 7

discnimination

Parve Sysrem

Parve = Interblob pachway

Color  Conerast  Temporal - Spanal
. selec- sensi- 0= TES0-
Phiysiology tiviry Eiviry lurion furion
VCE oy slow: high

Human perceprion

Shape discriminaricn

Orientation /! g 7
discrimination

Shape diserimination

Parvo+ (Magno?) — Blob pathway

Color Contrast Temporal  Spatial
selec- SEIHSE- TR0 TES-
Physiology § tiviey  tivig fution  luticn
Wi high slow lowe
Human perception
Colar pereeption
Caolor determinarion S J J
Flicker photometry J A
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Flg. 10, Linking by collineariy, It is
clear which edpes are part of the
same object, even when occluded by
another object Ar equiluminance
this linking disappears. and i fooks
like a jurmble of lines instead of a pile
of blocks: After (#9),

Fig. 11, Illusory borders, which dis-
appear at equiluminaece. Redrawn
from (52),
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sensation 1 lost or greatly diminished (37), Hlusions of size are
likewise lost at equiluminance—the eylinders in Fig. 8 are then all
correctly perceived as being the same size. As with movement and
stereopsis, the most startling aspect of this phenomenon is that cven
though the sensation of depth and the illusory distortions due to
inappropriate scale all disappear at equiluminance, the lines defining
the perspective and the individual elemenss in the image are
nevertheless still clearly visible, This seems to s to rule out high-
level, coggivive explanations for depth from perspective and the
llusions of pegspective; it you see depth because you merely know
that converging lines mean increasing distance, vou should be able
to perceive the deph from the converging lines ar equiluminance,
Thus at a relanvely low level in the visual system some simple
interactions must initate the automatic interpretation of a two-
dimensional image into three-dimensional informarion; moreover,
these operations seem to be performed only in the achromanc
MIZgno system, not in the parvo system,

Why should the deprh and movement functions described above
all be carried by the magno system and not by the parvo system? We
ar first assumed that it was because they mighe all be performed best
by a system with the special characteristics of the magno system, Bue
later we wondered if these various functions might be more related
than they scemed ar first—whether they could all be parts of a more
global funerion, We were struck by the similanite berween the list of
funcrions we had ascribed o the magno system and the Gestale
psyehologists' lise of frarures used to discriminate abjects from cach
other and from the background—figure/ground discrimination
(48). Most scenes contain a huge amount of visual information,
information about lighr intensity and color ar every point on the
reting and the presence and orienraton of discontinuities in the light
patcern. The Gestalt psychologists recopnized that one important
step In making sense of an image must be to correlate related picees
of visual information; that is, to decide whether 3 series of light/dark
discontinuities forms a single edge, whether adjacent edges belong
to the same object, whether two parts of an occluded edge are
relared, and so on. They determined that seveeal kinds of cues are
used in this way and to organize the visual elements m a scenc into
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discrere objects, to-distinguish them from each other and from the
background. Barlow (49) has called these “linking fearures” because
they are used to link or join related elements. These inking features
include: common maovement (objects move against a stationary
background; contours moving in the same direction and velociry are
likely to belong to the same object, even if they are different in
crientation or nat contiguous); common depth {contours ar differ-
ent distances from the observer are unlikely to belong o the same
object); collinearity (if a straight or continuously curved conrour is
mterrupted by being occluded by another object, 1t is still seen as a
single contour); and common color or lighmess. The results de-
scribed below suggest, however, that only luminance contrast, and
not color differences; is used o link parts together,
(Ramachandran and Ansts (30)discovered a powerful example of
linking by movement. If two dots on a diagonal are alternated with
two other dots, in mirror-image positions, an observer secs apparent
movement, which can be either horizontal or vertical. The direction
of the obscrved alternating movement is completely ambiguous;
observers usually see one direction for a few seconds, and then flip to
the other. With a display of several such ambiguous-motion squarcs
inan array (Fig. 9 all the squares are perceived as moving in the
same direction, like Rockeres, cither all horzontally or all vertically
{even though any one of them viewed alone is equally likely to be
perceived as moving in either direction), and when one fips is
apparent direction of movement, they all flip. When the dots are
made equiluminant with the background the synchrony breaks
down and they all seem 1o move independently (37),

Linking by collinearity (Fig. 10} also breaks down when the lines
are equiluminant with the background; the figure then just looks
like a jumble of lines instead of a pile of blocks. Linking by
collinearity is seen in the phenomenon of illusory contours (51, 52),
figures that produce a vivid perception of an edge in the absence of
any real discontinuity (Fig. 11). When these figures are deawn in
equiluminant colors, the illusory borders disappear, even though the
elements defining them (the pacmen, the spokes, the lines, or the
circles) remain perfectly visible. Because the pereeption of illusory
borders also manifeses fast temporal resolution, high contrast sensi-
uvity, and low spaial resolution_we suspect that it foo may
represent 4 magno funcgion, [llusory borders have been called
“cognitive contours”™ because of the supgestion thar the perception
of the border 1 duc o » a high-level deducrion that there must be an
abject occluding a partially visible figure (53). We suspect that this is.
not the case because the illusory borders disappear at cquiluminance,

4

even though the real parts of the figure are sall perfectly visible,

Fifty vears ago the Gestalt psychologists observed that figure/
ground discrimination and the ability to organise the dlements in a
seene decrease at equiluminance. Equiluminant figures have been
described as “jazzy* ©

. “unstable,” “jellv-like,” or “disorganized™ (43,

545, inted out that luminance differences are striking’
Iy more ifferences for figure/ground scgrega-

ton: “Thus two greys which look very similar will give a perfectly
stable organization if one is used for the figure and the other for the
ground, whereas 4 deeply saturated blue and a grev of the same
luminosity which look very differgar indeed will produce pracrically
nosuch organization” (54, Edgnr Rabin's popular demon-
stration of the problem of figure/ground discrimination is the vase/
faces (Fig. 12). At non-equiluminance the percepr is bistable, so tha
ane sees either the faces or the vase, but usually not borh ar the same
time. At equiluminance the two percepts reverse rapidly, and one
can occasionally see both the vase and the faces simultineously, The
distinction between figure and ground thus gets weaker or cven
disappears entirely, Robi='s vase.

(Color contrast versus color Bleedimg) At any point in the visual field,
cells in the blobs have receptive Tield centers thar are two to four
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Fig. 12. Rubin’s demonstration of
figure/ground  discrimination [after
(48], In a liminance-contrast image
like this vou see eicher the vase or
the faces bur not both, Ar equily-
minance vou can see both simulea-
neously, or they alternate very rapid-
I,

times farger than chose in the interblobs (18}, Since ondy the blobs
scem o retain informartion abour the sign of color conerase, we
suspect thar they are responsible for the perceprion of the acrual
colors of objects, as oppesed 1o the-ability to use color or luminanee
contrast to perceive the borders of objects, This implies that color
perception should have lower spatial resolution than form percep-
tian. This difference in spadal resolurtion may explain a phenomenon
of color perceprion described by Cheveeul (56} in 1839 and by von
Bezold (37) in 1876, the phenomenon of bleeding. The way two
adjacent colors can affect each other depends on their geomerrical
arrangement. When owo large regions of color abur, cheir apparent
colors and lighmnesses repel each oeher, each making the other loak
more like its complement, a phenomenaon consistent with the center!
surround antagonism i the blob svstem. For example, a gray spot
surrounded by red will look slightly greenish, and the same gray
surcounded by green will appear slightly reddish; surrounding the
gray by white will make ir appear dack, and surrounding it by black
will make it seem highrer. This s called simultaneous contrast and
can be seen in Fig, 13, Two colors can have exactly the opposice
effect on each other if their geomerrical arrangement is such thar ance
forms a very fine partern, such as fine stripes or dots, with the other
as a background. In the lower half of Fig. 13, the mortar seems o
bleed into the surrounding gray; the whire mortar makes the gray
ook Bgher, and the black mortar makes the same gray look darker,
We suspect that bleeding occurs when a pattern is oo fine to be
resolved by the low acuity color-system bur nor oo fine for the
higher-resolution form system, Thus you see a pattern, bur the
colors do not seem to conform to the pattern. We think thar the
interblob svstem and the magno svstem can both define shape, and
we cafnar predice whether one or the ocher is more important in
defining the borders to which the color is assigned. Some observa-
tons, however, suggest that the magno system can influence the
spreading of color: color bleeding can be contained by illusory
borders ar by borders defined only by stereopsis; also, stationary
parches of calor can seem to move with moving luminance-contrast
sumuli (58).

Of course a pattern can be oo fine to be seen by either system, as
n the microscopic dots used in magazine illustrarions. In this case
the individual dots canmer be seen, and the colors simply blend,
Many artists of the Impressionist period were aware of the way the
colors in a resolvable pattern can bleed; they often made dots or
dabs of paint large enough o be seen, but small enough thar their

| colors blended (5%). The relevision industry takes advantage of these

| differences in spatial reselution by broadeasting the calor part of the
image at a lower resolution than the black and white part, thus
reducing the amount of information to be carried,

Why should the visual system be subdwided? Elecrrophysiological
studies suggest thar the magno system is respansible for carryving
nformation about movement and depth, We extended our ideas
abaut sible functions of the magno system with perceprial
studics and concluded thar the mapno svstem may have a more
global funcrion of interprering spatial organization. Magno func-
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tions may include deciding which visual elements, such as edges and
discontinuities, belong to and define individual objects in the scene,
as well as determining the overall three-dimensional organization of
the scene and the positions of objects in space and movements of
objects,

If the magno system covers such a broad range of funcoons. then
whar is the funcrion of the renfold more massive parvo system? The
color selectivity of the parve system should enable us to see borders
using color informarion alone and thus borders that might be
cameuflaged o the color-blind magno system, Bur defearing cam-
ouflage may be only a small part of what the parvo system s
specialized for, Experiments with fading of low contrast images (37)
indicare thar the magno system 15 not capable of sustained scruginy,
since images thar can be scen by only the magno system disappear
after a few seconds of velunrary fixacion. Thus while the magno
system is sensitive primarily to moving objects and carries informa-
ton about the overall organization of the visual world, the parvo
system scems to be important for analyzing the scene in much
greater and more leisurely derail. These postulared funcrions would

sl i i crelation of the two systems: the

{6y and is possibly homologous to the enore visual system of
nonprimate mammals. If so, it should nor be surprising thar the
magno systerinis capable of what seem to be the essential funictions,
of vision far an animal that uses vision to navigate in its environ-
ment, cateh prey, and avoid prcdatuﬁ_,n_'f‘gpﬁgﬁ system, which is
well developed only 1n primates, seems to have added the ability to
scrutinize i much more derail the shape, color, and surface
properties of abjects, creating the possibility of assigning multiple
visual attributes to a single object and correlating its parts. Indeed, if
the magno system needs to use the various visual artributes of an
abject in order to link its parts together, this conld preclude its being
able ro analyze the attributes independently. Tr thus seems reason-
able to us thar the parvo— —temporal lobe system might be
especially suired for visual identification and associadon.

Is the existence of separare pathways an accident of evolution ora
usctul design principle? Segregaring the processing of different ypes
of informarion into separate pathways might facilitare the interac:
tions between cells carrying the same type of informanon. [v might
also allow each system to develop funceions parnculardy suited o its
specialization. If the parvo system did evolve after the magne
systern, by duplicadon of previously existing structures; it should
not be surprising to find some redundancy in the properties of the
owo systems. Indeed, both seem to carry information about orienta-

Fig. 13. Simultancous
contrast versys bleeding,
This  phenomenon 15
shown for black: and
whate, but it is also o
for colors, When a spot
ts surrounded by another
color or brightness, the
apparent codor of the
spor tends toward the
opposite, or  comple-
ment, af the surround,
The exact opposite hap-
pens whf::n one  color
torms a hne pattern on
the other; then the col-
ors bleed.
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ton, and perceprual experiments indicate that both systems can be
used to determine shape,

We have summanized the anatomical, physiological, and psycho-

logical evidence for segregation of function in the primare visual

5y

stem. By comparing our own perceptual ahilities with the clectro-

physiological properties of neurons in different subdivisions of the
visual system, we may be able 1o deduce functions of parncular

i

sual areas, funcrions that might not have been obvious from

electrophysiological observations alone, We can now go back tw
physiclogical experiments to test some of the ideas raised by the
perceprual experiments.
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