Contour and Contrast

by Floyd Ratliff
June 1972

We see contours when adjocent areas confrost
sharply. Surprisingly, certain contours, in turn, make
large oreus appear lighter or darker than they really
are. What neurol mechonisms underlie these effects?

“ontours are so dominant in our
Q visual perception that when we
draw an object, it is almost in-
stinctive tor us to hegin by sketching its
matlines, The use of a line to depict a
contour may well have been ane of the
eatliest developments in ‘art, as exem-
plified by the "line drawings” in the pic-
tographs and petroglyphs of prehistaric
artists, We see contours when there is 5
conteast, or difference, in the brightness
or color between adjacent arcas. How
contrast creates contours has been thar-
oughly studied by both scientists and
artists. How the contour itself ¢an affect
the contrast of the areas it separates has
heen known to artists for ab least 1,000
vears, but it is relatively new as a sub-
ject of scientific investigation. Although
the psvechophysiological basis of how
contrast enables the visual system to dis-
tinguish contours has been studied for
the past century, it is onl].' in the past
Few years that psychologists and physi-
ologists have started to examine sys
tematically the infhence of contour on
coitrast,

You can readily observe how the vi-
sl system tends to ahstract and accen-
tuate comtours in patterns of varying
contrast by paving close attention to the
edees of a shadow cast by an object in
strong sunlight. Stand with your back
tor the sun and look closely at the shadow
of your hesd and shoulders on a side-
walk. You will see & narcow half-shadow
helween the foll shadow and the Tull
sunlight, Ohjectively the luminztion in

the full shadow is uniformly low, in the
half-shadow it is more or Tess uniformly
graded znd in the full sunlight it is uni-
farmly high; within each area there are
no sharp maxima or minima. Yet you
will see a narrow dark band at the dark
edge of the half-shadow and a narow
bright band at its bright edge. You can
enhance the effect by swaying from side
to side to produce a moving shadow.

These dark and bright strips, now
known as Mach bands, were first report-
ed in the scientific literature some 100
vears ago by the Austrian physicist,
philosopher and  psychologist Emst
Mach, They depend strictly on the dis-
tribution of the ilhumination. Mach for-
mulated a simple prineiple for the efect:
“Whenever the light-intensity curve of
an {luminated surface {whose light in-
tensity varies in only ene direction) has
a concave or convex flection with re-
spect ta the abscissa, that place appears
brighter or darker, respectively, than its
surtoundings” [see battom illustration
on nexd page],

The basic effect can be demonstrated
by holding an opague card under an or-
dinary fuarescent desk lamp, preferably
ina dark room, If the shadow is cast on
a piece of paper, part of the paper is il-
luminated by light from the full length
of the lamp. Next ta the illuminated area
is-a half-shadow that gets progressively
darker until a full shadow is reached.
Tdeally the distribution of light should
be uniformly high in the bright area,
uniformly low in the dark area and

NEOIMPRESSIONIST PAINTER Paul Signac was o meticulows ebzerver of the contrast
effects in shadows and half-shadows. On the opposite page is a portion of his “Le perit
déjeuner™ | 18561807}, Note how the shadow is darker near the unshaded whleclath and
lighter next to the dark matchbox. Similae effects can be found in other shodows, The effocts
change when the puinting is viewed from various distances, The painting is in the Rijksmu-
seum FKriller-Miillee ae Otterlo in the Netherlands and s réproduced with it permissien,

smoothly graded between the bright and
the dark areas [see top Hustration on
next page]. If you now look closely at
the edges of the graded half-shadow,
you see a narrow bright band at the
bright edge and a narrow dack band at
the dark edge. These are the Mach
bands, Their appearance is so striking
that many people will not believe at first
that they are only 2 subjective phenome-
non. Some will mistakenly try to explain
the appearance of the bands by saying
they are the result of multiple shadows
or diffraction.

Exact psychophysical measurements
of the subjective appearance of Mach
bands have been made by Adriana Fio-
rentini and her colleagues at the Nation-
al Institute of Optics in Ltaly, Their tech-
nique consists in having an ohserver
adjust an independently variable spot of
light to match the brighiness of areas in
and around the Mach bands. In general
they find that the bright band is dis-
tinetly narrower and more pronpunced
than the dark hand. The megnitude of
the effect, however, varies considerably
from petson to persoi.

“tinee Mach bands delineate contours
“~' we expect to see, only a careful ob-
server, ot someone who has reason to
objectively measure the light distribu-
tion at a shadow's edge, is likely to re-
alize that the bands are @ caricature of
the actual pattern of illumination. Artists
of the 19th-century Neo-Impressionist
sehioal were. unusually meticulous in
their observations, and this was reflected
in much of their wark. A good example
is Paul Signac’s "Le petit déjeuner.” In
this painting there are numerous can-
trast effects in and around the shadows
and halishadows. Particularly striking
is how some of the shadows are darkest
near their edges and quite light near
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MACH BANDS can be produced with light from un ordinery finorescent desk lamip (pper
illusrration). Place a sheet of white or gray paper on the dezk and the light about o foot or
=0 above it. Covering the ends of the lamp, which usnally are not uniformiy bright, may
enhance the effect. Turn out the other lights in the reom and hold an opegue card an inch
or less above the paper. Various positions should be tried for optimum rezalts. Note the
nacrew beight line and the broader dack line at the outer and inmer edges of the hall.
shadow; these are the Mach bonds. The lower illustration iz a photograph of a half-shadew
preduced by the method described. The reproduction of the photograph does not retnin all
the characteristicz of the original because of losses inherent in the reproduction process,

BRIGHTHESS AND LUMINANCE —>

DISTANCE —

OBSERVED BRIGHTNESS CURVE obtsined by psychophysical measurements {black
ling] has two sharp Hections, nne corresponding to the bright band and the sther to the
dark band, Measurement of actual luminance (calored line) avrosz a half-shadow region
reveals that the effect lies in the eye of the bebolder sod is not an ohjective phenomenon.

the object casting the shadow, Whers
Signac saw contrast he painted contrast,
whether it was objectively present in the
original scene or not. The effects we see
in his painting depend of course partly
on what Signac painted and partly on
how our own eyes ri:::pun-:i Lo contrast,
When we view Signac's painting, our
own eyes and brain further exaggerale
the contrast he painted. As a result the
painting appears to have even more con-
trast than the original scene conld have
had,

Withoul precise physical and psycho-
physical measurements it is difficult to
tell how much of the contrast we per-
ceive is abjective and how much is sub-
jective. Adding to the confision is:the
fact that the subjective Mach bands can
seemingly be photographed. All the pho-
tograph does, however, is to reproduce
with ecordsiderable fidelily the original
disteibution of light in a scene, and it is
this distribution of light and dark that
gives rise to the subjective Mach bands,
Moreover, the phutngmph[:: process can
itsell introduce a spurious eohancement
of contrast. Edge effects that closely re.
semble Mach bands can arise as the film
is developed. Unlike Mach bands, they
are an phjectve phenamenon consisting
af actual varations in the density of the
film, and the variations can he objective-
ly measured,

On many oceasions scientific investi-
gators have mistaken Mach bands fm
objective phencmena,  For  example,
shartly after W, K. Rintgen discovered
X rays several workers attempted to
measure the wavelength of the rays by
passing them through ordinary diffrac-
tion slits-and gratings and recarding the
resulting pattern on Rlm, Several appar-
ently succeeded in producing diffraction
patterns of dark and light bands from
which they could determine the wave-
length of the X ruys, All, however, was
in error. As two Dutch physicists, H.
Hagaand C. H, Wind, showed later,
the supposed diffrattion patterns were
subjective Mach bands,

As early as 1865 Mach proposed an
explanation of the subjective band ef-
fect ‘and other contrast phenomena in
terms of epposed excitalory and inhibi-
tary influences in neural netwarks in the
retina and the brain, The means For di-
rect investigation of such neurzl mecha-
nisms did not become available, how-
ever, until the 19205, when E. D. Adri-
an, Y. Zotterman and Detlev W. Bronk,
working at the University of Cambridge,
developed methods for recording the
electrical activity of single nerve cells.
The basic excitatory-inhibitory principle
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RATE OF DISCHARGE of nerve impolses prodoeed by ateady
illumination of a single receptor, A, in the eye of the hoezeshos
veab Limatus i directly related to the intensity of the light, The
nerve Aliers from the recaptor are separated by microdissection
i connected to an electrads from an amplifier and & recorder.
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The top record shows the fesponse ol A to stealy, high-intenszity
light, The middle record shows the responze to light of mederate
intenzity, and the lower record the response (o low-intensity illu-
minugticn. Daration of the light signal iz indicated by the colored
her. Each mark above the eolared har indicates one-hith of a second.

INHIBITION of receptor, 4, stewdily exposed o moderpte illumi-
mation is produced when neighboring receptors, B, are also illumi-
nated. The beginning and the end of the records show the initial

anid final rate of impalses by A The coloeed baes indicste duration
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DISINHIBITION of receptor A occurs when the inhibition exerted
on it by the B receptors is poartinlly released by illuminating the
large aren €. The upper record shows that A% petivity = not of-
freted when © also is illuminated becanse of the diztance between

of light signals. The upper record shasws the effectz on A of moder-
gte-intensity illumination of 8. The lower record shows the efect
o A of higheintensity illuminution of 7. The stronger the illumina-
tivn em neighboring receptors, the stronger the inhibitory effect

them. The first part of the lower record shows the inhibitory effect
of B an A, then the inhibition of B when C is illominated and the
concomitant disinhibition of A, When the illumination of O stops,
B returns to o higher rate of petivity and resumes its inhibition of 4.
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LATERAL INHIBITION in the eye of the horseshos erab is stron g-
ezt between receptors o short distance sport and grows weaker az
the distance between receptors inorcases. Below the eye section is
i graph of the type of excitatory and inhibitory fields that wonld be
produced by the illumination of 2 single receptor. The colored
line in the graph on the right shows what the retnal respense
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EDGE EFFECT in xeragraphic copying is the result of the shape of
the electrostatic field (which is quite similar to that of the “nearal”
field in the top illustration) around a single charged paint an the
xerographic plate (upper lefth. The first panel on the right shows

10 o 10 20
AETINAL DISTANCE {(NUMBER OF DMMATIDNA)
would be to a sharp light-to-dark contour if Jateral inhibition did
not aceur, The points on the graph show eeaponses actunlly elicited
by three scans of the pattern aeesss the receptor in an experiment
by Robert B, Barlow, Jr., of Syracuse University, The thin line

shows the theoretical responses for lateral inhibition zs computed
by Donsld A, Quarles, Jr.,, of the IBM Watson Besearch Centar
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the wriginal pattern, The middle panel shows a8 Xerox copy of the
original. Note how contrast at the edges is greatly enhanced, The
bottom peanel shows s Xerox copy made with a helitone sereen plared
aver the original so that the pattern is broken up into many dots.



has been demonstrated to be essentially
eorrect in experiments that H. K. Hart-
line and 1, together with our colleagues,
have carried out over the past 20 vears.

’gxre measured the responses of single

neurons in the compound lateral
eve of the horseshoe crab Limulus. {(The
animal also has two simple eyes in the
front of its carapace near the midline.)
The lateral eve of the horseshoe crab is
:':Jr:1p:ir;s|‘|w:]}' ]:!rgr-_r {ahout n centimeter
in lenpgth} but otherwise it is much like
the eve of a Ay or & bee, Tt consists of
aboul 1,000 ommatidia (literally “little
eves”|, cach of which appears to function
as o :{Ezli_[ll: l:l]:utnn:{:e.'plnr untit. Excita-
tion does not spread from one receptar
to another; it s confined to whatever re-
ceptor unit is illuminated. Nerve fibers
arise fram the receptors in small bundles
that come together to form the optic
necve, Just behind the photoreceptors
the small nerve bundles are mtercon-
neeted by a netwark of nerve Ghers, This
network, or plexus. 15 a true retina even
though its function is almost puarely
inhibitory.

Bath the local excitatory and the ex-
tended inhibitory influences can be ob-
served directly. A small bundle of fbers
from a single receptor is separated by
microdissection from the main trunk of
the optic nerve and placed on an elec-
trode. In this way the nerve impulses
generated by hight striking the receptor
can be recorded. Weak stimulation pro-
duces a low rate of discharge; strong
stirmulation produces o high rute. These
[E

ssponses are Lypical of many simple
SETISE n:lrt__',’

T jadd
there (s & concomitant imhibitory effect.
When a receptor unit fires, it inhibits its
neighbars, This is a mutual effect; each
unit inhibits others and in turn is inhib-
ited by them, The strength of the inhi-
bition depends on the level of activity of
the interacting units and the distance
between them. In general near neigh
bors altect one anather more than dis
tant neighbors, and the stronger the il-
lumination, the stronger the inhibitory
effect, We discoversd that such an or-
ganization can produce a second-order
effect that we call disinhibition, 1F two
sets ol receptors are close enough Lo-
gether to interact, they inhibit each ath-
er when both sets are lluminated. Now
suppose a thied set of receplors, far
enough away so that it can interact with
anly ane of the two sets of receptors, is
illuminated. The activity of the third set
will inhibit one set of the original pair,
which in turn reduces the inhibition on

ition to the excitatory discharoe
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FILTER produced by latecal inhibition at low spatizl frequencies and the lack of reselving
power of the retina at high spatfal frequencies canses intermediate spatial frequencies to
be the maest distinetly seen. The width of the vertical dark and light bands decrenses in o
logarithmie sinuzoidal manner from the left to the right; the controst varies logarithmically
from lese than 1 pereent ut the top to about 30 pereent ot the hottom, The ohijective contrast
ot any one height in the fguree i3 the 2ome for all spatial frequencies, vot the spatial fre-
quencies in the middle appear more distinet than these at high or low frequencies: that i,
the dark lines appear taller at the center of the figure. The effects of changes in viewing dis-
tanee, lominance, sdaptation and sharpnezs of eye Tocus can be demonstrated by the viewer.

MACH BAND PHENOMENON created with horizontal lines is shown here, In the illuos-
tration at left the black lines are a constant thickness from the teft side te the midpoint and
then thicken gradoally. When the fllusteation is viewed from o distenee, o vertical white
“Much band™ appears down the middle, In the illusteation at right the horizontnl black lines
are o constunt thickness from the right side to the midpoint and thes thin out. Whes viewed
from u distance, the illustration appears to have a vertical black bend down the middle.
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the remaining set, thus increasing their
rate of discharge [see bottom lustration
an page 11} Following the discovery
of disinhibition in the eve of the harse-
shoe crab, Victor J. Wilson and Paul R,
Burgess of Rockefeller University found
that some increases in neural activity
(ealled recurrent [acilitation) that had
been abserved in spinal motoneurones in
the cat were actually disinhibition. Sub-
sequently M. Ito and his eolleagues at
the University of Tokyo sbserved a sim-
ilar type of disinhibition in the action of
the cershellum on Deiter's nucleus in
the cat,

The spatial disteibution and relative
magnitudes of the excitatory and inhibi.
tory influences for any particular recep-
tor unit in the eve of Limulus can be
represented graphically as a narrow cen-
tral field of excitatory influence sur-
rounded by a more extensive but weaker
tield of inhibitory influence [see top i1-
lustration on page 12].

As Georg von Betkésy has shown, the
approximate response of an inhibitary
network can be calculated graphically
by superimposing the graphs for each of
the interacting units, each graph scaled
according to the intensity of the stimu-
lus where it is eentered. The summed
elfects of overlapping felds of excitation
[positive values) and inhibition {nega-
tive wvalues) at any particular  point
would determine the response at thal
point. In the Limit of infinitesimally small
separations of overlapping units, this
would be mathematically equivalent to
using the superposition thearem or the
convolution integral to calculate the re-
sponse. In fact, these inhibitory interac-
tions mawv be expressed in o wide va-
riety of essentially equivalent mathemat-
ical forms. The form Hartline and [ used
at first 15 a set of simultaneons ecpua-
tions—one equation for cach af the inter-
deting receptor units. Our colleagues
Frederick A, Dodge, Jr, Bruce W,
Knight, Jr., and Jun-ichi Tovoda have
since that time expressed the proper-
ties of the inhibitory netwark in a2 less
cumbersome and more general form: a
transfer Function relating the Fourier
transform of the distribution of the in.
tensity of the stimulus to the Fourler
transform of the distribution of the mag-
nitude of the response. This in effect
treats the retinal network as a Blter of
the sinusoidal components in the stimy-
lus, and can be applied equally well to
both spatial and temporal variations,
The overall ﬁlr_e:ing effect of the Limu-

CRAIE-0'BRIEN EFFECT (this exnmple {5 known as the Cormswest illugion) is the result
of u specific variation of luminance at the contour, which makes the outer zans appear slight-
Iy dacker even though it has the sime luminance a3 the inner zone. The effact here ia lass
than in the original because af difficulty in reproducing the actunl intensity relations,

RAPID ROTATION of this disk will creste the Caornsweet illusion, The white spur ere-
ntes o loenl varintion mear the contonr betwesn the two zomes that copses the Epparent : 7
brightness of the inner zone to increase, In the sase way the dark spur crestes 8 local varig- lus retina is to attenuate both the lowest
tion that causes the outer zone to appear darker. Except in the spur region the objective 204 the highest spatial and temporal fre-
luminanee of the digk when it is rotating is the same in both the inner and the outer region,  fquencies of the sinusoidal components,




It has lang been kmown that spatial and
temporal filtering effects of much the
same kind ocecur in our own visual sys-
tem. The main charscteristics of the
spatial “filter” can be seen by viewing
the test pattern devised by Fergus W.
Campbell and his colleagues at the Uni-
versity of Cambridge [see top illustra-
tion on pege 3],

Even without considering the flter-
like properties of neural networks it is
possible to see how the subjective Mach
bands can be produced by the interac-
tivn of narrow Belds of excitation and
broad fields of inhibiton. Near the
boundary between the light and dark
fields some of the receptors will be in-
hibited not only by their dimly Kt neigh-
bars bat alsa by some brightly lit recep-
tors. The total inhihition of these bound-
ary receptors will therefore be greater
than the inhibition of dimly lit receptors
farther From the boundary. Similarly, a
brig]u]}' lit receptor near the boundary
will be in the inhibitory field of some
I:E'L:Ti]}-‘ lit receptors and as a result will
have less inhibition acting on it than
brightly lit receptors farther awsy from
the boundary, Because of these differen-
tial efects near the boundary the re-
sponse of the neural network in the
Limulus retina will show a substantial
maximum and minimom adjacent to the
Boundary even though the stimulus does
not have such variabons.

Opposed excitatory and inhibitory in-
Huences can mediate some highly spe-
vialized functions in higher animals. De-
pending on how these opposed influ-
ences are organized, they can detect
motion, the orientation of a line or the
difference between colors. No matter
how complicated the visual system s,
however, the basic contrast efects of
the excitatory-inhibitory precesses show
up. For example, recent experiments by
Russell L. De Valois and Paul L. Pease
of the University of Califprnia at Berke-
ley show & contour enhancement similar
to the bt’lght Mach band in responses of
monkey lateral geniculate cells. The sim-
ple lateral inhibition that produces con-
trast effects such as Mach bands may be
# basic process in all the more highly
evolved visnal mechanisms.

Cﬂzltriﬁt phenamena are by no means

~ found only in the nervous system,
Indeed, cantrast is found in Aoy system
of interacting eomponents where op-
posed fields of pesitive (excitatory) and
negative (inhibitory] influences exist.
Whether the system is neural, electrical,
chemical or an abstract mathematical
madel is irrelevant; all that is needed to
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pmduce a contrast effect is a certain dis-
tributicn of the opposed influences, A
familiar example is the contrast efect in
xerography. The xerographic process
does not reproduce solid black or gray
areas very well Only the edges of ex-
tended uniform areas are reproduced
unless some special precautions are
taken. This failing is inherent in the
basic process itself. In the making of a
xerographic copy a selenium plate is
first electrostatically charged. Where
light falls on the plate the electrostatie
charge is lost; in dark areas the charge
is retained. A black powder spread over
the plate clings to the charged areas by
electrostatic attraction and is eventually
transferred and fused to paper to pro-
duce the Bnal copy,

The electrostatic attraction of any
point on the plate is determined not by
the charge at that point alone but by
the integrated effects of the electrostatic
fields of all the charges in the neighbor-
hood, Since the shapes of the positive
and negative components of the indi-
vidual Belds happen to be very much
like the shapes of the excitatory and in-
hibitory compoenents of neural unit felds
in the retina, the consequences are much
the same too [see Boftom illustration on
page 20| Contours are enhanced; uni-
form areas are lost. To obtain a xero-
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graphic copy of the uniform areas one
merely has to put a halftone screen over
the original. The screen breaks up the
uniform areas into many small discon-
tinuities, in effect many contours.

w imilar contrast effects are seen in phi-
-’ tography and in television. In pho-
tography a chemical by-product of the
development process at one point can
diffuse to neighboring points and inhibit
Further development there, causing spur-
ious edge effects; in television the sec-
ondary emission of electrons from one
paint in the image on the signal plate in
the camera can fall on noeighboring
points and “inhibit” them, creating neg-
ative “halos,” or dark areas, around
bright spots. The similarity of the con-
trast effects in such diverse systems is
not a trivial coincidence. It is an indica-
tion of a universal principle: The en-
hancement of contours by contrast
depends on particular relations among
interzcting elements in a system and
not on the particular mechanisms that
achieve thase relations,

How 6 contour itsell can affect the
contrast of the areas it separates cannat
be explained quite so easily. This effect
of contour on contrast was first investi-
gated by Keaneth Craik of the Univer-
sity of Cambridge and was described in

SOURCE OF CRAIR-O'BRIEN EFFECT esn be demonstrated by covering the contour
with 0 wire or string. When this ie done, the inner and outer regions appear equally hright,
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STEP PATTERN of illumination (left) alse has'a steppattern lu-
minence curve (a8 measured by o photometar) acress the contour.
A computer simnlation of the response of the Limolus eve to the
patteen {black curve o right} shows a mueximum ond 2 minimom

that are the result of inhibitery interaction among the receptors,
The celored carve et right shows how the pattern looks to o per-
#on; the small peak ond dip in the curve indicate elight subjective
contrazt enhancement st the contour known as “border contraet.”
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LUMINANCE on hoth sides of the Craik-)'Brien conteur is the
same but the inside (here simulated ) is brighter. The human visual

system may extrapolate (colored curve} from the maximum aod
minimum produced by inhibitory processes (Black cirve ae righe),

LUMINANCE

AESPOMNSE

DARK SPUR betwean arens can ereate hrightoess reversal. Objec.
tively the aren ut left of the contour i darker than the aren at far
right, but te oo ohaerver the left side (here simulated ) will dfipenr

ti b lrrightcr than the right side. This brightness reversal Hgrees
with the extrapolation (colored cwrve) from the maximum and
minimum produced by inhibitory procesees (block curve at right).
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TWO BANDS OF LIGHT of equal intensity are superimposed on
backgrounds of equal luminanes separated by a Craik-0'Brien

contour, The lights add their lnminance to the apparent bright-
ness (colored curve) and one band appenrs brighter than the other.



his doctoral dissertation of 1940, Craik’s
work was not published, however, and
the same phenomenon {along with re-
lated ones) was rediscovered by Yivian
O'Brien of Johns Hopkins Univessity in
1958, The Craik-0'Brien effect, as 1
shall call it, has been of great interest to
neurophysiologists and pivchologists in
FECent vears.

A particular example of this effect,
sometimes called the Cornsweet illu-
sion, .is produced by separating two
identical gray areas with a special con-
taur that has a narrow right spur and
a nparrow dark spur [see top filustration
ore page 147 Althourh the bwo uniform
Argas away from the contooar have the
same ohjective luminance, the gray of
the area adjecent to the light spur ap-
pears to be lighter than the gray of the
area adjacent to the dark spur. When the
contour is covered with a thick string,
thi grays of the two areas are seen to b
the same. When the masking string is
removed, the difference .renppe:;sr:{
but takes a few moments to d#."r‘t-"-u[r-
These ettacts can be very proncunced;
not only can & contour cause contrast to
appeat when there actually is no differ-
cace in Gbim:l:i\'r.*. luminance but also a
suilable contour can cause contrast to ap-
pear that is the reverse of the objective
luminance,

‘.ﬁ" ith the choice of the proper contour

a number of ohjectively different
patterns can be made to appear similar
in certain important respects [see illus-
trations an opposite page]. [t is reason-
abile to nssume that in all these cases the
dominant underlying neural events are
alsn similar. With the mathematical
equation for the response of a Limulus
eye one can calculate the neural re-
sponses to b expected from each type
of pattern when pru:essud by a simple
inhibitory network. %When this is done,
one finds that the caleulated responses
are all similar to one another. Each has
a maximum on the left and a minimuam
on the right, Furthermore, there is a
certain similarity between the ecaleu-
lated neural respomse and the subjective
axperience af & human observer viewing
the pattemns; where the tmnputed TE-
sponse has a maximum, the pattern ap-
pears brighter on that side of the con-
tour; where the computed response has
a minimum, the pattern appears darker
pn that side of the contour. Indeed,
merely by extending a ling from the max-
irnurm ot Lo the Edge af that side of the
pattern and a line from the minimum out
tio the edge of that side of the pattern
one obtains a fair approximation to the
apparent brightness. This cotrespon-
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dence suggests that opposed excitatory
and inhibitory influences in neural net-
works of our visual systems are again
partly responsible for creating the effect.
Even so, much would remain lo be ex-
plained, Why should the influence of
the contour be extended over the entire
adjacent area rather than just locally?
And why do three distinetly different
stimuli, when used as contours, produce
truach the same subjective result?

The answer o both of these questions
may be one and the same, Communica-
tion engineers have experimented with
a numbar of sophisticated means of data
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compression to ineriase the efficiency of
transmitting  images containing large
amounts of redundant information, For
example, if a picture is being transenit-
ted, only information about contours
need be sent: the uniform sreas between
contours can be restored later iy com-
puter from information in the amplitudes
af the maxima and minima at the con-
tours, By the same token signals from
the retina may be “compressed” and
the redundant information extrapolated
from the maximum and the minimum in
the neural response. Such a process,
which was pestulated by Glenn A. Fry

KOREAN VASE from the 1th century provides sn excellent example of the effect of o dark
spur bhetween areas, The moon appears to be hrighter than the sky directly below it, but
the actual leminance is just the reverze. If only a portion of the moeoen and an equal portion
of the sky about one moon diameter below it are viewed through twa identical small holes
in o paper so that the dark contour is masked, the moon appears derker than the sky.




PERIPHERAL MECHANISMS OF PERCEPTION AND ONTROL

of Ohip State University many years
ago, could explain the Craik-0'Brien
effect.

What the actual mechanisins mi zht be
in our visual system that could “decode”
the signals resulting from data compres-
sion by the retina and “restore” redun.
dant information removed in the com.
pression are empirical problems that
have not yet heen directly investipated
by neurnphysiologists. The problem as 1
have stated it may even be a will-o"-the-
wisp; it is possible that there is no need
to actually restore redundant informa.
tion. The maximum and minimum in the
retinal response may “set” brightness
discriminators in the brain, and provided
that there ar® no intervening masima
and minima (that is, visible contours) the
apparent brightness of adjacent areas
would not deviate from that set by the
maximum or the minimom,

ome evidence that apparent bright-
*~ ness is actually set by the maximum
and minimum at 2 contour or discontin-
ity and is then extrapolated to adjacent
areas can be found in experiments con-
ducted by L. E. Arend, J- M. Buehler
and Cregory R. Lockhead at Duke Uni-
versity. They worked with patterns simi-
tar to those that create the Craik-0'Brien
effect. On each side of the contour they
produced an additional band of light.
They found that the difference in ap-
parent brightness between each band of
light and its background depended only
on the actual increment in luminance
provided by the band, but that the ap-
parent brightness of the two bands in
relation to each other was determined
by the apparent brightness of the back-
ground. For example, if two bands of
equel luminance are superimposed on
twn backgrounds of equal luminance
that are separated by a Craik-0'Brien
contour, one of the bands of light will
appeur brighter than the other [see hot-
tom illustration on page 16], A number
of related phenomena, in which contrast
elfects are propagated across several ad-
jacent areas, are under investigation by
Edwin H. Land and John H. McCann at
the Folaroid Corporation, These experi-

JAPANESE INK PAINTING, “Autumn
Moon™ by Keinen, has o mooen thai ahjec
tively is only very slightly lighter than the
sky. Much of the difference in spparant
brightoess is ereated by the moon's contour.
The extent of the effeet can be seen by enver.
ing the moon's edge with siring, The paint-
ing, made shout 1900, is in the eollection
of the late Akira Shimazu of Nara in Jupan,




ments lend further support to the gen-
gral view autlined here,

OF course, the human visual svstem
is far too complex for the simple no-
tion that apparent brightness is deter-
mined by difference at contours to be
the whole story, Nonetheless, the gen-
gral idea contains at least the radiments
of an explanation that is consistent with
known physiclogical mechanisms and
with the abserved phenomena. Several
entirely dilferent distributions of illumi-
nation may leok much the same to the
human eye simply because the eve |1;1l_-|.
pens Lo ahstract and send to the brain
only those features that the objectively
diflerent patterns have in commen. This
Lty pe of data compression may be a basic
p:'[:ltil‘.l]n common to many  different
kinds of neural systems,

Ewven if the canse of the Craik-0'Brien
effeet is in doubt, the effect itself is in-
controvertible, .-";thugh the elfects of
contour on [Jt'r':.'l::"'i'l'“l.-l conlrast are H.']'.l-
Lively new to the scientific community,
the same effects have long been kniown
to artists and artisans, One can only
speculate on how the effects were dis-
covered, Very likely they emerged i
some new artistic techoigue that was
developed for another purpose. Onee
such a technique had been perfected, it
doubtless would have persisted and been
handed down From generation to genera-
tion. Furthermaore, following the initial
discovery the technigue would probably
have been applied in other media, In
any event such technirues date back as
far as the Sunf:{ t!_‘.."r]:!.‘i|_'i.' of China (a.n
S60-1279), and they are stll emplaved
ine Orriental art, For |>.~|;:\rn:-'_1]e, in a }upu-
nese ink painting made about 1900 a
single deft stroke of the brush preatly
increases the apparent hl'il_:htness of the
maon [see dustration on opposite page]
IF the contour is covered with a piece of
string; the apparent. brightness of the
maon diminishes and that area {5 seen to
be very little L ighter than its surround,

A similar effect is found in a scene an
an 1S8th-century Korean vase [see illux-
tratioel on page IT]. Here the moon is
actually darker than the space below it,
Measurements of a photapraph of the
vase with a light meter under ardinary
room Jights showed that the luminance
of the moon was 15 [ool-lamberts and
the space one mogn diaméter below was
20 foat-lamberts. The contour efect is so
strong that the apparent brightness of
the two areas is just the reverse of the
objective luminance.

The contour-contrast effect can he
produced on a ceramic surface by still
another technigque. This technique was
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CHINESE TING YAQ SAUCER is an axample of the fomous Ting white porealain pro-
duced in the Sung dynasty of about an, 1000, Although the entire surface is coverad with
only a single ereamy white glaze, the ineised lotus design oppears brighter than the back-
gronnd heeanse of the incisions, which have a sharp inner adge pnd 2 graded outer adge,
producing exactly the kind of conteur thot creates an spparent diference in brightness

developed maore than 1,000 vears ago in
the Ting white porcelain of the Sung

dynasty and in the northern celadon cer-
amics of the same perind. In the creation
of the effect a design was first incised in
the wet clay with a knife. The cut had a
sharp imner edge and a sloping outer
edge. The clay was then dried and cov-
eredd with & white glaze, The slightly
creamy cast of the glaze inside the cuts
produces the necessary gradient to ere-
ate the Craik-0'Brien effect. The resull
is that the pattern appears slightly
brighter than the surtound [see illustra-
tion above], Since the elfect depends on
variations in the depth of the tanslueent
monochrome glaze, it is much more sub-
tle than it is in the Japanese painting and
in the Korean vase. But then subtlely
and restraint were characteristic of the
Sung ceramists.

These examyples of the effects of con-
trast and contour from the visual sci-
ences and the visual erts illustrate the
need far a hetter understanding of how
Eiem::ul.lj':e processes are urg.‘;niz:—:d into

complex systems, In recent years the
discipline of biology has become in-
ereasingly analytical. Much of the study
of life has become the study of the be-
havior of single cells and the molecular
events within them. Although the ana-
lytic approach has been remarkably pro-
ductive, it does not eome to grips with
one of the fundamental problems facing
modern biclogical seience: how unitary
strictures d.]]f_]. {:ll_"[l'll:.'l'lt'ﬂ.'.y Prl)n;:l‘:i.ljr_‘h are
organized into the complex functional
systems that make up ]Ev[ng Hrgans and
organisms, ["urhln:lte]}r, however, we are
not faced with an either-or choice, The
analytic and the organic approaches are
neither incompaztible nor mutually exclu-
sive; they are complementary, and ad-
vances in one frequently facilitate ad-
vances in the other, All that is required
to make biology truly a life sclence, no
maltter what the level of analysis, is to
occasionally adopt a holistic or erganic
approach. It is probably the elaborate
organization of unitary structures and
elementary processes that distinguishes
living heings from lifeless things.
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L SUMMARY

We see contours when there is a contrast in the brightness or
color of adjacent areas, That such a contour can influence the
contrast of the areas {1 separates has been known for at least
1O vears, but it i= a relatively new area for sclentific inves-
tigation. The effects of contour on contrast arve readily ap-
parent when one examines a shadow, Mext to the illuminated
ares s a half-shadow that gets progressively darker until the
full shadow is reached. Even under ideal conditions, where
the distribution of light is uniformly high in the lght area,
uniformly low in the dark area, and smoothly graded in
between, there appears to be a narrow bright band and a
narrow dark band al the bright and dark edges of the
half-shadow, respectively. The sppearance of these so-called
Mach bands 1= so striking that many find it difficult to believe
that they are only subjective phenomena.

Ratliff, Hartline, and their colleagues have studied the
neural basis of this phenomenon by messuring the responses
of single neurons in the compound eye of the horseshoe crab,
Each eye consists of 1,000 ommatidia, which function as rel-
atively independent receptor units. Exeitation does not
spread from one ommatidium to another; the ommatidia are
interconnected by a network of nerve fibers, but the function
of this network is strictly inhibitory. If a single ommatidium
is illuminated and the responses leaving it are recorded, weak
stimulation produces a low rate of discharge and strong stim-
ulation & high rate. In addition to these local excitatory
effects, there is a concomitant inhibitory effect: when u re-
ceptor unit fires, it inhibits its neighbors, The degree of inhi-
hition is inversely related to distance from the stimulated eell,
and the sironger the illumination, the stronger the inhibitory
effect. The subjective Mach bands are a direct result of these
narrow fields of excitation and broad fields of inhibition. Near
the boundary between light and dark fields, the receptors in

the dimly lit region will be inhibited not only by their dimly lit
neighbors but also by some of the brightly lit receptors. The
total inhibition of these boundary cells will thus be greater
than for dimly lit cells farther from the boundary, Similarly a
brightly lit receptor near the boundary will be in the inhibi-
tory field of some of the dimly it veceptors, and as a result will
have less inhibition acting on it than brightly lit receptors
farther away from the boundary. Thus the dimly lit part of
the border appears darker than it really is, and the border on
the bright side appears brighter. The over-all éffect of lateral
inhibition is thus te accentuate the perception of contours.
It is more difficult to explain how o contour can affect the
vontrast of the areas it separates. An example of such an
effect is the Cornsweet illusion, a specific case of the Craik-
O'Brien effect. If two uniformly gray areas on a disc are
separated by a special contour composed of a narrow bright
spur and a narrow dark spur, when the dise is spun the entire
area adjacent to the dark spur appears darker than the area
adjacent to the light spur, even though away {rom the con-
tour the two arcas have the same luminance, Why should the
influence of the contour extend over the entire area instead of
being just local? One possibility is that only the information
about contours is transmitted by the refing, and the uniform
areas hetween the contours are restored by extrapolating
from the contours, OF course, this notion is far Loo simple to
be the entire story; nonetheless it is consistent with many of
the faets that we know about the operation of the visual
syatem. Several entirely different distributions of illumina-
tion may look much the same simply because the visual svs-
tem happens to abstract and transmit only those features
that the ohjectively different patterns have in common, This
tvpe of data extraction and compression may be a basic
principle common to many different kinds of neural systems.

[L GLOSSARY

cargpace — upper shell of the Limuwles and other naimbi,

compited e — an e consisting of severs] separnte aplicnl gysteme

Cornmwoet sty — a specific example of the Crailk-0'Brion effect in which
nnarrow bright spurand & neerow dork spar at the contour betwieen center
nnd surround makes the surround nppear darker eves though it has the

sime luminance as the center.

m lhl (T r'] D.Lmimﬂml.l.ﬁa o1 the pereeption of con-

o g tﬂ.:__

Deiter's nuelews — vestibular 15Ll|.|1.u_-| nitunted nn the Aoor of the fourth vien-

CE.-:;l}l:Lm'mﬁ = reduction |nh1l:|L]_qn,_ﬂI_a_;glJ_u.hm4:.UuL]Lr_:e | thint is

ing taitself infhihited, _

:|r|. hibltis

Froadf pferaedenn -
laterad infubition — intobition of receptors or nevrons through the activation
of neighboring calls

Limytus — homeshoe crnh.
“limenanner sy the o
nszhle for the perception of brightnes,
Muach bands — the subjective hright and dork bands at the bright and dark
edges of & half-shadaow.
ommatidiz — individual photoreceptor eloments which cempose the com-
pound eye of aome animals,
aptic rerve — nerve which trunsmits visual input froan the eve to“higher" benin
cEnlers,
petroglynh — a carving on rock; especially a prebistoric rock carving,
pielagroph — n pictorial sign e symbol,
nnetwark of nerve fibers; the Limuelus ommatidia gee interconnected
oy thie Interal plexus.
psyehaphysicnl — pertaining to the relntion betwean the physical progerties nf
a stimulus and how it s pereetyved,

sitrface, which is lergely

ITI. ESSAY STUDY QUESTIONS

L. What information in Hatliff's article clearly shows thar it s tmpartant oo
make the distinetion between che physical and the perceptunl properties of
ubpecta—for exnmple, between luminance and hrightnes?

. Explnin how latern! inhibition and the reulting dsinhibition leads to an
nceontuation of borders,

. What is the physislogical basis of Mach bands?

. Most peaple assume that their sensory systoms give tham s faithiul repre
sentation of the extermul environment. Discuzs in lght of Ratliff's article,
B. Rathiffs explenation for the ncourrence of Mach bands would have been
minre convineing if he had ehown that horseshas ernhs cnuld peresive them

Diisservims,

e A

. Duseribe the Comsweet usion and the interpretation suggested by Rat-
1T

o Dhencrile how the interactions between contour and contrast heve been
employed by artista in thelr work.

& I Muoch bands are completely mihjective, how iz it that they can b

reproduced photographically?

. The over-all Altering cMect of the Limalus reting B to atteninte both the

lowest and highest spotind ond tomporal frequencies. Explain,

Contrast phenomens g5ist in any svstem where opposed Aelds of pasitive

wnid negative influence exist. Discuss semgraphy in light of this coneepr.

1.




