frecdoas and Constraints in Color Vision

tnden and Jerome Lcttv{n

Jeararch Laboratoery of E)octronxci

pejurtrent of rlectrical Engincering and
Computer Science

raxnschuselts Jnstitute of Technology

Canbridge, HA 021 39

Lynette I

fuhis {5 a briefl summary of an analysis of the dj-.
‘wrestone of color cpace and psychophysical cv:dcncc‘
oLt ting s validity as a model of.color perceplion.
€ a sestol predicts that color Pchcpth?S nust be deter-
aeeat o0 Lo viCinity of points in the image vhere
Ware ere at least thuce mutually bounding colored
§re. tr, &ttt 0N, the model predicts that for a
Gsicte-mat thare aro ‘our independent ctannels from
vt taforration at tho receptor lcvel. This implies
(ret Llato tmint Do some degree of intcrconnection
o g Ll thiceo photoplgment systems of a trichrom?t.
fhe foseth channel proposed is referred to as a bright-
rees (hannel,

Howvtoa orfginally stated that the color perceptdon
of Cflihromats can be rodelled gecometrically asa three-
girsnsional barycentric space. The retina of a tri-
Ctivral containg thiee different photopigments, each
e;vtrently In a ceparate typo of cone. Similarly, a
$lehtimal,, vhose tetina contains two photopiguaents,
ke calar rmatchings which can be modelled as a two-
Qiwranlonal zpace.  The color perception of a monochro-—
sl cen b modolled asx & ono-dimensional space.

Tha tothod of analysis is similar to that usecd by
&. V., Cllhe in his phasc-space analysis of systemswith
tasy deyteas of frocdom.  The following statements out-
tise lta application to color perception: A color or
s «f csrdors can change in a specific number of in-
&aixiateal ways, or deqrecs of freedom, in color space.
We eunter of fndependent measurements issued by the
¢s-eptat e (concs) whon stimulated by a visual image
svgavtents the numbor of jndependent constraints on the
eyeest af (teedonm,  In order to determine uniquely a
ewi-¢4 v ¢el of c¢olora, thero rust be as many or more
tetrzandiol enaclralinte as there are degrees of free-
(2% .

(Vwéos ate & fow stetomonts about the operating
et it leca of Jight stimulus composing a visual image
4 tse maxture of tho receptor responscs to light stim-
vlec envich have direct importance to this model.

Tra vigual system cvolved with sunlight as the
eticg eource of {)lumination in the physical world.
teliGht conniuts of & fairly even distribution of
vevedengtha §n the visible light range. The surfaces
vl cljectu reflect sunlight; these generally broad-
bavlcd 1oflactances make up the various patches of
liykt tomalng an fmage of the world on the retina.

The receptors operate’over a range of ten decades
of ¥ight dntensity, although at any given time they
heve an oglval operating range of approximately three
docodeu,  Tha adaptation of the photopigments to the
evetage Jight {ntensity determines the receptor opara=
ting vangqu.  Any §nformation about the absolute in-
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tensity of light in the image is lost at the receptor
lcevel due to adaptation. -

In addition to the relatively slow process of
photochemical adaptation, the receptors have a faster
type of adaptation. An image stabilized on the retina
vaniches completely within four scconds. The image is
kept visible by the constant jittering and microsac-
cades of the eye displacing the image with respecct to
the receptors. Experiments of this type suggest that
color information about a patch in the image is ob-
tained at its boundaries with surrounding patches.

The two types of adaptation characterize the na-
ture of the "mecasurcments" issued by a receptor: A
receptor reports changes in the stimulus light distri-
bution. Its sensitivity to changes is modified by the
running average level of intensity of the image. 1In
other words, the measurement issued by a receptor &s
it is moved from a patch in the imagz across a bounlary
to another patch will be the ratio of its response to
each of the patches, as given by the Weber-Fechner
Law. .

The image of the physical world has three basic
local configurations--patches, boundarics between
patches, and three or more patches mecting at a peint
to form a vertex. Most of these vertices are thircd-
degrce. Higher-degree vertices rarely occur, but any
image with no vertices represents a world lacking in
depth. A textured surface is made up of a complex of
patches, boundaries, and vertices.

If there are VW mutually bounding, coloreé patches
seen in a local configuration in the image, and there
are N independent qualities for each coler (hue, satur-
ation, and brightness) in the retina, then there are
WN degrees of freedom in the description of that con-
figuration in color space. Since the bLrightness of a
color is normalired (for one cannot imagine or sce a
bright yellow surrounded by much brightexr reds and
greens), the number of degrees of freedom is constrained
by one, leaving WN-1 degrees of freedom in color space.

Among the W patches in the local configuration,
there arc W-1 jindependent ratios mcasured by a single
receptor type. If there are N types of receptors, then
there are a total of N(W-1) independent measurerents.
For N > 1 the colors of the patches canrnot be uniquely
deternined, since there are more degrees of freedon
than there arc constraints.

.
However, in addition to the W different photopig-
ments, there are N-1 independent combinations of the
N photopigments. A ratio of the response of a combi-
nation of the photopigments is an independent measure-
ment; that is, it cannot be determincd from the ratios
measurced by the scparate photopigments. Such a conbi-
nation will be called a brightness mcasurement. Given
one such combination, there will be a total of (N4+1) (W-1)
independent measurements in a local confiquration of
W patches.

The rcports of subjects during a trichromatic

color matching experiment support this analysis and
the existence of a brightness measurcment system. In
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this cxperiment the visual image consists of three
patches, three boundarjes, and two third-degree vexti-
ces.  As the obscrver approaches a color match, the
fmage becomes two patches, a single boundary, and no
vertices. The analysis predicts that in an image con- i
] taining only boundaries, colors are underconstrained ' :
for a trichromat. As the observer approaches a colorx !
match in the experiment, the color of the matched patch
and the background vary, although the match itself is
¢ invariant. This varijation in obscrved color is not
reported in a dichromatic color matching experiment.

A similar experiment where two patches are matched
for brightness independent of saturation and hue sup-
ports the existence of a brightness channel. In this
case there are cight degrees of freedom and only seven
independent constraints, since the brightness ratio be-
tween the two patches is unity. The observed insta-
bility in this experiment forced rescarchers to aban-
don this method of brightness matching.
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