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We show that the color matches of normal and anemalous trichromatic ohservers, taken together, uniquely
determine the spectral sensitivities of the normal red- and green-sensitive pigments for wavelengths longer
than about 530 nm. The key assumptions are (i) that & visual match is a match for the pigments; and (i)
that one pigment is commaon Lo normal and deutan observers, another to normal and protan obaervers.
Calculated spectral sensitivities [or these two pigments agree closely with the luminasity curves of
protanopes and deuteranapes. We show also that simple protanomalous and deuteranomalous observers
may share a third {anomalous) pigment. The spectral sensitivity caleulated for this pigment is reasonably
consistent with recent measurements on anomalous vision.

Index Headings: Color; Vision,

When spectrally different lights are indistinguishable
to normal vision, they are also indistinguishable from
one another in their excitation of ervthrolabe and
chorolabe, the red- and green-sensitive visual pigments
of the normal evel! But people with anomalous color
vision distinguish between spectrally different colors
that look the same to normal eyes. The anomalous cye
must contain another visual pigment that has a spectral
sensitivity such that lights that are cqual to one
another in their effects upon each of the normal pig-
ments need not have equal effects upon the anomalous
pigment.* Protanomalous observers possess an anom-
alous pigment, together with normal chorolabe ; deuter-
- anomalous observers possess an anomalous pigment,
together with normal erythrolabe?™"

Much work has been devoted to the determination of
the spectral sensitivities of these pigments. The fine
tolerance with which any spectral light can be matched
to & combination of two or three fixed primaries has
fuvored the use of color matches as a basis for precise
cstimates of the spectral sensitivities, But the color-
matching data alone are not sufficient. If, for example,
manochromatic lights from the spectral region between
red and green are matched to mixtures of red and green
primaries, each pigment will be exrited to some extent
by both the red and the green primaries, so that for
each pigment the total excitation will be proportional
to their weighted sum, the amount of each primary
being weighted by the sensitivity of the pigment to that
primary. To determine the sensitivity of the pigment
to the various wavelengths matched, these primary
sensitivities must be known,

This ambiguity is absent from the color matches of
the red-green blind, who require only one primary to
match lights in the red-green spectral range. Conse-
quently, most determinations of the speetral sensitiv-
‘ies of normal color vision have been based upon datn
from dichromatic rather than from normal trichromatic

observers. The linking hypothesis has usually been
that each class of dichromat differs from normal simply
by the absence of one of the normal pigments—thus
that protanopes possess only chlorolabe along with the
blue-sensitive pigment, deuteranopes only erythrolabe.
Unfortunately, investigations of normal vision have
not given ungqualified support Lo this pigment-loss
hypothesis. Many investigators have analyzed the
color apparatus of the normal eve by attributing the
changes of color appearance™ ' or of incremental
sensitivity'® that are provoked by exposure to colored
conditioning lights, to independent modifications of the
sensilivities of a Iimité{!;hUJnhur of spectrally selective
visual mechanisms, and’the relative sensitivities to red
and green inferred for these mechanisms (especially
the red-sensitive mechanism) have frequently differed
from those obtained from the red-green blind*—*
(Table I). Many cuccessful theoretical treatments of
normal color vision'®**—** have assumed for the red-
sensitive mechanism @ spectral sensitivity different
from that of the deuteranope. This evidence from
normal vision by no means excludes the pigment-loss
hypothesis; the significant mechanisms of normal

TasLe L Red- and green-sensitive mechanisms in normal and
Jichromatic ehservers: ratio of sensitivity at 650 nm Lo sensitivity
ot 530 nm.

Dichromat Normal
Tnvestigator ps Db Investigator Pr D°

Pitt {luminoaitics) oot 047 Wright 0007 029
Judd (Pitt co int) pot4 0,15  Walters 0016 0335
Hsia and Graham 0017 019  Stiles 0.037 027
Nuberg and Yustova 0015 024 deVries 0005 038
Lobapova and Rautian 0017 020 MacAdam 0014 0.24
Nimeroff (Pitt copoint) ==~ 018 Fedorov 0057 0.54
Nimerofl are D22

= P; protanope, of green-sensitive mechanism.
b [} deuteranope, of red-sensitive mechanism,
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vision may not correspond to single cone pigments.
Yet, recent studies of red-green blindness have also
cast doubt on the loss hypothesis®** (though others
support it*-%).

The approach to be adapted here makes it possible
to estimate the spectral sensitivities of normal and
defective vision without commitment to the pigment-
loss hypothesis of dichremacy. We proceed by compar-
ing the different matches of normal and anomalous
trichromats that both possess the pigment under
consideration. A deuteranomalous observer requires
more green (and less red) to match a monochromatic
yellow than does a normal observer; but for both types
of ohserver, the number of quanta absorbed by ery-
throlabe must be the same on both sides of the matching
field. The normal and anomalous red-green mixtures
must therefore be indistinguishable by erythrolabe,
the excess of green in the deuteranomalous match
being exactly compensated by the deficit of red. This
allows a determination of the relative sensitivity ol
erythrolabe to the red and green primaries. Normal
observers may similarly be compared with prota-
nomalous observers, who share chlorolabe. For both
ervthrolabe and chlorolabe, then, the different matches
of normal and anomalous observers who share the
pigment in question uniquely determine the relative
sensitivity of that pigment for all lights that can be
matched to a mixture of red and green primaries. That
is the principle of the following analysis.

NORMAL PIGMENTS

Suppose that unit energy of wavelength  is matched
to a mixture of red and green primaries, first by a
normal ohserver and then by a protanomalous observer.
Denote the energies of the red primary in the chosen
mixtures by R, for the normal match and R, for the
protanomalous match, and the energics of the green by
G. for the normal match and G, for the protanomalous
match. The sensitivity of a pigment may be defined by
the number of molecules excited (which corresponds to
the number of quanta absorbed) when a light of unit
energy is incident on the eve. Denote the relative
sensitivities of chlorolabe for the red primary by Se,
for the green primary by Sg, and for wavelength A by
%

For the normal observer, the excitation of chlorolabe
(in arbitrary units) is Sy from the umt-energy mono-
chromatic stimulus and (S¢G.+SgR.) from the
matching mixture of primaries, The indistinguishable
visual effects imply equal excitations, so

SL=SITGH+SHR!I- |:1-:|
Similarly, for the protanomalous match,

S=8eG,+ SeR. (2)
Hence,
SG{GA_Gp]n‘SR{RF_RHJI (3]

the greater amount of red in the protanomalous match
being balanced in this equation by the smaller require-
ment of green. Since Ga, Gy, Ra, and B, (the energies of
red and green in the protanomalous and normal
matches) are known, Eq. (3) can be solved for Sa/Sa.

The spectral sensitivity of chlorolabe could then be
found by referring to the color-mixture data of either
the normal or the protanomalous abserver, but we have
preferred to derive a single estimate from the two sets
of data. Elimination of either Sg or $g between Eqs. (1)
and (2) gives, respectively,

3?..""515'_—{RuGP-RpGnl"r{Rn_RJI]: {'[':I
S:nh."l-53=ERHGp-RPGn:IJF{GF—Gn}- |:._'.1}

The quantitics on the right-hand sides of these equa-
tions are known from the color-matching data, so each
equation gives an estimate of the relative spectral
sensitivity of chlorolabe, A similar analysis vields the
spectral sensitivity of erythrolabe if B, and G, (the
energies of red and green in the prota nomalous matches)
are replaced in the equations by Ry and G, the corre-
sponding quantities for the deuteranomalous matches.

The results of these manipulations would be meaning-
less if the obzervers compared did not in fact possess
a pigment in common. Fortunately, Egs. (1) and (2)
allow a test of this hypothesis. The right-hand side of
Eq. (1), regarded as a function of A, is the spectral
sensitivity of a possible normal pigment, compatible
with normal color matching. Equation (2) similarly
specifies the spectral sensitivity of .a possible pro-
tanomalous pigment. The ratio of the sensitivities is
[Gat (Sk/Se)Ral/ [GE(Sr/ Sq)R.], which we will
call k. If (as we have assumed) normal and anomalous
observers share a pigment, it follows that when Sg/Se
is set equal to the ratio of the red-and green sensitivities
of the common pigment, we must have k=1 for all A

APPLICATION OF THE ANALYSIS

Color-matching data  have "been tabulated for
protanomalous observers by McKeon and Wright*
and for deuteranomalous observers by Nelson.® Within
each of these groups, certain observers can be identificd
who have good wavelength discrimination and are
therefore  “simple  protanomalous”  (Mckeon and
Wright, observers A through F) or ‘simple deuteranom-
alous” (Nelson, observers A, D, and F). The tables
given by these authors show the luminosities of the
primaries required to match an equal-energy spectrum.
To obtain the energies for a particular observer, we
divided each primary luminosity by the luminosity
required by that observer to match a stimulus of the
standard energy that had the same spectral composition
as the primary stimulus, However, the amounts of red
in the protanomalous matches could not be treated in
this way, owing to the inadequate precision of the
tabulated values for matches with red lights; instead,
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the red-primary luminosities were averaged for all of
the protanomalous observers and the averages were

divided by 0.013, a value suggested by McKeon and |

Wright's average protanomalous luminosity curve.

Corresponding data for normal observers were
obtained from the 1931 CIE tristimulus values by
applying a linear transformation from the CIE (£,7,2)
system to the experimental primaries of 530 and 650 nm
with which the anomalous observers made their
matches. We will consider only matches for wavelengths
greater than or equal to 330 nm. For these wavelengths,
no anomalous observer ever required any desaturating
blue primary, and the amounts of blue required by the
normal observers were too small to alter significantly
the excitation of ervthrolabe and chlorolabe.

Estimates of Sg/Sqs for ervthrolabe and chlorolabe

have been derived from the matches made by the
three types of observer at A=3%0 nm. For chlorolabe,
Sp/5e=00160; for erythrolabe, §5/5qs=0.200.
. Figure 1 shows the spectral sensitivities of chloro-
labe and erythrolabe, derived from Egs. (4) and (3),
respectively, using these values of Sg/Sq. Figure 1(a)
shows the pigment common to the normal and protan;
Fig. 1{b) shows the pigment common to the normal and
deutan. There are two estimates for each pigment, and
the curves through the points are appropriate linear
combinations of the 1931 CIE tristimulus values. The
estimates from Eq. (5) are unreliable for wavelengths
up to 570 nm, and the estimates from Eq. (4) are
unreliable beyond 630 nm. Figure 1 shows that the
two estimates for each pigment agree well over the
range of wavelengths within which both are reliable,
The consistency of the two estimates for each pigment
supports the assumption that each type of anomalous
observer has a pigment in common with the normal
observer. Nor do the obtained values of &y shown below
cach speetral sensitivity curve discredit that assump-
tion, for in only one case does &, differ by more than
0,05 log units from the predicted value of 1.0. The
vertical bars associated with each value of £ give the
error (==2X5.E.) to be expected from the observed
variation among the protanomalous [Fig. 1(a}] or
deuteranomalous [[Fig. 1(b)] observers. This variation,
together with neglected sources of error—variability
among normal observers, and photometric errors—could
easily be responsible for the small observed deviations
from #y=1.0. It appears, then, that protanomalous
observers do share with normal observers a pigment,
chlorolabe, with the spectral sensitivity shown in Fig.
1{a), and that deuteranomalous observers share with
normals erythrolabe, which has the spectral sensitivity
shown in Fig. 1(b).

A SINGLE ANOMALOUS PIGMENT?

A plausible conjecture is that protanomalous and
deuteranomalous vision may be related in the same way
as normal and anomalous wvision. Schouten (cited by
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Ito. 1. Estimated spectral sensitivity of the iwo normal
igments sengitive in the red-green range. Triangles plot logs,
Fmrn Eq. {4), circles from Eq. (3). Inset is logh+=2XS.E, (a)
The pigment shared with simple protanomalous observers. The
curve is Sy=—=2,+3f, where £, and § are the 1931 CIE tri- -
stimulus values for an equal-energy spectrum. (b) The pigment
shared with deuteranomalous observers. The curve is Sy= 246

de Vries™) long ago suggested that the anomalous
pigments in protans and in deutans are identical—a
single pigment common to both types of anomalous
vision. This hypothesis may be tested by substituting
R; and G4 for R, and G. in Eqs. (1)-(5). The matching
data of protans and deutans at A=5%0 nm yield a value
of Sr/Se=00360 for the relative sensitivity to red
(630 nm) and green (530 nm) of the hypothetical single
anomalous pigment. The obtained values of ki are
shown in Fig. 2. The deviations from ki=1.0 are
again small at all wavelengths (less than 0.1 log units)
and are not large enoughyfo exclude the single-pigment
hypothesis, particularly s the results compared are
from separate investigations, so that photometric
errors might be responsible for small discrepancies.
Moreover, the anomalous pigment is probably housed in
the red-responding cones of protans but in the green-
responding cones of deutans; this could perhaps account
for small differences between the relative sensitivities
of the pigment in protan and deutan.*
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Fic. 2. Values of &y (linear scale) for the comparison between
deuteranomalous and protanomalous matches. The vertical bars
subtend plus and minus twice the standard error of the estimates,
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Iic. 3. (a) Estimated spectral sensitivity of the pigment common
to deuteranomalous and protanomalous ohservers. Triangles from
Eq. (4), circles from Eq. (5). The continuous curve was drawn
freely to fit the points. The dotted curve (largely superimpozsed on
the continuous curve) is an example of Smith and Pokorny's
standard shape (Ref, 43), suitably positioned on a wave-number
ahscissa befnre transforming to a wavelength plot. () and {c):
The continuous curve from Fig. 3(a), compared with experimental
estimates for the anomalous pigment of the protanomalous
abserver (b) and of the deuteranomalous abserver {c). & Lobanova
and Speranskaya (Ref, 37); @ Walraven, van Hout, and Leeheek
(Ref, 38): OO0 Alpern and Torii (Ref. 39); © Rushton, Powell,
and White (Ref. 40).

Of course, the fact that the predictions made for e
are approximately fulfilled in Fig, 2 cannot be regarded
as definite confirmation that protans and deutans have
the same anomalous pigment; very different spectral
sensitivities are also consistent with the data for each
type of observer. Figure 2 shows only that the matching
data do not exclude the common-pigment hypothesis.
But if there is indeed just one anomalous pigment, it
must have the spectral sensitivity shown in Fig, Jla),
where circles indicate the estimates of 5, from the
protan-deutan equivalent of Eq. (4) and triangles
indicate the estimates from Eq. (3).

The continuous theoretical curve from Fig. 3{a) is
reproduced in Figs. 3(b) and 3(c), where it is seen to
agree well with recent experimental estimates of the
spectral sensitivities of the anomalous pigments in
protons and deutans, respectively.™*" The estimates
from Alpern and Torii™ are based upon the line-element
theory of Stiles™; using Schridinger’s line element®
they generated another pair of curves that are displaced
slightly toward longer wavelengths, but which again
show approximate agreement between protan and
deutan. Piantanida and Sperling'' report a protan
function similar to those in Fig. 3(b), but their deutan
function is much flatter than any of those in Fig. 3(c).
With this exception, the experimental data seem to
support the single-pigment hypothesis.

DISCUSSION

These results favor the view that normal, protanom-
alous, and deuteranomalous vision represent the three
possible pairings of three visual pigments sensitive in
the red-green spectral range. The closely related
observations of Mitchell and Rushton® firmly support
this conception of the relation between normal and
anomalous vision, The identification of a single anom-

alous pigment is much more tentative, but is reasonably
consistent with the available evidence [Figs. 3(b)
and 3(c}].

The two spectral sensitivities in Fig. 1, which
characterize the pigments that simple protanomalous
and deuteranomalous observers possess in comman with
normals, are exactly the luminosity curves of the two
types of red—green color blind. The continuous curve in
Fig. 1{a) is almost identical with the curve used by
Vos and Walraven® and Smith and Pokerny® to
represent the luminosity curve of the protanope; it
fits the result of Pitt’s protanopes*-* with discrepancies
less than 0.023 log units at all wavelengths, The curve
in Fig. 1(b) fits the results of Pitt's deuteranopes'® ¥
with discrepancies less than 0.012 log units; it is very
similar to Smith and Pokorny’s deuteranopic curve,
but is formed by a linear combination of the 1931 CIE
tristimulus  values for an equal-energy  spectrum.
This coincidence of trichromatic and dichromatic
spectral sensitivities supports the pigment-loss hypoth-
eeiz of dichromacy., In particular, the sensitivity to
green light of the pigment common 1o normal and
simple deuteranomalous observers (Rushton’s erythro-
labe) is sufficient to account for the deuteranope’s
almost-normal sensitivity at these wavelengths; it is
unnecessary to suppose that the deuteranopic eve
contains chlorolabe as well.

Among the many relevant investigations of normal
vision (such as those listed in Table 1), several have
vielded spectral sensitivitics that approximately coin-
cide with that of chlorolabe in Fig. 1(a); Stiles’s )
(Ref. 44) agrees to within 0.03 log units. The erythrolabe
spectral sensitivity [Fig. 1(b)] has not been accurately
reproduced in studies of normal vision at moderate
luminances, but may be characteristic of the artificial
monochromacy that follows exposure to a grecn light
of luminance sufficient to bleach a large fraction of the
visual pigment,*-4°

None of the three pigments exhibited in Figs. 1 and 3
conforms to Dartnall’'s standard shape® for visual
pigments but, like the spectral-sensitivity curves of
Smith and Pokornv,® the curves for erythrolabe and
chlorolabe have approximately the same shape if they
are corrected for the wavelength-dependent absorption
by the eye media and are plotted against wave number
instead of against wavelength, The hypothetical single
anomalous pigment conforms less closely to this shape,
which is shown as a dotted line in Fig. 3. The absorption
spectra of our three pigments may be described by
Smith and Pokorny's standard shape® with maximum
absorption at 534 nm (chlorolabe), 54+ nm (anomalous
pigment), and 355.5 nm (ervthrolabe).
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