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I
Insight into the function of the elements of the visual sense that perceive the light
stimulus must have its beginning in the reduction of the unlimited number of color
sensations to the smallest possible number of “elementary sensations” whose singular or
simultaneous activation in varying intensity and varying ratio allows the generation of all
other color sensations. This is a task for purely experimental research and it is possible to
keep the solution free of any theoretical assumption, as is done in the following. For the
same reason the term “elementary sensation” was selected in distinction to Mr. Donder’s
decomposition of color systems into “fundamental colors.” Mr. Donders, to wit, defines1

a fundamental color as one representing a simple process in the periphery and then
identifies it with what we denote with elementary sensation. But this exceeds experience
a situation here to be avoided, all the more because in the course of our investigation a
difference between “elementary sensation” and “fundamental color” will become
apparent

For all color systems the first significant simplification of our task results from
the fact that all sensations can be generated with spectral colors and their mixtures so that
the target is already reached with reduction of spectral colors to elementary sensations.2
The term we want to use for curves that are a result of plotting the strength of the
elementary sensations as ordinates, using the interference spectrum as the abscissa axis, is
“elementary sensation curves.” 

a. Monochromatic color systems

Because in this case it is sufficient to assume a single elementary sensation, to have
knowledge of the dependence of stimulation on the kind of stimulus only measurement of
the intensity distribution in the spectrum is required.

The measurements were taken3 using a dispersion spectrum of a uniformly
burning, particularly suitable gas lamp. Conversions to the interference spectrum and
then to sunlight were then calculated.4 Justification for such conversions came from
special experiments where in the dispersion spectrum of the gaslight the intensity ratio
between a series of pairs of locations spaced widely apart in the spectrum was repeatedly
determined with varied slit widths und where the results within a given pair were always
found to be identical.  



The table below contains brightness ratios, i.e., the strength of the elementary
sensation H in the interference spectrum of the sunlight. Here, as in all subsequent tables,
the unit of measurement for the elementary sensation has been selected in a way that

∫ = 1000λHd

where we have defined H as a function of wavelength λ with the unit of the integration
variable being 1µµ  (µµ  = millionth millimeter). 

  λ    H   λ    H   λ    H     λ   H

655 0.006 580   2.376 520 13.772 464 2.312
631 0.045 570   3.989 510 12.801 454 1.097
619 0.133 560   5.684 500 10.765 448 0.446
610 0.392 550   8.025 490   6.737 437 0.115
600 0.836 540 10.093 480   5.290 426 0.070
590 1.345 530 12.016 474   3.239

The progress of curve H is plotted in Fig. 1. So far only Mr. Donders has made identical
determinations for a single monochromatic color system.5 His results, to the extent one
can conclude from the published data, are in complete agreement with the above results,
so that there is at least some justification to consider the observed case as typical.

b. Dichromatic color systems

In dichromatic color systems all of the spectral colors can be produced through mixture
of lights at both ends of the spectrum. It, therefore, is sufficient for the complete analysis
of a system to assume the sensations generated by the latter to be elementary sensations. 



Experience has taught that these elementary sensations, in line with Mr. Donder’s
proposal we want to designate them as warm and cold, are not only induced by the
extreme ends of the spectrum but that there is a region at both ends in which only the
intensity of color changes. We want to designate these two parts of the spectrum as “end
sections” and the part that is enclosed by them as “middle section.”

The simplest path for determining the curves of the elementary sensations in this
situation is as follows.6 If we designate with L the amount of light belonging to equally
wide sectors of the spectrum and with W and K the two elementary sensations therein and
apply indices 1 and 3 to two segments of the spectrum located in the end sections and
index 2 to one in the middle section a color equation can be written as follows

L2  =  aL1  + bL3  
where a and b designate two coefficients to be determined experimentally. 

This and all following color equations have been, where possible, established
repeatedly at the same intensity until the probable error for the coefficients a and b was
less than 1% of their value.
That such color equations do not depend on absolute intensity was repeatedly subjected
to careful testing and was found to be applicable to the four dichromatic color systems
described below.7

In two colors of equal appearance each elementary sensation must be present in
equal strength and as a result in the color equation we can replace L with W as well as
with K.

Because W3  = K1  = o [sic]

we obtain W2  =   aW1
and       K2  =  bK3.

The position of segment 2 is one of choice. Therefore, it is possible to determine values
for W and K for any desired segment in the middle section. Initially the unit of measure
has to be set arbitrarily. The shape of the elementary sensation curves in the two end
sections has to be determined (as in a monochromatic system) by comparing intensities.

In practice this method suffers from the drawback that because of the large
distance between the spectral segments with indices 1 and 3 the numerical values of the
coefficients a and b cannot be determined with desirable accuracy. For this reason the
following theoretically more complex but practically more productive method has been
used for three of the investigated dichromatic systems. L, W and K have the same
meaning as above; indices 1 and 7 now refer to the end sections, 2 to 6 to the middle
section. The following color equations were formed

L2  = a2L1  + b2L5 1)
L3  = a3L1  + b3L5 2)
L4  = a4L1  + b4L5 3)
L4  = a’4L3  + b’4L7 4)
L5  = a5L3  + b5L7 5)
L6  = a6L3  + b5L7 6)



When L is replaced by W and one takes into account that W7  = 0 the following is
obtained from equations 4), 5) and 6)

W4  =  a’4 W3 7)
W5  =  a5W3 8)
W6  =  a6W3 9)

If in equations 2) and 3) L is replaced by W and equations 7) and 8) are employed three
different expressions for W1 can be derived, that is,
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If coefficients a and b are determined with perfect accuracy the three values of W1 should
be numerically identical. Because of errors in observation this is unlikely to be fully the
case.

Color equations involving light of the same wavelength in very different
intensities have been used. The fact that the deviations have been minimal provides the
best proof that color equations do not depend on absolute intensity. The value of W2 was
calculated from equation 1) by using the average of the three never much varying
individual values of W1. In the end section, containing the segment designated by index 1,
the shape of the elementary sensation curve W (still in units of the arbitrarily selected
value of W3) was obtained by intensity comparison, as in the first mentioned method. 

The determination of the second elementary sensation curve K was achieved in
completely analogous manner.

In the actual measurements more than five positions in the middle section were
considered in the color equations to determine the exact shape of the curve. As a result
we were often in a position to deduce the presence of sources of error from lack of
smoothness of curve and to eliminate them.

The two elementary sensation curves obtained in this fashion were related to the
dispersion spectrum of the gas flame followed by conversion to the interference spectrum
of sunlight in the same manner and with the same justification used for the
monochromatic color system. The initially arbitrary scale of the ordinate was then also
converted in a way that, with the earlier established supposition for the unit of length, the
area between the curve and the abscissa axis had a value of 1000.

It must be kept in mind that to equate the two areas, i.e., the strength of activation
of the two elementary sensations by sunlight, is a purely mathematical operation. A
numerically expressed quantitative relationship of the two different elementary sensations



is not possible. Establishing measuring units in this way can be justified in the same
manner for any other light, e.g., for the light of a gas lamp.

When making such a conversion for light of any kind the abscissa of the crossing
point of the two elementary sensation curves denotes wavelength λn of the spectral light
that, for the person endowed with the related dichromatic color system, creates the same
impression as the monochromatic light and for which as a result equation 

∫∫
=

λλ
λλ

Kd
K

Wd
W nn

applies.
For the investigated dichromatic systems the approximate agreement8 of the

wavelength of this crossing point, determined by calculation and plotting for gas as well
as sunlight, with the wavelength determined in direct observation (comparison of
unrefracted with monochromatic light) is taken as confirmation of the correctness of the
obtained elementary sensation curves. 

The following tables contain the values of W and K relative to the solar
interference spectrum for four dichromatic color systems.9

In regard to these tables it should be noted that the values in parentheses, applicable in all
cases to the most extreme, dark areas of the end sections, were obtained by a procedure
that is not completely exact and the description of and justification for which is
postponed to a more detailed presentation. The values involved are very small and
therefore do not have a noticeable influence on the total shape and the scale of the curves.
________________________________________________________________________
Obs. W.W.       E.B L.K.         H.S
________________________________________________________________________
  λ    W            K W      K        W K    W        K
________________________________________________________________________

720 (0.029) - 0.031         -         (0.002)         -     0.004         -
700 (0.099) - 0.100       -      (0.006)   -   0.013         -
685 (0.204) - 0.208       -      (0.012)   -   0.029         -
670 0.471 - 0.480       -       0.027   -   0.065         -
660     - -     -       -       0.051   -   0.345         -
650 1.610 - 0.799       -           -   -        -         -
645     - -     -       -       0.192   -        -           -
642 2.398 -     -       -           -   -        -         -
632     - -     -       -       0.414   -        -         -
630 4.045 -     -       -           -   -   1.026         -
620 5.600        0.001 5.122   0.005       0.919   -        -         -
610     - -     -       -       2.367   -    2.735        -
605 7.234        0.029 6.891   0.030           -   -        -         -
600     - -     -       -       3.703   -    3.854        -
590 8.244        0.038 8.385   0.057       5.418   -    5.708      0.003



580     -             -     -       -       7.043   -    7.639      0.012
575     - - 8.716   0.068           -   -        -         -
570 8.567        0.110     -       -       8.784   -  10.016      0.020
560     - - 8.594   0.104       9.798   -        -        -
556     - -     -       - -   -  10.817      0.091
550 7.852        0.212     -       -      10.225   -        -         -
545     - - 7.932   0.178 -   -        - -
540     - -     -       - -   -  10.423      0.259
535     - - 6.971       -        9.901   -        - -
530 6.090        0.615     -   0.409 -   -        - -
525     - -     -       - -   -    8.914      0.622
521     - -     -       -        8.806       6.616        - -
515     - - 4.608   1.228 -   -        - -
510 4.784        1.475     -       - -   -    6.867      1.436
503     - -     -       -        6.555       1.912           - -
500 2.392       2.552 2.562    2.809         - -   4.163        2.321
487 0.996       4.707 1.319    5.988      4.226      5.216   2.074        4.290
479     - -     -         -       1.643      9.054       - -
475 0.596      10.348 0.656   10.920 - -   1.251        8.324
467     - -     -         -       0.045     14.205       - -
465 0.348      12.903 0.025   13.776 - -   0.736       12.892
455 0.157      14.786     -         -        -       18.007   0.347       15.004
445     - -     -         - - -       -       12.262
440 0.000      14.142     -         - -        13.980       - -
439     - -     -         - - -       -       15.600
438     - -     -   12.605 - -       - -
436     - -     -         - -         13.056       - -
430     - -     -         - -         10.826       - -
420     - -     -         - -           4.906       - -
400     -       (2,343)     -    (2.018) - (2.425)      -        (2.585)

When plotting the eight elementary sensation curves it is immediately apparent that the
four curves K, aside from small individual deviations resulting from observational errors,
are identical while there are two forms of curve W; the W curves of observers W.W. and
E.B with a maximum near 570 µµ belong to the first, those of observers L.K. and H.S
with a maximum near 555 to 550 µµ to the second form. Measurements of somewhat
reduced accuracy of several additional dichromatic color systems always indicated
membership in one of these two forms, so that they must be seen as typical, all the more,
because also when using other experimental techniques a separation of all dichromatic
systems into two groups corresponding to the above groups is necessary.

We want to distinguish the two types of curve W (as already done in the column
headings of the table) with added indices 1 and 2. Aside from the already mentioned
curve H Figure 1 contains average values of curves W1, W2, and K. In some areas the
individual differences are so small that, given the size of the figure, they would not be
visible. 



As a result of the stronger effect of individual differences in the W curves, caused
by absorption in the macula, compared to differences of type the position of the neutral
point in the spectrum cannot be included among the valid indicators of difference
between the two types.10

Mr. Donders, without directly contradicting experience, identifies his fundamental
colors in the dichromatic color systems with what we here call elementary sensations; the
curves from the above cited articles by Mr. van der Weyde, showing intensity of
fundamental colors in dichromatic color systems, indicate complete agreement of the
curves identified as “cold fundamental color” with our curves K. On the other hand, his
two curves of “warm fundamental colors” deviate from our curves W1 and W2 in that their
maxima are shifted in the direction of the short-wave end of the spectrum. The
differences are of such a nature that they can be explained to a lesser degree with errors
of observation but probably to a larger degree with a difference in the composition of the
light source.11 This situation has almost no effect in case of the narrow shape of curves K. 

Aside from the described two types of dichromatic system another form of so-
called color blindness has been mentioned, “violet,” respectively “blue-yellow,”
blindness. However, so far no accurate measurements of this type exist.12 

c. Trichromatic color systems

Analysis of trichromatic systems requires the supposition of three elementary sensations
and is particularly difficult because only two of these are present in full saturation in the
spectrum while the third can never be sensed purely but only in reduced saturation.

As in case of dichromatic color systems it is apparent that at the ends of the
spectrum, over a relatively extended range, color changes only in intensity. We, again,
want to designate these two regions as “end sections” and select the sensations induced
by them, i.e., spectral red and violet, as two of the three required elementary sensations.
They are designated R and V.

Adjacent to the end sections in both cases, in direction of the center of the
spectrum, is a region in which each hue can be generated by mixture of light of the end
section with that of the spectral color located at the inner border. They are, in a certain
sense, dichromatic regions and we want to call them “intermediate sections.” Here the
third elementary sensation designated with G is added to the pure elementary sensation of
either end section, so that in the first intermediate section elementary sensations R and G
are present, in the second G and V. In the region enclosed between the two intermediate
sections, the “middle section,” all three elementary sensations are engaged.

The empirical fact that no light of an intermediate section can be matched with
lights from the two end sections is an indication that the elementary sensation added in
the middle section to that of an end section cannot be that of the other end section. It,
therefore, must be an elementary sensation different from those of the two end sections
and in both intermediate sections the same one because, otherwise, we would have in
total four elementary sensations. Their existence would conform with a color system of
fourfold diversity that would make it possible to have aside from the attributes intensity,
hue and saturation a forth one, a situation that is in contradiction to experience.



Based on our observations the borders of these sections are, with very small
individual differences, the following:13

First end section  extreme red - 655 µµ
First intermediate section         655 µµ  - 630 µµ
Intermediate section         630 µµ  - 475 µµ
Second intermediate section         475 µµ  - 430 µµ
Second end section         430 µµ  - extreme violet

It should be emphasized that the border between the first intermediate and the middle
section (630 µµ) and that between the second intermediate and the second end section
(430 µµ) can only be determined with limited accuracy, the former because of the
insensitivity of the eye in regard to small saturation differences in this area of the
spectrum, the latter because of low intensity at the short-wave end of the dispersion
spectrum of the lamp in use.

The first of these circumstances was very troublesome insofar as it required us to
determine elementary curve V according to a significantly deviating method.

Lord Rayleigh14 and Mr. Donders15 have demonstrated that trichromatic color
systems vary significantly and can be sorted without evident transition into at least two
groups. The first group has the largest number of members while the second so far clearly
distinguished group is present about as often as dichromatic systems.16         

1.  Normal trichromatic color systems

The authors of this article were the observers used for the determination of the
trichromatic elementary sensation curves.

Suitable color mixtures were very difficult to find and success was only obtained
after multiple failed trials. Only color mixtures of the kind may be made where equality
of the resulting colors according to hue and saturation can be determined with good
sensitivity and where the observational error of the combination does not have a large
effect on the result of the numerical calculation. In consideration of the first circumstance
whitish colors must be avoided, therefore generally only parts of the spectrum that are
located close to each other must be mixed. On the other hand, calculation accuracy makes
it desirable that the two components of a mixture are as separated from each other as
possible. The satisfactory results reported below could only be achieved with careful
balancing of these two constraints in case of each mixture.

More detailed information concerning individual mixtures that we used must
await a more exhaustive presentation. Only the following should be mentioned here. The
curves of the elementary sensations R and G were determined according to the second
method described for dichromatic systems. At the start the course of the rising curve G in
the first intermediate section was determined and then, with a procedure completely
analogous to the one used in the determination of the value of the ordinate W1, a value of
the ordinate G of the middle section was calculated. With the help of the curve segment
made known in this manner we advanced in steps until the border between the second
intermediate section and the second end section was reached. Because in this procedure



small saturation differences often required evening out we had to introduce into the
calculations ordinates of G belonging to an initially not calculated but, based on
preliminary tests, only approximately known portion of the curve. After calculations were
completed as far as the given border point it was possible to obtain, either directly or with
help from graphical interpolation, improved values for these rather small adjustment
figures and thereby to calculate curve G in second approximation. This process was
continued until an additional recalculation resulted in no further change in the curve, i.e.,
until the curve was internally consistent and thereby determined unequivocally. The best
proof for the accuracy of all used mixtures was the fact that the last ordinate of G with a
theoretical value of zero had, as we have already seen above, an extremely small actual
value.

Calculation of the elementary sensation curve R was begun in comparable manner
on the border of the second intermediate section and the middle section and was
continued to some point in the first end section where its further course was found with
the help of determination of intensity ratios. Also here, for the same reasons as given for
curve G, calculations had to be carried out several times.

The two elementary sensation curves R and G then were, based on the same
justification and according to the same method given for dichromatic color systems,
recalculated for the interference spectrum with scale reductions for the lamp light such
that (as before for sunlight) 

∫ ∫ == 1000λλ GdRd .

The wavelength of the crossover point of the curves reduced in this fashion is designated
with λrg. As a result

∫∫
=

λλ
λλ

Gd
G

Rd
R rgrg .

If we label the wavelengths of a pair of spectral colors that can be mixed to have the same
color as the non-refracted lamplight with λ1 and λ2 and with c a factor dependent only on
these two wavelengths, then if R, G and V are expressed with the scale

∫ ∫ ∫== λλλ VdGdRd

each pair conforms to the equation
.212121 λλλλλλ cVVcGGcRR +=+=+

If we now identify λ1 with λrg it follows, because Rλ1  = Gλ1, from the first half of the last
equation that 

Rλ2  =  Gλ2.

Experience has taught us that there is only one crossover point between the elementary
sensation curves R and G. As a result, for λ1 = λrg, 



Rλ2  =  Gλ2   =  0,

i.e., only light of the second end section can be mixed with light of the crossover point λrg
to obtain the color of the light of our lamp. We obtained

 
From curves Experimentally Difference

    For K    λrg  =  589.8         588.8     -1.0
    For D    λrg  =  586.0         585.5     -0.5

It follows from very similar considerations that the spectral light completing the light of
the first end section to result in the non-refracted lamplight is identical with the light of
the crossover wavelength of G and V. We designate it with λgv.

The experiment resulted in the values
for K λgv =   516.5 µµ
for D λgv =   512.0 µµ.

The theoretically most obvious method for determination of the elementary sensation
curve V is to combine light of the border of the first intermediate section and the middle
section with a light located in the middle section and then to determine the progress of
curve V from here to the short-wave end of the spectrum in a fashion similar to how we
determined curve R, moving from wavelength 475 µµ in direction of the long-wave end
of the spectrum. Insensitivity of the trichromatic eye to saturation differences for hues in
the middle section prohibited the use of this method and was the cause for devising a
procedure based on knowledge of the wavelength of λgv. With values of G known and 
Gλgv = Vλgv we also know Vλgv. With help of an initially arbitrary value for V at a position
located further in direction of the violet end of the spectrum we determined the progress
of curve V from color mixtures until the beginning of the second end section and in the
second end section the curve was plotted on basis of approximating tests. In case of
lamplight the spectrum can be ended at 400 µµ without committing a serious error. In the
middle section where, for reasons already noted, mixtures did not provide a secure basis
for curve V, we determined it in a manner that the law of color mixture, according to
which a mixture is never more saturated than any spectral color, was obeyed at all
locations. As we found in our experimental work this method of curve determination, has
so small an uncertainty that it has, after recalculation to the interference spectrum, no
noticeable influence on the value of ∫ = 1000λVd .

The so far completely arbitrary selection of the ordinate of V now was varied until
the equation

∫ = 1000λVd

was satisfied with the result that the complete progress of the elementary sensation curve
V was unequivocally determined. The values R, G and V were then, comparably to the
dichromatic systems, recalculated for sunlight. But because here one cannot, without



contradicting practical experience, set at wavelength 400 µµ V = 0 the decline of curve V
in the second end section was calculated from Fraunhofer’s determination of the intensity
distribution in the solar spectrum.17 Thereupon ordinate scale reduction was performed in
known fashion. 

The following table lists the results with the approximated values of V in
parentheses.

  λ For K For D
R      G V R      G V  

720 0.033       - - 0.033       - -
700 0.110       - - 0.104       - -
685 0.231       - - 0.232       - -
670 0.519       - - 0.502       - -
660 0.905       - - 0.852       - -
645 2.170     0.124 - 1.891     0.071 -
630 3.988     0.534 - 3.481     0.339 -
620 5.227     1.106 (0.001) 4.827     0.755 (0.001)
610 6.704     2.168 (0.006) 6.246     1.648 (0.006)
600 7.400     3.711 (0.016) 7.076     2.880 (0.016)
590 8.326     5.541 (0.034) 7.988     4.635 (0.034)
577 8.965     8.275 (0.079) 8.799     7.430 (0.067)
563.5 9.505    11.011 (0.169) 9.100     9.911 (0.168)
555 9.471    11.782 (0.260) 9.095    10.858 (0.259)
545 8.776    11.933 (0.394) 8.557    11.217 (0.392)
536 7.709    11.070  0.608 7.857    10.718  0.564
516.5 4.081     7.338  1.247    -         -  -
512    -       -   - 4.158      8.016  1.469
505 2.174     4.473  1.811 3.134      6.376  2.187
495 1.078     2.610  2.729 1.813      4.296  3.283
485 0.587     2.015  5.629 0.925      3.107  5.280
475 0.000     1.703 10.469 0.000      2.497 10.182
463    -     0.925 13.075    -      1.393 13.401
455    -     0.457 13.421    -      0.810 14.143
445    -     0.123 13.693    -      0.256 14.250
435    -     0.000 12.323    -      0.000 11.900
400    -        - (2.760)    -         - (2.674)

The deviations between the curves for K and D are, to be sure, insignificant. Because
systematic distribution is not recognizable it follows that only the smallest portion is
caused by observational error.

Because equation 1 above applies as well to these curves (related to sunlight), λrg
and the second end section, as well as λgv and the first, also must be complementary, i.e.,



when mixed each of these pairs of spectral colors must result in the color of sunlight. The
values of λrg and λgv have been experimentally determined and the result compared with
the graphic plot of the elementary sensation curves. The following was found

λrg     λgv
       from      direct   difference from         direct             difference
       curves     observation             curves       observation

for K        572.8         573.0       +0.2    495.5 496.3         +0.8

for D 569.5         570.6       +1.1    491.8 494.1         +2.3

Considering the many experimentally determined factors entering into the numerical
calculation the differences can be considered small so that it is undoubtedly justified to
consider the degree of agreement as proof for the validity of the obtained elementary
sensation curves.

Figure 2 contains the R, G and V curves for D as well as the G curve for K. For K the
other two curves deviate so little from those of D that it would be difficult to distinguish
between them in the graph. – Absorption in the macula lutea is clearly noticeable as a
segment disrupting the smooth progress of the curves of K, particularly in the plotted
curve G. This section ranges from approximately 535 µµ to 475 µµ, in agreement with
direct observation. For D this absorption is much smaller and the interval shorter. 

Maxwell18 and Mr. Donders19 have subjected normal trichromatic color systems,
in two cases each, to experimental analysis also and their results are in essential
agreement with ours. Deviations in methodology and their influence on the results cannot
be discussed here.



2. Anomalous trichromatic systems

It is still an open question if there are also different groups of anomalous trichromatic
color systems and it can only be resolved with much more experimental data.
Investigations of many individuals by Mr. Donders has already made it possible to
delineate one group with good certainty. 

We were fortunate to be able to find two representatives of this group,20 Prof. B.
and Engineer Z., who volunteered to have their color system investigated. External
circumstances only allowed determination of a small number of color mixtures for Mr.
B while Mr. Z. was at our disposal for longer time periods. In both cases the resulting
curves have considerably less accuracy than what we can claim for the determination of
our own, normal trichromatic color systems.

The selection of color mixtures and the method of calculation were, in principle,
the same as in case of normal systems; however, because much fewer experimental data
were obtained the methodology had to be significantly simplified. Deviations in
technique will not be discussed here in detail.

The borders of the various above discussed sections of the spectrum were not
demonstrably different from those of the normal trichromatic systems. In the present
cases we designate the elementary sensations with R’, G’ and V’.

It should be noted concerning the result of the observations, to the extent they
relate to the interference spectrum of lamplight, that on basis of the graphical plot the
value of λrg was found to be 600 µµ. The wavelength of the spectral light that when
mixed with light of the second end section matches the color of our lamplight was found
to be 601 µµ. Also here the two values indicate satisfactory agreement. The following
table contains, related to sunlight, complete elementary sensation curves of Mr. Z. while
those of Mr. B. are only supplied to the extent that they could be accurately calculated by
assuming end ordinates to have the same magnitude as in case of Mr. Z. Curve G’ of Mr.
Z. has already been plotted with a dashed line in Fig. 2. 

We conclude from the table below:
1. Curve R’ deviates somewhat from curve R. -- Here it should not be kept a secret

that a critical review of the dependence of curve shape on uncertainty of
observation and calculation results in a form considerably different from that
falling within the borders of possible observational error. However, the most
important characteristic property of the curve is completely independent of such
uncertainty, as will be further discussed in section II

2. Curve G’ displays large deviations compared to the normal form. While the curve
maximum is located at the same wavelength, the curve type is much different.

3. The deviations between anomalous curve V’ and normal curve V, rather
considerable in the interval from 455 to 430 µµ, derive undoubtedly from
observational error. Here they are particularly large because of the recalculation
relative to the interference spectrum of sunlight. Before each recalculation, i.e.,
when the curves still represent the dispersion spectrum of lamplight, the
differences are very small.



II.

In section I the analysis of color sensations has been carried out completely free of
theoretical assumptions. The question now arises if we can draw conclusions concerning
the physiological process inducing color sensations from what we have obtained so far.
From now on we want to define “fundamental sensation” as a sensation corresponding to
a simple process in the periphery of the optical nerve (i.e., one that cannot be further
decomposed by any type of stimulation).21 In each color system the number of basic
sensations must conform to the number of elementary sensations.

Basic sensations can be represented as functions of wavelength in the same
manner as elementary sensations. We will select the scale again in a manner that the
integral over the complete expanse of the spectrum equals 1000. We now introduce the
following designations for the basic sensations:

For monochromatic systems H,
for dichromatic systems W1 and K1 , respectively W2 and K2,  
for normal trichromatic systems R, G and B,
for anomalous trichromatic systems R’, G’ and B’.

Because colors that have the same appearance activate the basic sensations always to the
same extent we can replace L in all of our color equations listed in section I with one of
the basic sensations. Because L can also be replaced with an elementary sensation and all
color equations are homogeneous and linear the following relations result (except for a
multiplicative constant that is here not significant):

1. for monochromatic systems
H = H;

2.      for dichromatic systems
a) of the first type
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3.     for normal trichromatic systems
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Equations of the same form apply in case of anomalous trichromatic systems. Here
apostrophes are added to R, G, B and R, G, V. We use the term “superposition” to
designate the combination of elementary sensation curves corresponding to these
equations. 

The simplest relationship between the different color systems we can think of
involves the assumption that monochromatic and dichromatic systems contain one,
respectively two, of the three basic sensations of the normal trichromatic system.

For monochromatic systems it is evident from calculation (as well as inspection of
the curve) that it is impossible to create the elementary sensation curve H by any kind of
superposition. The monochromatic color systems so far investigated in detail, therefore,
cannot be considered to have come into existence through absence of one or two of the
basic sensations of the so far investigated di- or trichromatic systems. 

Because of the properties of the visual sense that always exist simultaneously one
has to view, with Mr. Donders,22 monochromatic systems as a pathological abnormality.
It is, therefore, not of further concern that there is a lack of a simple relationship to color
systems that are not pathologically changed 

The result is much different in the matter of the relationship between dichromatic
and normal trichromatic systems. – Using average values for the elementary sensation
curves we find, with entirely sufficient accuracy considering the observational error in
the data,

W1  =  R 
W2  =  G

and    K1  = K2  =  B

assuming that

W1 
1.1
1.0 1KW +

=

 W2  = W2  

     K1  = K2  =  K

  R  
95.0

1.015.0 VGR +−
=

  G  
25.1

25.0 GR +
=

and    B  =  V      (Ref.23).
It must be clearly emphasized here (the proof to be provided in a more detailed
presentation) that the possibility of the above equalities is never threatened by uncertainty
of observation. Only the numerical values of the superposition coefficients are affected
by it.



We can therefore state: We can consider the two types of dichromatic color
systems so far investigated in greater detail to be the result of missing basic sensation R
in one case and missing basic sensation G in the other.

The tables below contain the result of calculations for average curves W1 and W2
of the dichromatic and the individual curves R and G of the normal trichromatic systems.
The last column relates to anomalous trichromatic systems and will be considered later.

The degree of similarity between the related curves is for one of us (D.) such that at the
scale of drawing in Fig. 3 the curves coincide for a very short segment. For this reason
we have, in addition to curves W1 and W2, plotted curves R and G only for the other
author (K.). Here deviations disappear as well by approximately evening out the
mentioned discrepancy resulting from light absorption in the macula lutea, as well as
appropriate adjustment of ordinate values. Curve B is also plotted in the figure. 

A more profound view opens when considering also anomalous trichromatic
systems. The following equations can be written

R  =  R’ 
1.1

'1.0' VR +
=  

B  =  B’  =  V’,
i.e., two of the basic sensation curves of normal trichromatic systems can be formed by
superposition of R’ and V’.24 On the other hand calculation (and visual examination)
shows that any superposition of R’ and G’ results in a curve with a form that is
transitional between R and G. We can view the group of anomalous trichromatic systems
investigated by us as the connecting link between normal trichromatic and dichromatic
systems of the first type if we assume that in case of the latter the intensity curve of basic
sensation G is moved to coincide with the unchanged curve of basic sensation R. 

Full justification for this assumption derives from hue determination of the three
basic sensations as well as observations by unilaterally “color blind” observers. The color



diagram constructed on basis of curves R, G and B yields the hues that correspond to the
basic sensations (they can, to some extent, also be directly deduced from Fig. 3):

for R a red deviating somewhat from the red of the first end section of the
spectrum in the direction of purple,

for G a green of approximate wavelength 505 µµ,
for B a blue of approximate wavelength 470 µµ.

In addition, the configuration of the color diagram discloses that of the basic sensations B
has the highest and G the lowest saturation in the spectrum; furthermore, the color
diagram is in agreement with the empirical fact that spectral violet always has higher
saturation than any mixture of spectral blue with spectral red. 

For dichromatic       For K For D      For Z
       systems

    λ    W1        W2     R     G         R   G         R’

  720    0.026     0.003 0.034     0.006       0.034  0.006       0.033
  700    0.087     0.010 0.116   0.021       0.109  0.020       0.130
  685    0.176     0.020 0.234   0.043       0.244  0.043       0.270
  670       0.437     0.046 0.546   0.100       0.529  0.100       0.627
  650    1.43      0.233     -      - -     - -
  645        - - 2.264   0.533       1.979  0.435       2.265
  630    3.55      0.76 4.112   1.234       3.610  0.967       3.565
  620    4.92      1.48 5.327   1.930       4.962  1.570       4.806
  610    6.04      1.55 6.714   3.075       6.316  2.568       6.082
  610    7.00      3.78 7.205   4.449       7.000  3.719       6.975
  590    7.64      5.56 7.892   6.097       7.680  5.306       7.800
  580    7.97      7.34     -      - -    - -
  577       -        - 8.139   8.713       8.110  7.704       7.893
  570    7.99      9.40    -      - -    - -
  563.5      -        - 8.284  10.709      8.042  7.749 -
  560    7.77     10.27    -      - -    -       7.591
  555      -        - 8.137  11.320      7.886 10.507 -
  550    7.37     10.55    -      - -    - -
  545      -        - 7.395  11.300      7.278 10.685       6.865
  540      -     10.39    -      - -    - -
  536      -        - 6.432   10.398     6.637 10.146       5.790
  530    5.80      9.64    -      - -    - -
  520    5.00      8.50    -      - -    -       4.711
  516.5       -        - 3.269    6.686 -    - -
  512       -        -    -      -       3.266  7.244 -
  505    3.31      6.26 1.772    4.014      2.523  5.727       3.890
  495    2.03      4.31 1.101    2.303      1.576  3.800       2.038
  485    1.50      2.72 0.892    1.730      1.040  2.670       1.511
  475    1.41      1.265 0.834    1.362      0.678  2.000       0.927



  463    1.44      0.520 1.230    0.740      1.201  1.114       1.165
  455    1.45      0.173 1.340    0.366      1.360  0.648       1.179
  445    1.37         - 1.407    0.170      1.460  0.200       1.207
  433      -         - 1.297    0.000      1.252  0.000       1.234
  430    1.13         -     -      - -     - -
  400    0.214        - (0.29)        -       (0.281)     -      (0.271)

Basic sensations determined in this manner are exactly identical with the colors
designated by Mr. Hering, based on a purely psychological analysis of color sensations,
as “primary red” [Ur-Rot], “primary green” and “primary blue.” The spectral light
complementary to basic sensation B, with an approximate wavelength of 575 µµ, is Mr.
Hering’s “primary yellow” and corresponds to the crossover wavelength of basic
sensation curves R and G.25

The anomalous trichromatic systems investigated by us result when maintaining
the quality of basic sensation G but considering the form of its intensity curve to be more
similar to that of R. If, finally, it is changed to a degree where it completely coincides
with R only two hues will be present in the spectrum (albeit in different saturation),
namely blue (λ = ca. 470 µµ) and yellow  (λ = ca. 575 µµ). If one assumes basic sensation
W1 to be equal to yellow and K1 equal to blue the dichromatic system, hypothetically
generated in this manner, is completely identical with the first type of this kind of
systems investigated by us. This is actually the case as Messrs. Hippel26 and
Holmgren’s27 investigations of an individual with a dichromatic right and a trichromatic
left eye show. The mentioned idea of unchanged quality accompanying changed intensity
distribution of basic sensation G has shown itself to be in complete agreement with
experience. 

To what extent the other cases of unilateral “color blindness” detected and
investigated by Mr. Holmgren can be used to support the doctrine of change in basic
sensation curves while maintaining the quality of sensation can only be judged with
certainty after transitional, so far unknown forms have been found in other groups of
anomalous trichromatic systems. 
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