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e In our previous papers, we have analyzed the idea of using light signals
of three basic colors, red, green, and blue:

— to speed up computations,

— in particular, fuzzy-related computations.

e This idea has indeed led to successful applications.



e With any successful technique, a natural question is: can we do bet-
ter?

e Can we change some parameters of the currently successful method
and thus, make it even more successful?

e Or maybe:

— the parameters that we used are already close to optimal, and

— we cannot get a more effective method by simply chaging these
parameters — for that, we need new ideas.



e In our work:

— out of all possible triples of colors,

— we selected the triple of basic colors, i.e., red, green, and blue.

e The main reason why we selected the three basic colors is that they
form the basis of our color perception.

e At first glance, this may sound like a naive explanation.

e However, as many based-on-biology explanations, it has depth be-
hind it.

e Indeed, we, as biological creatures, are a product of billions of years
of improving evolution.

o If some alternative features were better, they would have been imple-
mented many millennia ago.

e From this biological perspective, most of our features are close to
optimal.



e So it makes sense to copy these features.

e And indeed, many engineering designs copied from nature led to many
successes.

e In computing, great examples of such successes are evolutionary com-
putations and neural networks.



e Ok, but maybe the three basic colors:

— are optimal for human visual perception
— because of the specifics of the biological substances that can detect
these colors.

e If this is the case, then this human optimality has nothing to do with
our objective — to speed up computations.

e From the viewpoint of speeding up computations, it is desirable to
come up with some more fundamental explanation.



e What if the current selection of three colors is not optimal for our
purposes?

e Let us look at this selection from a fresh viewpoint.
e When we select three colors:

— we do not want any two of them to be too close to each other;
— in that case, it would be difficult to distinguish between the two
close colors in real-life situations, when noise is present.

e It is thus reasonable to select colors that are as far away from each
other as possible.

e In particular, once we selected the two colors with the smallest and
largest wavelenghts A and ), it makes sense:

— to select, for the intermediate color,

— the wavelength A for which the largest of the two wavelength dif-
ferences max(A — A, A — \) is as large as possible.



e One can easily see that this optimization leads to selecting the mid-
A+ A
point A\ = i
2
e This is the point which is equally close to both colors A and .
e However, in human perception, the intermediate color green is closer
to blue than to red.

e As can be seen from the table below:

— the average green wavelength of green — which is 532.5 nm,

— differs from the average between blue and red, i.e., from the value

462.5 687.5
nm—;— 575 nm, by about 8%.




e 8% may not sound big.
e But it is a big difference, if we take into account that the difference
between blue and green is approximately 13%:

532.5 nm — 462.5 nm B 70 nm
532.5 nm ~ 532.5 nm

~ 13%.

color wavelength  average  frequency average
(nm) wavelength ~ (THz)  frequency
blue 450-485 462.5 620-670 645
green  500-565 532.5 530-600 565
red 625-750 687.5 400-480 440



e In the previous slides, we simply considered the difference between
the wavelengths.

e Intuitively, the difference may sound like a good first approximation.

e However, it is not directly related to what is the main purpose both
of human vision and of our color computing: data processing.

e From the data processing viewpoint, we want to generate and process
more information.

e So it makes more sense to consider this situation from the information
viewpoint.

e This is what we do in this talk.

e Our conclusion is that from this viewpoint, the intermediate wave-
length should indeed:

— be closer to the shortest one (in our case, blue)

— than to the longest one (in our case, red).



e The corresponding numerical model:

— leads to the estimate of the intermediate wavelength

— which is much closer to the observed one than the above-
mentioned arithmetic average;

— namely, it is 4% close instead of the original 8%.
e Can we get an even more accurate estimate?

e The problem is that the wavelengths corresponding to the three colors
are only known approximately.

e Different sources cite somewhat different numbers, numbers differing
by 5% and even sometimes more.

e From this viewpoint, 4% accuracy is the best we can achieve.



e From biological viewpoint, our result shows that:
— there is a fundamental reason — and not any specific reason related
to specific chemicals
— why the intermediate color selected for human perception is closer

to one of the other colors.

e In other words, our analysis shows that in this particular aspect,
human perception is also close to optimal.

e This is in line with what we argued earlier about optimality of bio-
logical designs.



e Most people easily distinguish between the three basic colors.

e However, a reasonable proportion of people cannot distinguish be-
tween at least two of them.

e E.g., about 8% of the world’s males have such a problem.

e This condition is — somewhat confusingly — known as color blindness.
e It is confusing since most patients are not totally blind to colors.

e They can distinguish some colors — although not all of them.

e Intuitively, the closer the two colors, the more probable it is that a
somewhat faulty optical perception system would get confused.



e From this viewpoint:

— since among the three basic colors, the closest pair is green and
blue,

— one would expect that the most frequent case of color blindness
is the inability to distinguish between green and blue colors.

e Such a condition exists, but it is far from being the most frequent
case.

e The most frequent case is red-green color blindness, when:

— a patient cannot distinguish between green and red, while

— he/she (it is usually a he) is perfectly capable of distinguishing
blue from any of these two colors.

e In other words, we have a paradox.



e Namely:
— the difference 687.5 nm — 532.5 nm = 165 nm between red and
green wavelengths is more than twice larger than
— the difference 532.5 nm — 462.5 nm = 70 nm between green and

blue wavelengths.

e However, the red-green color blindness is much more frequent than
the green-blue one.

e Our analysis shows that:

— from the information-theoretic viewpoint,

— green is almost as close to red as to blue.

e From this viewpoint, the difference between green and blue is not the
smallest.

e So we no longer expect the corresponding color blindness to be the
most frequent type.



e This is still a partial explanation.
e We still do not understand why:

— the red-green color blindness is much more frequent than the
green-blue one, while

— from the information viewpoint, the corresponding pairs of colors
are equally distant.



e From the information viewpoint, a reasonable measure of an interval
between two wavelengths is:
— not the difference between these wavelengths,
— but rather the overall amount of information (per unit time) that
we can transmit by using wavelengths from this interval.

e So, it is reasonable to select the intermediate wavelength for which:

— the amount of information corresponding to the interval [A, A]
should be equal to

— the amount of information corresponding to the interval [\, \].

e To describe this criterion in precise terms, let us estimate the amount
of information corresponding to a generic interval [A~, A*].



e We want to come up with the desired estimate.

e Let us first analyze how much information we can transmit if we use
a single wavelength .

e In principle, we can modulate signal of each cycle — be it amplitude
modulation (AM) or frequency modulation (FM) or even both.

e From this viewpoint, the amount of information I(\) that we can
transmit per second is proportional:

— to the number of cycles per second,

— i.e., to the frequency f of the signal:

I(A\) = A f for some constant A.

e It is known that the frequency f is inverse proportional to the wave-
length.



e Namely, since the signal are traveling with the speed of light ¢, the

duration of each cycle is equal to T' = —.
c

e Thus, the frequency is equal to the number of cycles in a second, i.e.,

c
tof=—==—.

/ T A
e Substituting this expression into the formula for I, we conclude that

I(\) = %, where we denoted C; & A - c.



e How can we measure frequency?

e We let the signal go through some fixed number of cycles N, and then
measure the overall time t = N - T that these cycles take.

A

e This means that we measure the valuet = N - —.
c

e Let € denoted the relative accuracy of measuring time.

e This means that we can distinguish between two wavelengths A\ and
A+ A is larger than or equal to € - t:
A+ AN A A

C C C

N



o et us:

— subtract the two fractions in the left-hand side,
— divide both sides by N, and
— multiply both sides by c.

e Then, we get an equivalent inequality AX > - .

e So, the smallest distinguishable difference between two wavelengths
ise- A\

e Thus, on each wavelength interval of small width w, we have v
6 .
distinguishable wavelengths.



e Each of the distinguishable wavelengths is capable of transmitting the
amount of information I(\) — as described by the above formula.

e Thus:

— the overall amount of information that can be transmitted by
wavelengths from the interval of small width w
— can be obtained by multiplying number of distinguishable wave-
lengths by I()).
. w 01 Cl 1
It is, th [t0 — - = = — . — .
¢ It is, thus, equal to — -~ VR
e We want the overall amount of information [ transmitted per second
by all wavelengths from the interval [A~, AT].

e This can obtained if we divide this interval into small subintervals

and add up the corresponding expressions: [ = > -1 2 w.
£



e This sum is an integral sum.

e The narrower subintervals we take, the close this sum to the integral.

Mo
e In the limit when w — 0, we get [ = / =L ﬁd)“
- €
. . o C 1 1
e This integral is easy to compute: itisequalto/ = — - — — — ] .
€ AT AT
e This formula becomes even simpler if we take into account that we
1 1
have — = — - f.
ave S~ f

e et us denote:

— by f* the frequency corresponding to the wavelength \~, and
— by f~ the frequency corresponding to the wavelength A™.



e Then, we get I = %-(f’—f—).
C.

e In other words:
— the amount of information that can be transmitted by all the
signals in the given wavelength interval

— is proportional to the difference between the corresponding fre-
quencies.



e Based on the formula, we conclude that:

— for the intermediate wavelength,

— the difference between its frequency f and each_of two other fre-
quencies f and f should be the same: f — f=r—1r

e Thus, as the intermediate frequency f, we should select the arithmetic
average of two other frequencies:

[+7
I==



e For frequencies, the arithmetic average of the red and blue frequencies

is equal to
440 THz + 645 THz

2

e The difference between this average and the actual green frequency
of 565 THz is about 4%.

= 542.5 THz.

e [t is twice smaller than when we naively averaged wavelengths.
e Let us transform these values into wavelengths.
e Then, we see that indeed, in terms of wavelengths:

— the intermediate wavelength corresponding to the optimal fre-
quency 542.5 THz

— 1is closer to blue than to red.

e So, we have indeed explained why in terms of the wavelengths, green
is closer to blue than to red.
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