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The peak brightness of the solar spectrum is in the green when plotted in wavelength units. It peaks

in the near-infrared when plotted in frequency units.
led to an optimized eye whose sensitivity peaks whe
and erroneous. The confusion arises when density
are compared with ordinary functions like the sens

Therefore the oft-quoted notion that evolution
re there is most available sunlight is misleading
distribution functions like the spectral radiance
itivity of the eye. Spectral radiance functions,

excepting very narrow ones, can change peak positions greatly when transformed from wavelength

to frequency units, but sensitivity functions do not.

Expressing the spectral radiance in terms of

photons per second, rather than power, also causes a change in the shape and peak of the
distribution, even keeping the choice of bandwidth units fixed. The confusion arising from
comparing simple functions to distribution functions occurs in many parts of the scientific and
engineering literature aside from vision, and some examples are given. The eye does not appear to

be optimized for detection of the available sunligh
infrared radiation in the environment. The color sen
spectral properties and the photo and chemical stab
that we are viewing the world with a souvenir of the
Association of Physics Teachers.

[. INTRODUCTION I

t, including the surprisingly large amount of
sitivity of the eye is discussed in terms of the
ility of available biological materials. It is likely
human evolutionary voyage199® American

ight that is available in the environment. We will the discuss

evolution as it relates to color vision. Examples of similar
Many people believe that evolution has produced a humagonfusions from fields other than vision will also be given.

eye whose color sensitivity roughly matches the sunlight

spectrum:~® Some authors only hint but others state the case

even more strongly, i.e., that both the solar spectrum and th
color sensitivity of the eye peak very nearly together at
around 560 nm in the green. Such an agreement could hard
be accidental, so the implication and reasoning goes, an

therefore the human eye must have evolved to possess 9

near-optimum color sensitivity. The framed text insert shows
a sampling of quotes from the vision literature, illustrating
how pervasive this idea has become. Many more author

cause this idea to spread by further quoting and paraphrasiré

these ideas, without sufficient reflection, in fresh publications
of their own. For example, Sekuler and Blake paraphrass
Mollon? in their textbook “Perception.™®

We will show that the apparent wavelength coincidence
between the solar spectral radiant powrdiant power per
unit bandwidth!! and the eye’s spectral sensitivity, its spec-
tral ability to elicit a visual response, is artificial and often
misleading. It results from the choice of units in which the
solar spectrum is plotted. Comparing spectral radiant powe|
to sensitivity is like “comparing apples and oranges.” they
are fundamentally different quantities and their shapes an
peaks should not be compared with one anoteeen though
they can legitimately benultiplied together for some pur-
poses, as we will showIn particular, we will show how the

wavelength of peak emission depends on the units used i

computing and displaying a spectral distribution. Further-
more, we will demonstrate that, on the contrary, the spectra
sensitivity of the eye does not depend on the units used, an
suggest that the eye is poorly optimized to take full advan-
tage of all the visible and the enormous amount of infrare

CAVEAT LECTOR

Yy

4 “The peak of [the solar spectral irradiant® curve is

cated at the visible wavelengths we see with our ey#
“For the main business of vision...most mammals
pend on a single class of cone, which has its peak sen

S. 1
de-
Sitiv-

dty near the peak of the solar spectrum, in the range $10—
70 nm.”?2
“Figure 1.3 compares the spectral content of light... with

the spectral sensitivities of the rod and cone systems of
'human vision.”

“Sunlight comprises wavelengths ranging from... 800
nm through 800 nm... For humans visible light ranges from
approximately 400 to 700 nm®*

“The spectral response of the human eye is clo
matched to the peak of the sun’s radiati¢8500 A) in
daylight.”®

“This shows that the eye is sensitive to a region of

pectrum where the radiation reaching the earth fro
sun is most plentiful.’®

“Note that the maximum available energy from sunlight
peaks in the same region of the spectrum where the eye is
ost sensitive. This coincidence is probably not accidental,
but is more likely the product of biological evolution®”

“It is no accident that thighuman cong sensitivity i
entered on the peak of the energy distribution of light from

e sun; evolution of the eye has obviously taken advantage
of the spectral character of daylighf”

sely

the
the
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Fig. 1. The solar spectrum plotted in wavelength units peaks near 500 nnf./9- 2. The same data shown in Fig. 1 except plotted in frequency units.
Also shown is an approximate fit of a 5800 K Planck function that has beer{i€re the sun and Planck functions peak near the wavelength equivalent to
scaled to match the solar spectrum. This shows that the solar spectrum &0 nm in the near-infrared while the luminous efficiency curve still peaks
roughly Planckian in the optical part of the spectrum. The luminous effi-at 560 nm. 'I_'he solar_ |_rrad|ance and Planck function transform differently
ciency of the eye peaks at 560 nm. All three curves appear to peak nedf@n the luminous efficiency.

500-560 nm, a wavelength region generally perceived as being green.

The spectrum can also be plotted in frequency units, i.e.,

Il. SPECTRAL RADIANT DENSITY Wcm 2Hz ! as a function of frequencyFig. 2). In this
DISTRIBUTIONS CONTRASTED WITH case, the spectrum no longer peaks in the green but rather in
SENSITIVITY the near infrared close to a wavelength equivalent to 0.88

_ ey pm (880 nn). Yet the peak of the luminous efficiency of the
Figure 1 shows the spectrum of the Suat sea level for & aye remains in the green. As frequency and wavelength dis-

daytime midlatitude summer with the sun at the zenith andyipytions are both equally valid representations of the very
with nominal values for Rayleigh scattering, water vapor ab-gme physical phenomenon, weento be left with the fol-

sorption, boundary layer, and stratospheric aerosols etc. A'%wing guestion: “Where does the solar spectrum ‘really’
shown in Fig. 1 is a 5800 K Planck function scaled to ap-neak “in the green or in the near infrared?”

proximately match the sunlight. We concentrate on sunlight The answer is that it depends on the choice of independent
rather than daylight because that is what all the authors reyarigple for the bandwidth. To see this, let us first approxi-
ferred to above have done. Day(ljl}[ ht, of course, is highlymate the solar spectrum by a Planck function because it is
variable, and has been much studtedt depends on many  anaiytic and closely matches the solar spectrum. The argu-
factors, including, the direction and degree of sky exposuremneants will hold for the solar spectrum as well.

weather conditions, time of day, and polarization. The re- |5 \yayelength units the Planck function spectral radiant
flected spectrum of the statistically broadband reflectivity of, owerB, (T) is

the natural visual scene is, of course, extremely dependent
upon the spectrum of the sunlight that illuminates the scene. B, (T)=2hc?\ ~5/(e"¥*kT—1), 1)

Several aspects of the solar spectrum are noteworth){n units of power per unit area per unit wavelength interval.

First,. sunlight shows significant departurgs from a Planclso\s Wien's displacement law says, the wavelength of peak
function. The features are due to absorption by the Earth%mission is 0.2897/=0 2897/580é:4 99x 10~ 5 cm=500

atmosphere and to absorption in the solar photosphere. Flr(ﬁé“ di i f f y—c/h—6
ure 1 also shows that the brightest part of the spectrum see ,corresponding o -a fréquéency ot - »=C/iA=

to occur in the green near 0zam (500 nm) But rather than X 10“*Hz. This is in the green part of the spectrum and
being a pronounced peak here, there is a broad one betwe@grées with most people’s idea of the shape and peak of the
450 and 610 mm. This plateau is due to the combined influsolar spectrum. Wien’s law with the conv_entlonal constant,
ence of thousands of solar and atmospheric absorption lineBowever, only works when the spectrum is plotfet unit
which, though not resolved here, serve to alter the shap@avelengthinterval. When the same spectrum is plotfef
from a pure blackbodly. unit frequencyinterval Wem “Hz -,

Let us examine the position of the peaks. Figure 1 shows B (T)=2h3c%/(e"/kT—1), 2
the Sun’s spectral irradiance plotted in units that are most o ]
commonly used for visible spectra, i.e., Wcfum * vs  the distribution peaks at 33410 Hz, corresponding to
um (wavelength units In these units the peak of the solar 8.8X10 °cm(=0.88um=880 nm. The peak wavelength of
spectrum is unquestionably at a wavelength that by itselthe Planck distribution in frequency is easily shown to be
would appear green. Also shown in Fig. 1 is the normalizedl.76 longer than the peak of the wavelength distribution for
spectral sensitivity of the eye, or equivalently, its normalizedany temperature. See Figs. 1 and 2.
“luminous efficiency;” i.e., its relative spectral ability to  Although Egs.(1) and (2) are equivalent representations,
evoke a visual sensation, adapted from Judd and WysZ&cki.converting one to the other is not simply a matter of making
The peak of the luminous efficiency is also in the green andhe substitutiorv=c/\. This is because the Planck function
peaks at 560 nm. is a density distribution function and is defined differentially.
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Frequency (Hz x 10 frequency distribution. Figure 3 is divided into equal inter-

e o : & Lo vals of wavelength in the amount of 0gm. The same in-
I 1 tervals are marked in frequency units in Fig. 4. In Fig. 4 they
Lok ] clearly are unequally spaced because there are more wave-

lengths per unit frequency at longer wavelengths than at
shorter ones. Conversely, there are more frequencies per unit
wavelength at shorter wavelengths. Clearly then, a plot of
irradiance per unit frequency would skew the curve to longer
wavelengths, which is exactly what we have just seen hap-
pen(Figs. 1 and 2

Normalized spectral irradiance (W cm™ um™)
=]
)
I
|

04r ] We have used Planck’s function only as a convenient ex-
- . ample. Most distribution function would suffer some change
0.2l . in shape depending, not only on the transformation itself, but
i m also on the original shape and width of the distribution to be
ool | ] redistributed as well. For example, a very narrow distribution
0.0 05 1.0 15 20 with little to redistribute such as a spectral line would shift

Yavelength (um) much less than 1.76 times its wavelength. A function broader

Fig. 3. A 5800 K Planck distribution function divided into equal 100 nm than the Planck distribution could shlft.more._ .

wavelength intervals. . Another _commonly used representation of irradiance func-
tions describes the spectral irradiance in terms of the number
N of photons per secon@ather than in Watjsper unit band-

. . . . width. The transformation to photons per second by itself
B, d, represents the power in the differential bandwidth engenders a change in the shape and a shift in the distribu-

while B, dv represents the power in the differential band-{jon's peak position. This is an additional and separate con-

width dv. If the variables correspond, the powers must besideration from the distortions from the Jacobian weighting

equal and effects that would occur upon changing bandwidth represen-

B,d,=B,d». (3) tations, say from vyaveleng;h to.frequency, as described

above. The distribution function with power represented by

This is simply conservation of energy. Sincgv/d\  photon number has a different form and a different depen-

=—c/\? [and ignoring the minus sign because it is merelydence on the independent variable. For example, for the
an artifact of the directions of integration of E@)], then Planck distribution functionB, (N), in terms of the number
B, d, =B,c/\2d\, (4) of photons per second, per unit wavelength, noting tiat

=powerhv andB,(N)=B, /hv, we have
and thusB, =B,c/\?, or, converselyB,=B,\?/c. The ap-

parent “shift” in peak wavelength betweds, andB, is not By (N, T)=2hc?\ ~4/(e"MT—1), (5)
simply due to a substitution of variabless=c/\, but to the
1/A? Jacobian weighting factor as well. This is a necessaryand the distributiorB, (N, T) stretches verticallyonlinearly
result of the differential nature of the Planck distribution by the factor of\ in comparison to the distributioB, (T).
function. Wien’s displacement law for the distribution in terms of pho-
The relation betwee, andB, is illustrated in Figs. 3 ton number has a different constanflf =0.3670. The peak
and 4. Figure 3 shows a 5800 K Planck function as a waveef the 5800 K. Planck spectrum shifts to 633 nm in this
length distribution and Fig. 4 shows the same function as aepresentation.
There are myriad ways of representing a density distribu-

tion function. Each one represents the function with equal
Wavelength (um) mathematical validity and without loss or gain of informa-
= 40 2 = =0 tion, even though each has a different shape. The meaning
] and usefulness of the representation chosen depends entirely
on the intention, interest, and the convenience of the user.
One could plot a valid spectral distribution, for example,
versus the square root of frequency. This might seem unnatu-
ral or “unphysical” to some but perfectly reasonable and
useful to someone concerned with the figure of mExit,
which is expressed in those units and is often used to de-
scribe infrared detectors. Spectroscopists may prefer fre-
quency, as quantum mechanical transitions occur between
] states or bands of states whose energy is proportional to fre-
7 quency, but spectra can also be studied profitably, although
] more cumbersomely, even in a wavelength representation, as
e — b 5 did Balmer and then Bohr when he conceived his classic
OO equeney (e} heo theory. Naturally, those concerned with photon counting de-

tection issues may prefer the photon number distribution.

Fig. 4. The same Planck function and wavelength intervals as Fig. 3 trans- _The resu'_t of plotting the_ Planck distribution semllc_)garlth-
formed into frequency intervals. Note that the frequency intervals are nofhically, as is often done, is shown for 5800 K in Fig. 5. It
equal. reveals yet a different shape and a different peak, this time

8
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50 spectral absorption of the eye is nearly linear. It is nearly
12T v I intensity independent over many orders of magnitude, and
[ ] each absorbed photon is equally effective, although only
a about 10% of the incident photons are absorb&d. we can
1 treat the eye’s spectral sensitivity just like the transmission
of a colored linear filter. Multiplying the sensitivity by the
Planck function will result in the spectral radiance that gets
sl through the filter(i.e., the radiance actually detected by the

Tr eye and appropriately weightedhis is an example of when
I it is perfectly legitimate to multiply, point by point, an ordi-
04r iﬁiii nary function and a distribution function in order to get the
i \ desired resultant distribution function. Yet, as we have seen,
ey ‘ ] it can be very misleading to compare shapes and peaks and
ool J \ ] draw inferences from them.
o s o oo oz or o This explanation may leave some people feeling a little
Log Wavelength {um) uneasy. If we are designing a detector of broadband light and
want to know at what wavelength to position a filter of a
Fig. 5. Relative spectral irradiamce. A semilogarithmic plot of the Planckfixed bandwidth in order to transmit the most power, intu-
function and solar spectrum compared with the luminous efficiency of theition might say to put it at the peak of the source’s spectrum.
eye. Yet we seem to be saying that this mental procedure of slid-
ing the filter back and forth to maximize power near the peak
would not work, as the peak’s position is ambiguous and
near 720 nm, for either log wavelength or log frequency. Thesomewhat arbitrary. What's going on here?
Jacobians for these logarithmic transformations akeahd The answer is that for a fixed filter bandwidth in wave-
1/v respectively. The wavelength—frequency pair of thesdength, maximizing in wavelength space is not the same as
two semilogarithmic representations of Planck’s function, ormaximizing in frequency space. What may not be apparent is
any other distribution function using these variables includthat as the wavelength filter is sliding back and forth, its
ing sunlight, have exactly the same left—right mirrored func-width in frequency space is changing. Consider a filli&e
tional form. This can easily be seen by noting tdéiog\)  the eyg¢ whose bandwidth is 100 nm centered at 520 nm,
=—d(log ») and again ignoring the minus sign, th&g,, which just happen_s to be near the maximum in _the wave-
=Byog .- NO special physical significance should be attachedength representation of sunlight. The same filter is not near
to this curious symmetry nor should the logarithmic form bethe peak in frequency space. If we were to take the filter in
singled out as a preferred physical or physiologicalffequency space with the same fixed wavelength bandwidth
representation that was used to optimize in wavelength space, and move it
The spectral behavior of optical filters and detectors is nothstead as a fixed frequency bandwidth filter toward smaller
described by density distributions and so they transform in &requencies to attempt to further maximize the signal, we
much simpier way. Spectrai sensitivity of any detector in-WOUld find that |tS width in Wavelength space had increased.
Ciuding the eye is expressed in units of Amps/Watt, Voitslwe would also find a maximum where the filter and source
Watt, or in the case of the eye, Lumens/Watt, each given ~ Spectrum align, but it would be different maximum than
wavelength Filter transmission, being a unitless ratio be- found before because the optimization constraint was differ-
tween zero and onat each wavelengttbehaves identically. ent. This is all a result of the relatiosih = —c dv/v?. An
This is fundamentally different than spectral irradianceoptimization somewhat similar to the one described above
which, by virtue of being a density distribution function, is was done analytically for the Planck distribution by
expressed per unit bandwidth, for example, agalue per  Benford:®
unit wavelength intervalConsequently, sensitivities possess In summary, thus far we have shown that the peak wave-
no Jacobian differential weighting factor as when transformdength of the solar spectrum depends on how the spectral
ing the representation of the eye’s sensitivity from wave-distribution is plotted. The fact that in wavelength units the
length intervals to frequency intervals. One need only use thepectrum roughly agrees with the peak sensitivity of the eye
substitutionv=c/\. This is why the peaks in the sensitivity is an accidental and meaningless quirk involving the units in
curve remain at the same frequer(eynd wavelengthwhen  which the spectrum is plotted. Computing it in frequency
plotted in either frequency or wavelength unifSigs. 1  units, for example, is just as valid and results in a peak near
and 2. the equivalent of 880 nm, well away from the peak sensitiv-
The fact that all measurements are necessarily made witity of the eye. There is, however, no paradox or inconsis-
instruments that must have finite bandwidth resolution orfency in this. While we firmly believe in the modern theory
expressed in conjugate space, finite convolutional spreadf evolution, we wish to warn others, including one of the
functions, may cause some confusion about the distinctioauthors of this articl&, of the dangers of glibly assigning
we are making. Measuring the spectral transmission of a filDarwinian significance to what is merely an accidental wave-
ter, for example, will result in apparent values measured idength coincidence—and to their readers as well.
finite bandwidth intervals, but this is merely a sampling is- The paradoxes, errors, and confusions that arise when den-
sue. The measured values in the intervals are averages for thity distributions are involved are ubiquitous, pervading the
finite intervals and represent the transmission at each point ientire scientific literature. The potential for these problems to
the interval. This does not make the measured transmissicarise exists not only for spectral power density distributions,
in any sense a density distribution. but for spatial power and spatial frequency power distribu-
The eye’s spectral response can be likened to a filter. Thigons as well. It is also a general issue for stthtisticalden-

Log Frequency (Hz
g Freq 14_557( )

[log Hz]™)

1.0

0.8

[log um]™) and (W em™

(W em™

949 Am. J. Phys., Vol. 67, No. 11, November 1999 B. H. Soffer and D. K. Lynch 949



1000

T I I T

chlorophyll a Solar Spectrum

{11_ chlorophyll b

Sum of noise
sources

100

Non-thermal

Absorption

¥
L I T T
L
i
i

.Tcarotenoids Ty12 Background
\ 2.7 K Cosmic
| ‘ = - | 10 Background _|
400 500 600 700
Wavelength (nanometers)
. . , . : 1
Fig. 6. The absorption spectra of various chromophores involved in photo- 0.1 1 10 100 1000
synthesis compared with the solar spectrum as a function of wavelength.
After Szalai and Brudvig® frequency v (GHz)

Fig. 7. The sky noise power density distribution at galactic latitude 10°,

ity distributi . h discioli h . scaled by the square root of frequency, plotted as noise temperature versus
Sity '.Sm utions In whatever discipline they may arise. frequency, showing the minimum in the free space microwave window.
There is a very close parallel between the paradox we have

described and the famous Bertrand paradox in probability

theory that hinges on the arbitrariness of choosingatpei- .
N IS P hoped to be detected narrow line, such as the 21 cm H hy-
ori uniformly random distribution, or, putting it another way, perfine line or the OH line, in that window, as we do with the

of choosing thea priori equally likely states. Different . : : T
choices result in probability density functions with different arrows in the figure. Being very narrow spectral distribution

shapes and peak positions that denote different answers w%es, their position wouldhot change significantly with a

the problem at hand. Statistical distributions of great interesfn ?r?gtevxig r?ﬁfﬁg?g}\"oﬁgs (\jl\:)o%jt g‘:hg\r/%aﬁfé g::rtlgﬁu“dolgs
include all the important quantum mechanical probabilityt y y

density distributions and their relative, the Wigner function.é:gtg'?g ?;r;t'c;?z lfﬁgrir mﬂsfj?g?ﬁﬂ%ghznisn \';en?];lfglg;(_
Similarly, this general issue exists for the Ambiguity func- P '

tion, the Spectrogram, and other related two-dimension lained. Granted that the errors in this particular case are

phase space representations that are useful in radar, com Uy|al ﬁnld have not muc_:h _prlactlcal consequence, they are
nications, and signal processing. To end this section we W"pevert €Iess errors in principle.
give two examples, from different scientific disciplines, of
the error that we have been describing. IIl. REGARDING EVOLUTION

The first comes from the study of photosynthesis. The er-
ror in this exampl¥’ is rather close to the immediate subject The many opinions in the literature noted earlier about the
of our paper. Here the authors plot the absorption spectra avolution of color vision were based in part on a simple
various chromophores involved in photosynthesis togethemisunderstanding about density distribution functions. But
with the solar spectrum in wavelength unitSg. 6). In the there is another underlying bias that we would like to men-
wavelength representation the curves happen to overlaion. The consensual, canonical belief in the power of evo-
strongly. The authors incorrectly conclude: “...almost the endution to optimize absolutely, globally, and without con-
tire spectrum of light coming from the sun can be absorbedtraint is so strongly held that it is sometimes invoked as a
for use in photosynthesis.” sufficient causal explanation of whatever the facts at hand

The second example concerns the so-called microwavmay be. The opinion has been expressed that visible light has
window. Radio astronomers are interested in determining thgust the right wavelengths to reflect light from objects in
most transparent spectral region where they might best hopeseful ways, and to permit the evolution of the éy@his is
to receive weak signals. The radio sky has many noise cona Panglossian view of evolution, a modern Darwinian read-
ponents that would interfere with detection. Their densitying of Liebnitz's world view: the eye is the best of all pos-
distribution spectra are plotted separately and added togethsible optimizations and every thing about it has sufficient
in Fig. 7. Variants of this figure are so ubiquitous as to defycause. In fact, evolution has historically traced many irre-
making a proper original attribution. One fascinating place toversible pathways to reach its present state. Any potentially
find it is in the Project Cyclop$ study for detecting extra- more favorable global optimum might be too energetically
terrestrial intelligent life. The spectral noise power densitiedifficult to achieve and would thus be very unlikely to ever
are described by their “noise temperatures,” which relate tooccur. A quantitative measure of the optimization of spectral
the Planck distribution function. These density distributionsutilization that has been achieved by the eye can be obtained
are here further scaled by the square root of frequency. Thiy integrating under the curves shown in Fig. 1 to get the
three noise sources, galactic nonthermal, the 2.7 K cosmiftaction of the available light between 320 nfhe atmo-
background, and the quantum noise of coherent detectiospheric transmission cutgffand 1400 nm(the thermody-
define a broad minimum called the free space microwaveamic noise limiA°) detected by the eye. It is only 19%,
window. The location and shape of this minimum in the hardly optimal in a spectral sense. There is also the question
density distribution will depend on the choice of representaof the availability of suitable biological materials that would
tion in the same ways as we described at length above. Theosses the necessary photochemical and thermochemical sta-
common error is to locate the emission frequency of soméility to achieve a more optimum state. All of these factors
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have mediated and constrained the process of the evolution : Pure Water

of the eye and its optimization to the Sun’s light. LR ' C
Sight is clearly a survival advantage, and so it seems rea- [

sonable to suppose that the better one sees, the more able on

is to survive. It might be expected that a very efficiently

optimized eye should be able to see both longer and shorter

wavelengths with greater sensitivity. There is considerable

solar radiation in the near infrared that the eye does not de-

tect. The full width at half-maximum of the solar spectrum in

wavelength unitgFig. 1) is ~500 nm while that of the eye is

only 100 nm. Should not an optimized eye be very sensitive

to radiation longward of 700 nm? After all, during the day

there is plenty of sunlight at these wavelengths and at night

the OH airglow! between 0.6 and 1.,2m would light up the I

landscape tremendously. Thermal excitations in the retina 3 T T e o8 o

only begin to compete with any incoming photons at wave- Wavelength ()

lengths longer than 1.4um at the absolute threshold of

vision2° Sensitivity in the infrared 600-1200 nm range F_ig. 8. The_transmission of pure water com_pared with the Iuminous_effi-

would seem like an obvious advantage with significant evoSiency func_tlon(LEF)_ of the eye. This calculation was done for absorption,

lutionary potential. Pirenrfé has suggested that strong infra- and scattering was ignored.

red sensitivity would be undesirable because the infrared in

the eyeball, the body’s own heat radiation, would cause the

external world to be obscured by a luminous fog of this

[)adiatigni Ihis_ is pre_(lt_iﬁely Wh% we ﬁo ant eXplijL to Seespectrum. As a result, water imposed a tighter constraint on
eyqp N rlrfucrons.l gt 'Sh\.N efrfet 3 0g wou I eglnht he vision’s original spectral evolution than did sunlight.
manitest itself strongly. But this efiect does not rule out erp;g - fijgred sunlight illumination was itself the original

possibility of some near-infrared sensitivity up to 1.4 mi- natural scene for vision long before visual imaging evolved.

crons. Similarly, there would also seem to be some advanrye pigtorical channel of evolution often prevents deviation
tage to having a greater blue and ultraviolet sensitivity. YettO a more optimum course. Later, when object and scene

neither of these things happened in humans. Why? If OUfiscrimination, including color discrimination, exerted evo-

vision is not well matched to the light of our present .env"lutionary pressure, and constraint, the general bearing had

ronment, including the large infrared component bathing u%lready been charted

\?v?wvg,r ecgﬂlcde \</vvee \t;vzrrglirﬁgeg:j Sk’)%rtrggr Z\éc;u:'eo dn’??/hibs asql;watirt, Other constraints on the optimization of the visual spectral

damper on the enthusiasm of those WF;]O .refer a st%rp c)fsponse come from the properties of available biological
p P Y %haterials. To get sensitivities further in the infrared via pho-

continual linear progress, but those familiar with the eVOIU'toisomerization, larger molecules with longer conjugated

tlnﬂ?rgrf ittgee\(/%tft?c:ﬁﬁyeﬁsinnrg m r|1t§t Sggucstg:srggg f;tn(t:rt]'gr?:hains, which would have their first electronic excited states
. . ) . at lower energies, would be needed. But such large mol-
following compelling St-Jggestmn by Duke-Eldet: ecules are unstable and subject to dissociation and bleaching
“So far as the evidence goes, the eyes of all verte- by thermal processes at body temperature, where the thermal
brates including man are stimulated by approximately energykT is comparable to the excited state energfe€®

Transmission

the same range of the spectru60 mu—390 mu) This is why it is extremely difficult to produce stable photo-
with the highest sensitivity at a band with a wave-  graphic sensitizing dyes or laser giant pulse Q-spoiling dyes
length varying between 500 and 55Quiit is no co- at wavelengths longer than 1 micron in aqueous solutions.

incidence that this corresponds roughly with the trans-  Although the tails of animal photopigment sensitivity be-
mission spectrum of water. The visual mechanism of come uselessly small, except under artificially extreme
Vertebrates was first evolved in water and their photo- brightness conditions, beyond about 850 fnerganic dye
pigments were presumably developed as sensitizers to molecules have been synthesized with longer peak wave-
allow their possessors to leave the brightly-lit surface |ength sensitivities. They, however, are unstable in aqueous
and penetrate more deeply into the darker depths of the media, all the more so when traces of oxygen species and
sea; and it would be surprising if their descendants free radicals are present.
discarded a mechanism which their ancestors had At the short wavelength side, all organic molecules are
found of such value.” susceptible to direct UV damage or indirect damage from
This opinion was echoed very recentijowever, mistak- UV-generated free radicals in their proximity. Those are not
enly illustrating the point by wrongly superposing spectralpromising prospects for evolutionary candidates. People who
densities and cone color sensitivities, a comparison that whave had their corneas or lenses removed can see a bit farther
have explained is not appropriate! It is, however, perfectlyin the UV, but they often develop UV-related ocular damage
legitimate and appropriate to compare transmission and seand dysfunctiorf® Interestingly, many insects, animals, and
sitivity, as we do in Fig. 8, as they are neither one densitybirds do see a bit farther in the UV and IR than we’d&or
distributions. Figure 6 shows the transmission of watelinstance, compared to other frog&na Tempoaridas high
through different pathlengths, plotted together with the lumi-sensitivity down to 330 nm which coincidentally corre-
nous efficiency of the eye. Note how much narrower thesponds very nearly to the atmospheric short-wavelength
water’s transmission curves are in comparison to the solaransmission sharp cutoff at 320 nm.
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IV. SUMMARY normalize them as well. Separate from the thesis of this paper, however, it
should be pointed out that in spite of the efforts of many international

We have shown that, contrary to the belief expressed by committees to standardize the p(_)lyglot' nomenclature _of radiometry and
many authors, the eye is 0n|y Weakly optimized to take full photometry, not many seem to abide strictly by the naming standards. The
advantage of the available solar spectrum The erroneous begonfusion in the set of quantities that are intensities per unit area is even
. . . s : . more than a matter of naming them, as some authors use projected area,
lief Oft.en. arises from a blind faith I.n the p_ower of evoll_mon including the cosine obliquity factor, and some others, using the same
to optimize absomt,e'y' .cogple_d with a.mlsunderSta_ndmg of nomenclature, do not. All this is yet another reason to excl@ahVEAT
the nature of density distribution functions. That misunder- | ecTor
standing appears in a diverse range of scientific literaturé?Gail P. Andersoret al, “mMopTraNz: Evolution and applications,” Proc.
Other constraints upon the eyes’ evolutionary optimizationlSSPlEZZZ 790-799(1994. _ _ _
besides the Sun’s radiance were also important, such as th%ta”'?y ’T\lhomss kHigt?iIe)rsorDayllght and its Spectrum(American
historically significant influence of the transmission of water, =" S€V'e" New vork,

o e . . . . . "D, B. Judd and G. WyszeckGolor in Business, Science and Industyd

the susceptlbmty of potentially available blOlOgICQI matefr.lals ed. (Wiley, New York, 1975, p. 71. We reluctantly introduce the photo-
SUCh.as p_hotop|gments_t_o uv dama:ge’ and the 'nStab'“tY of metric quantity relative “luminous efficiency” at this point only because
possible _mfrared sensitive photop|gments_. Contemplating the vision literature to which we refer the reader, almost exclusively, uses
why we did not evolve to use other mechanisms to produce ait to describe the eye’s sensitivity. It is the perceptual sensitivity of human
broader band visual sensitivity, as for an unlikely example photopic, or cone vision to quasimonochromatic light, relative to its maxi-
electron—hole pair generation, would seem to be a futile ex- mum sensitivity, usually as a function of wavelength, represented by the
ercise in a counterfactual history of evolution. But the ques- fictitious eye of a standardized observer. It is a good practical model for

: . - the bright-light adapted eye and it is proportional to the spectral power
tion of how and Why our vision evolved to employ its sensitivity over a large gamut of power. It is not a density distribution

equally unlikely photoisomerization scheme for vision re- fnction. We do not really need to consider, for the argument of this paper,

mains an interesting and open issue. the sophisticated subtleties of photometry, how many lumens per watt
there may be, or even what a lumen might be. Older synonymous terms for
ACKNOWLEDGMENTS luminous efficiency, still to be found, are “visibility factor” and “lumi-

nosity factor.”
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_ . . cally preferred spectral representation. We have an intrinsic logarithmic
man, Dr. Kent Asherait, Dr. Kuo-Nan Liou and Dr. Jay Neitz spectral response to acoustic radiance. This can be appreciated by noticing

for §t|mlilat|ng' d|scu55|on§ on the eye, based ,On earllerthat we associate essentially the same musical pitch and note “name” to
versions" of this paper. This work was supported in part by aji then octaves2" multiples of a given note’s frequency. If we pick, for

the Aerospace Independent Research and Development Prasxample, middle & 256 Hz, the frequency of the note one octave higher,
gram. by definition, is 512 Hz. We hear all thosehigher octave notes, ignoring
intensity-dependent effects, still as a kind of replica of C, although higher
in pitch. In representing musical spectral power or noise density distribu-
tions, the very same representational issues that we have been discussing
for optical power naturally arise. But here, if the intention is to represent
human perceptual hearing, then the logarithmic representation is clearly to
be preferred and thus, by settling on it, many of the representational pit-
falls and paradoxes can be avoided. Audio engineers have introduced sev-
eral spectral logarithmic measures and quantities. For example, the loga-

IKeneth R. Lang,Sun Earth and SkySpringer-Verlag, Berlin, 1995 p.
210.

2J. D. Mollon, “The Uses and Origins of Primate Colour Vision,” J. Exp.
Biol. 146, 21-38(1989.

3James T. McllwainAn Introduction to the Biology of VisiofCambridge
UP, Cambridge, 1996 pp. 5-6.

4Evan Thompson,Colour Vision (Routlidge, London and New York,

1995, pp. 51, 169. rithmic equivalent of equally distributed, or so-called “white,” noise is
SAlbert Rose,Vision Human and ElectronitPlenum, New York and Lon- called appropriately “pink” noise. It preferentially weights the lower fre-
don, 1973, pp. 49-50. guencies logarithmically, thereby putting equal noise power into each oc-

tave. To the ear, pink noise sounds uniformly distributed.
Frank Benford, “Laws and corollaries of the black body,” J. Opt. Soc.
Am. 29, 92-96(1939. He solved for the maximal power, relative to the

SRobert M. Boynton,Human Color Vision(Holt, Rienhart and Winston,
New York, 1979, p. 51 This misleading statement is repeated in Peter K.
Kaiser and Robert M. Boyntortluman Color Vision 2nd ed.(Optical

Society of America, Washington, DC, 1996. 6. total radiated power, in the neighborhood of a given wavelength of inter-
"Robert M. Boynton, “Human color perception,” icience of Vision est,\y, at which t_he ab_sorptiotor sensitivity is highest. In the wave-

edited by K. N. LeiboveidSpringer-Verlag, New York, 1990p. 218. length representation this occurs whegT,,=0.3666. Note that the op-
8David K. Lynch and William Livingston,Color and Light in Nature timum wavelength, for a given temperature, does not coincide with the

(Cambridge UP, Cambridge, 199%. 222. peak of the Planck distribution. Benford was the same person whose name
SLaurie White,Infrared Photography Handboaldmherst Media, Amherst, has come to be associated what is variously referred to as the “fBiny

New York, 1996, pp. 28—32. pages of thgLogarithm Table Phenomenon,” “the Anomalous Distribu-
%Robert Sekuler and Randolph Blakerception 3rd ed.(McGraw-Hill, tion of First Digits,” or more usually “Benford’s Law,” though this em-

New York, 1994, p. 201. pirical law may have been first noticed at least a century ago by Simon

Hseveral confusingly similar sounding but distinct spectral radiometric Newcomb[Am. J. Math.4, 39-40(1881)]. See Frank Benford, “The Law
quantities: spectral radiant power; spectral radiant emittance; spectral irra-0f Anomalous Numbers,” Proc. Am. Philos. Sog8, 551-572(1938.
diance; spectral radiant intensity; and spectral radiance are all employed toThe first digits of naturally occurring numbers, such as of the physical
describe spectral density distributions. They differ in whether or not they constants, expressed in scientific or floating point notation, are not distrib-
are intensities per unit area, per unit solid angle, both together or neither uted uniformly randomly as naively might be expected, but rather they
one, and whether the radiation is emanating from an emitter or impinging have the ubiquitous reciprocal, or inverse probability density distribution.
on a surface. Many of the papers we quote from, and refer the reader to, doThis is all the more pronouncedly so, when many disparate kinds of quan-
use these different quantities for their purposes, and make the errors wetities are examined all together. The integrated cumulative probability is
describe using them. As these quantities are all are spectral densities, i.e.thus logarithmic, and, by subtraction, the probability of a first digit
quantities per unit bandwidth interval, e.g., per unit wavelength interval or occurring is log+1)—logN, favoring smallNs Many theoretical and
per unit frequency interval, they all illustrate the argument of this paper empirical studies of this law have been published, but one simple and
equally well. They all suffer exactly the same peak shifts and distortions direct way of proving and appreciating it is to realize that the inverse
that we describe. For the thesis of this paper we may normalize these probability density distribution, with its strong fractal invariance proper-
quantities by setting all areas and solid angles equal to one and use all ofties, satisfies the requirement of being independent of the arbitrary choice
these terms interchangeably without fear of spoiling our argument. Fur- of scale or units, and the base or modulus, that the numbers are expressed
thermore, for the purposes of this paper we make all powers relative andin. Benford’s Law is thus seen to be a property of our number system.

952 Am. J. Phys., Vol. 67, No. 11, November 1999 B. H. Soffer and D. K. Lynch 952



Those with a taste for paradox will savor this result and many may be&®®M. A. Ali, “Temperature and vision,” Rev. Can. Biol34, 131-186

tempted to make wagers with the unwary. (1975.
yeronika A. Szalai and Gary W. Brudviig, “How plants produce dioxy- ?’See, e.g., A. Knowles and H. J. A. Dartnall, Tine Eye edited by Hugh

gen,” Am. Sci. 86, 542-551(1998. Davson, 2nd ed(Academic, London, 19737 Chap. 8.; and Boynton, in
8project Cyclops CR 114445, revised ed., NASA/Ames Research Center, Ref. 6, pp. 104, 107.

Moffett Field, California, 1973, p. 41. ZFrederick J. G. M. van Kuijk, “Effects of ultraviolet light on the eye: Role
%Boynton, Ref. 6. of protective glasses,” Environ. Health Perspe8, 177—-184(1991).
2Albert Rose, Ref. 5, p. 50. 2James K. Bowmaker, “The evolution of vertebrate visual pigments and
2y, 1. Krasovsky, N. N. Shefov, and V. I. Yarin, “Atlas of the airglow photoreceptors,” inVision and Visual Dysfunctignedited by John R.

spectrum 3000-12400 A.,” Planet. Space $¢i883-915(1962. Cronly-Dillon and Richard L. GregoryCRC, Boca Raton, 1991 pp.

22M. H. Pirenne, “The thermal radiation inside the eye and the red end of 63-81.
the spectral sensitivity curve,” J. Physidl.ondon 106, 25 (1947); or 30y, 1. Govardovskii and L. V. Zueva, “Spectral sensitivity of the frog the in
Proc. Physiol. Soc106, 25 (April, 1947). Pirenne’s old numerical esti- the ultraviolet and visible region,” Vision Re&4, 1317-1321(1974.

mates differ markedly from Rose’s analysis. 31Bernard H. Soffer and David K. Lynch, “Has evolution optimized vision
233, Duke-ElderThe Eye in EvolutioC. V. Mosby Co., St. Louis, 1958 for sunlight?,” Annual Meeting of the OSA, Long Beach CA, 12-17

p. 619. October 1997, SUE4, p. 70; David K. Lynch and Bernard H. Soffer, “On
%Ricardo C. Pastor, Hiroshe Kimura, and Bernard H. Soffer, “Thermal the solar spectrum and the color sensitivity of the eye,” Optics and Pho-

stability of polymethineQ-Switch solutions,” J. Appl. Phys42, 3844— tonics News, March, 1999; Bernard H. Soffer and David K. Lynch, “The

3847(197). spectral optimization of human vision: Some paradoxes, errors and reso-
ZRicardo C. Pastor, Bernard H. Soffer, and Hiroshe Kimura, “Photostabil- lutions,” Trends in Optics and Photonicedited by Toshimitsu Asakura,

ity of polymethine saturably absorbing dye solutions,” J. Appl. Pi#3;. International Commission for Optics Book(8pringer-Verlag, Heidelberg

3530-35331972. and New York, 19989

LECTURING STYLE

There was something about Professor Turgot that | found immensely appealing. He was a big
bearlike man, fortyish, beginning to bald, stoop-shouldered, whose shirttails always drooped down
behind him. He was not at all the absentminded professor. He could fix me and all | was thinking
with one eagle glance. When he lectured in the classroom, he addressed the blackboard rather than
his students, as if he were having a private conversation with some mythical being living in the
world he had created in equations and diagrams. | knew that this lecturing style was deficient, but
it conveyed a lifelong fascination with his subject.

Alan Lightman,Dance for Two(Pantheon Books, New York, 1996. 163.
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