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ABSTRACT

The photopic spectral luminous efficiency
function V(&) has been the basis of all photometry
since 1924. For almost as long, the erratic nature
of the blue end of the V(L) has been obvious. The
reasons which led the researchers of that time to
propose the curve, which we presently know as
V' (1), have remained unknown for many. It is not
widely known that most of the photometric mea-
surements to establish the V' (A) were actually per-
formed under mesopic adaptation conditions. Sub-
sequently, the V() function was a revision of the
I.E.S. curve but the details of how the I.E.S. curve
was determined have apparently not been pre-
served. This paper gives an extensive overview on
the establishment procedure of the V(L) and high-
lights the differences in the experimental settings
and data of several researchers, whose works con-
tributed to the establishment of V().

1. INTRODUCTION

The CIE (1926) introduced the values of the
photopic spectral luminous efficiency function
V(X in its 6th session in 1924. At that time, the
values of the V' (A) function were recommended for
general use as provisional only, since it was obvi-
ous that they might be incorrect at the extreme re-
gions of the visible spectrum or in special viewing
conditions. The values of the V'(A), that is to say
visibility data, were proposed by Gibson and Tyn-
dall in 1923 as a result of a comparison of their
own work with that of their predecessors (Gibson
& Tyndall, 1923). The president of U.S. National
Committee of the International Commission on

Illumination (CIE) had requested the U.S. Na-
tional Bureau of Standards to make measurements
of visibility using the step-by-step equality of
brightness method, and the assignment was ap-
pointed to Gibson and Tyndall by a committee ap-
pointed by the Bureau of Standards.

Gibson and Tyndall undertook the challenge
and, in cooperation with the Nela Research Labo-
ratories and under the sponsorship of General
Electric Co., made a new determination of visibil-
ity of radiant energy by the step-by-step equality of
brightness method. In 1923 Gibson and Tyndall
published a paper in which they proposed a new
visibility curve based on the comparison of their
own work to the carefully reviewed experimental
visibility data of Coblentz and Emerson (1918),
Hyde, Forsythe, and Cady (1918), Ives (1912e),
Nutting (1914), Reeves (1918), So (1920) and the
average data recommended or adopted by Ives
(1919), Priest (1920; 1922a,b), and I.E.S. (Illumi-
nating Engineering Society). The visibility curve,
finally proposed by Gibson and Tyndall, was actu-
ally a revision of the I.LE.S. curve. Unfortunately,
the details of how the original I.E.S. curve was de-
termined have not apparently been preserved. Ac-
cording to CIE (1990) Technical Report «/nforma-
tion does not seem to exist concerning the psycho-
physical method used, whether observers participated
at all wavelengths, the luminance of the reference
field, the visual angle subtended by the field, whether
the 1.E.S. function is the result of a study from one
laboratory or multiple laboratories, none of which
are identified.» The authors of the present paper as
well as Kaiser (1981) in his work have also unsuc-
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cessfully tried to track down the origins of the
L.E.S. curve.

The present paper introduces the experimental
data and the experimental setups of Coblentz and
Emerson, Hyde et al., Ives, Nutting, Reeves, So,
and Gibson and Tyndall with further information
about the parameters used. Table 1 presents the
experimental and extrapolated relative sensitivity
values of the seven aforementioned studies and the
average data recommended or adopted by Ives
(1919), Priest (1920; 1922 a, b), I.E.S. and Gibson
and Tyndall (1923). Table 2 summarizes the meth-
ods used by the different researchers as well as the
experimental parameters and the number and age
of the subjects. The experimental parameters are
described by the visual angle of the photometric
field, the size of the ocular slit or the artificial pu-
pil inserted, the amount of light entering the eye in
trolands, natural pupil luminance for the corre-
sponding field size, and the spectral wavelength
range measured. The troland and natural pupil lu-
minance values are calculated from the given field
illuminance or luminance values and it may be-
come as surprise for many that the calculated val-
ues actually lie in the mesopic region. The present
paper provides an extensive overview on how the
final visibility curve, namely the V' (A) curve, was
constructed by Gibson and Tyndall, and describes
the requirements that Gibson and Tyndall consid-
ered that the visibility curve should meet. Finally,
the present paper discusses alternative visibility
curves that Gibson and Tyndall might have ob-
tained, had they not been guided by the prevailing
theories of that time, and how these alternative
curves differ from the present V() and V, (A)
curves.

2. NATURAL PUPIL LUMINANCE
CALCULATIONS

2.1. Troland

In photometric measurements using an ocular
slit or an artificial pupil, the value describing the
retinal illuminance should be considered rather
than the field luminance (Trezona, 1983). The use
of an artificial pupil, smaller than the natural pu-
pil, decreases the amount of light entering the ret-
ina and makes the photometric field appear dim-
mer. In calculating the retinal illuminance absorp-
tion, scattering and reflection losses as well as the
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dimensions of the particular eye under consider-
ation should be taken into account (CIE/IEC,
1987). However, as the individual variation in
these parameters is small (Trezona, 1983), the ret-
inal illuminance is proportional to the product of
the area of the limiting pupil and the luminance of
the surface. Consequently, the amount of light en-
tering the eye is described by trolands, which is de-
fined to be equal to the product of the area of the
pupil in mm?2 and the luminance in cd/m2, as fol-
lows,

(1

where e; is the amount of light entering the eye in
trolands, L is the luminance of the surface in
cd/m2, and p is the pupil area in mm?2.

In the present paper, troland values for each
presented study is calculated, whenever it was pos-
sible within the given values, in order to enable
comparison between the different studies. If the
studies reported illuminance value (Ix) of the white
reference field, rather than the luminance value
(cd/m?2), the luminance value was estimated by the
present authors assuming a perfectly diffusing and
reflecting surface of the photometric field. Conse-
quently, the troland values calculated in the pres-
ent paper are overestimations rather than underes-
timations of the absolute values.

e, =LXp,

2.2. Natural Pupil Luminance

As the troland values are difficult to assess for
anyone not used to coping with them, Trezona
(1983) defined in her paper a new quantity, natural
pupil luminance, as «the light source to which the
observer is adapted, subtending a large angle (>50°),
viewed with the natural pupil and producing the
same retinal illuminance as the source under consid-
eration, which is viewed with an artificial pupil.» By
the definition:

Trolands = LXp= Ly Xpp, 2)

where L is the luminance of the surface in cd/m?2,
and p is the area of the artificial pupil in mm2, Ly
is the natural pupil luminance for a large field, and
pN is the area of the natural pupil. Thus, the
natural pupil luminance corresponds to the illumi-
nation level, to which the observer is adapted.
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For field sizes smaller than 50° Trezona pre-
sented a modified term, where the information of
the field size is included for example as follows
«natural pupil luminance (2° field)». In this case
the natural pupil diameter d is calculated as a
function of the field size 6 in degrees and field lu-
minance L in cd/m2 with the following equation,

d:5—3tanh{(0.4—&689 +@j x(log oL +
0

298910g ;0 —5.076)}. )

For small photometric fields it is appropriate to
use the above concept of natural pupil luminance.
Therefore, in addition to the troland values, the
values of natural pupil luminances for the corre-
sponding field size of each study are also calcu-
lated in the present paper and presented in Ta-
ble 2. The calculations ignore the Stiles-Crawford
effect since all the photometric fields subtended 2°
or more, except in the study of So, and because
the natural pupil luminances in all studies were be-
low 10 cd/m2 which is the cone activity predomi-
nation level given by Trezona (1983).

3. EXPERIMENTAL CONDITIONS
OF THE STUDIES TO ESTABLISH
VISIBILITY DATA

3.1. 1912 Flicker Photometer Data of Ives

Ives (1912e) measured the relative spectral sen-
sitivity of 18 normal observers with the method of
flicker photometry. Ives chose the flicker photom-
eter to be the most appropriate method based on
his previous studies with a flicker photometer and
an equality of brightness photometer (Ives, 1912a).
According to Ives, flicker photometry possessed
the greatest sensibility and the most reproducible
results.

A photometric field of 2° was used with a con-
stant reference field illumination of 300 Ix viewed
through an ocular slit of 0.5 mm X2 mm. This
procedure yields to troland value of about 95 Td.
The small photometric field was surrounded by a
bright field of about 25°, maintained approxi-
mately at the same brightness. This bright sur-
rounding was used for a greater viewing comfort of
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the observer, as reported by Ives. The spectral sen-
sitivity of the 18 observers was measured in wave-
length region from 481 to 655 nm. From the
gained data Ives extrapolated an extension to
440 nm in the blue end and to 680 nm in the red
end of the visible spectrum. The average values of
the flicker measurements, as well as the extrapo-
lated values, are presented in Table 1.

In 1919 Ives gave a recommendation of the
standard conditions of photometric measurements
(Ives, 1919). As a result of his previous studies
(Ives, 1912 a, b, ¢, d, e), he recommended the use
of a flicker photometer with a photometric field of
2° in diameter and the field brightness of 2.5 milli-
lamberts (equal to 7.96 cd/m?2) for the natural pu-
pil. According to Ives, a great advantage of this
choice was that under these conditions the flicker
photometer yielded the same results as the method
of direct comparison of brightness.

3.2. 1914 Flicker Photometer Data of Nutting

Nutting (1914) determined the values of his
visibility curve by measuring the spectral sensitivity
of 21 subjects with the method of flicker photome-
try. The visibility data was obtained for the wave-
length region from 490 to 640 nm, and in addition
an extension was performed for five observers to
cover a larger region of the visible spectrum from
400 to 700 nm. The reference field illuminance of
350 Ix was kept constant throughout the measure-
ments. The 2° photometric field was viewed
through an ocular slit of 0.57 mm X 2.57 mm.
These settings correspond to troland value of about
163 Td.

Nutting apparently revised his visibility data,
and the revised values were published in the paper
of Hyde et al. in 1918 (Hyde et al., 1918). How-
ever, the paper of Hyde et al. does not provide any
information on why or how the revision of the
Nutting’s data was calculated. In all likelihood, the
revised data of the Nutting’s visibility curve was
furnished to Hyde et al. by Nutting in person, with
no written document preserved. In 1920 Nutting
published the same revised visibility data in his
1919 Report of Standards Committee on Visual
Sensitometry (Nutting, 1920) with, again, no ref-
erence on how the revised values were calculated.
The revised values of Nutting data are presented in
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Table 1, as these were the values reviewed by Gib-
son and Tyndall in 1923.

3.3. 1918 Flicker Photometer Data of Coblentz
and Emerson

The objective of the work of Coblentz and Em-
erson (1918) was the determination of the visibility
curve, with the method of flicker photometry,
based upon a large group of observers. The total
number of observers was 130, of which 7 were
known to be partially or totally color blind.
Coblentz and Emerson used primarily the method
of flicker photometry, but also the equality of
brightness method was used at five wavelengths in
order to determine whether there was a systematic
difference in measurements made by these two
methods. However, since the majority of the ob-
servers were not able to make accurate settings
with the equality of brightness photometer,
Coblentz and Emerson concluded that the data
did not appear to provide convincing evidence that
the visibility curves determined with these two
methods differed from each other.

The flicker measurements were made using a 2°
photometric field viewed through an ocular slit of
0.52 mm x 2.63 mm. The reference field
illuminance was kept constant at 50 Ix in the
wavelength region from 490 to 690 nm, which cor-
responds to about 22 trolands. For approximately
20 observers the measurements were extended to
750 nm in the red end and to about 435 nm in the
blue end of the visible spectrum. This was accom-
plished by reducing the reference field illuminance
to 15 Ix, which equals to about 7 trolands.

The final visibility curve values of Coblentz and
Emerson were proposed for wavelength region
from 400 nm to 750 nm, being based on flicker
data of 125 observers, two of which were partially
color blind. These values are presented in Table 1.

3.4. 1918 Step-by-Step Equality of Brightness
Data of Hyde, Forsythe, and Cady

In 1918 Hyde, Forsythe, and Cady measured
the relative spectral sensitivity of 29 observers with
the step-by-step equality of brightness method
(Hyde et al., 1918). They used a Lummer-
Brodhun photometric field of 7° and the measure-
ments were made at 18 different wavelengths dis-
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tributed at approximately equal intervals from
500 nm to 660 nm, which was the range of wave-
lengths studied. No attempt was made to keep the
illuminance of the reference field constant, so the
brightness of the reference field varied substan-
tially. Hyde et al. assumed that the brightness of
the reference field corresponded approximately to
illuminances of 30 Ix at 500 nm, 150 Ix at 560 nm,
and 90 Ix at 650 nm. Since an artificial pupil of
0.6 mm2 was employed, these illuminance values
give troland values of 6, 29, and 17 Td, respec-
tively.

The step-by-step measurements of Hyde et al.
covered only the central region of the visible spec-
trum from 500 to 660 nm. To expand their visibil-
ity data to cover a major region of the visible spec-
trum, they decided to choose the data of Hyde and
Forsythe (1915) to represent the red end of the
spectrum from 670 to 760 nm and the data of
Hartman (1918) to represent the blue end of the
spectrum from 400 to 490 nm. This combination
of three different data sets necessitated a slight
change of the Hyde et al. values at 650 and
660 nm. As a result of combining the visibility data
of the three different studies, Hyde et al. provided
relative visibility data covering practically the en-
tire visible spectrum from 400 to 760 nm. The val-
ues of the visibility curve proposed by Hyde et al.
are presented in Table 1.

3.5. 1918 Flicker Photometer Data of Reeves

Reeves (1918) used the method of flicker pho-
tometry in measuring the spectral sensitivity of 13
observers. The measured wavelength region ex-
tended from 490 to 640 nm and the reference field
illuminance had a constant value of 140 Ix
throughout the investigated spectral region. The
photometric field was viewed through an artificial
pupil, but the original paper of Reeves does not
provide the information about the sizes of either
the photometric field or the artificial pupil. Conse-
quently, it is not possible to calculate the troland
values. However, if we assume that the size of the
artificial pupil was of the same size as used in the
other studies of that time, we can calculate indica-
tive troland value for the study of Reeves. The av-
erage artificial pupil area that was used in the stud-
ies of Ives, Nutting, Coblentz and Emerson, Hyde
et al., and Gibson and Tyndall is very close to
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1 mm2, which would give an indicative troland
value of about 45 Td for the study of Reeves.
However, it is advisable to consider this value only
as an estimate of the actual value.

The data of Reeves was revised by Hyde et al.
(1918) to the same basis of energy-distribution for
the acetylene flame as that employed by Nutting in
his final corrected values. The values of the
Reeves’ visibility curve, revised by Hyde et al., are
presented in Table 1, as these were the values re-
viewed by Gibson and Tyndall in 1923.

3.6. 1920 Flicker Photometer Data of So

An interesting contribution to the visibility data
of several American subjects was given by the Jap-
anese researcher So (1920). So measured the visi-
bility data of 20 Japanese subjects with the flicker
photometry method. He used a photometric field
of 1.5° viewed through an ocular slit, the size of
which was not reported. However, according to
So, the natural pupil illuminance was adjusted to
50 Ix which corresponds to approximately 168
trolands. The measured visibility data of So cov-
ered the spectral wavelength region from 500 to
680 nm.

The values of the visibility curve determined by
So are presented in Table 1. Ethnological differ-
ences between the American and Japanese subjects
appear to have no significant effect on the charac-
ter of the visibility curve.

3.7. 1923 Step-by-Step Equality of Brightness
Matching Data of Gibson and Tyndall

In 1923 Dr. Hyde, as the president of U.S. Na-
tional Committee of the International Commis-
sion on Illumination CIE, requested the U.S. Bu-
reau of Standards to make further measurement of
visibility using the step-by-step equality of bright-
ness method (Gibson & Tyndall, 1923). The step-
by-step measurement in particular was requested
in view of the fact that only one reliable and ex-
tensive investigation of visibility had been made
using the step-by-step equality of brightness
method by Hyde et al. as against several using the
flicker method. The director of the Bureau of
Standards appointed a committee consisting of
Messrs. Skinner, Crittenden, and Priest, who ad-
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vised Gibson and Tyndall (Gibson & Tyndall,
1923).

The measurements of Gibson and Tyndall
(1923) were made for 52 observers in wavelength
region from 490 to 680 nm, and for 38 of these ob-
servers the measurements were extended to include
wavelength region from 430 to 740 nm. The lumi-
nance of the reference field varied with different
wavelengths, the maximum field luminance being
170 cd/m2 at 580 nm. The reference field lumi-
nance decreased to the edges of the measured
spectrum, being 42.5cd/m2 at 490 nm and
34 c¢d/m? at 680 nm, and even lower at the ends of
the visible spectrum. The photometric field of 3°
was viewed through an ocular slit, whose size was
0.2 mm x 1.25 mm in wavelength region from 490
to 700 nm and two to four times larger at the ends
of the measured spectrum. The reference field
luminances used by Gibson and Tyndall corre-
spond to troland values of about 43 Td at 580 nm,
11 Td at 490 nm, and 9 Td at 680 nm.

Gibson and Tyndall divided the 52 observers
into two groups of 26 in each, named «good» and
«poor», on the basis of their ability to duplicate the
ratio values in the main spectral region on differ-
ent days. The «good» observers were given a dou-
ble weight in the final average curve of the Gibson
and Tyndall step-by-step measurements. The val-
ues of the final average curve based on the experi-
mental data of Gibson and Tyndall are presented
in Table 1. The values beyond the measured wave-
length region from 430 to 740 nm were extrapo-
lated.

4. COMPILATION OF VISIBILITY DATA

Substantial contribution to the paper of Gibson
and Tyndall (1923) was given from their extensive
analysis and critical review of the previously intro-
duced data of Coblentz and Emerson (1918),
Hyde et al. (1918), Ives (1912 e), Nutting (1914),
Reeves (1918), So (1920), and the average data
recommended or adopted by Ives (1919), Priest
(1920; 1922 a, b), and I.E.S. Gibson and Tyndall
carefully compared their own results with those of
their predecessors and, informed by the prevailing
theories of the day, noted that the visibility curve
must satisfy two requirements. Firstly, the average
visibility curve should give approximately 581.6
nm centre of gravity for a Planckian radiator at
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2077 K. The wavelength centre of gravity is that
wavelength which divides the area under the «visi-
bility curve» in half (Kaiser, 1981). Secondly, the
visibility curve had to be a representative average
of the extensive visibility data as directly measured.

Gibson and Tyndall deduced that the I.E.S.
visibility data fulfilled these two requirements ade-
quately well and decided to consider the L.E.S.
data as a basis for the new visibility curve. How-
ever, the I.E.S. curve was not a good representa-
tive of the accumulated data of the several studies
reviewed by Gibson and Tyndall in the wavelength
region from 510 to 550 nm. Thus, Gibson and
Tyndall chose the values of Coblentz and Emer-
son’s data, which were very close to the experi-
mental data of Hyde et al., in this region and
pieced together with the 1.E.S. curve. This change
shifted the wavelength center of gravity from its
desired value of 581.6 nm. Accordingly, a corre-
sponding increase in values greater than the center
of gravity was needed to retain the balance. In the
wavelength region from 650 to 690 nm the major-
ity of the reviewed data lay above the 1.E.S. curve.
Therefore, Gibson and Tyndall slightly increased
the values of the I.E.S. curve in the wavelength re-
gion from 650 to 690 nm, continuing the changes
to 620 nm to produce a smooth curve. Slight addi-
tional changes were reported by Gibson and Tyn-
dall at 560 nm and at 720 nm. Fig. 1 illustrates the
construction of the V(&) curve in the way it was
put together from several pieces.

The other parts of the visibility curve recom-
mended by Gibson and Tyndall, i.e. wavelength
regions 400—500 nm, 570—610 nm, 700—710 nm,
730—760 nm, were directly copied from the I1.E.S.
curve. Indeed, a major part of the present spectral
luminous efficiency function V' (A) is based on a
curve, whose origins are not known. Thus it seems
impossible to say exactly which methods the V(A)
is based on, except in the wavelength region from
510 to 600 nm where it is based on the flicker data
of Coblentz and Emerson.

Attention in the compilation process should be
drawn especially to the blue end of the visibility
curve where the 1.E.S. data were accepted by Gib-
son and Tyndall, as they say «for lack of any good
reason for changing them, but the relative as well as
the absolute values are very uncertain and must be
considered as tentative only». The revised 1.E.S. vis-
ibility curve as given by Gibson and Tyndall was
presented to the CIE and, as is generally known,
the CIE introduced the values of the spectral lumi-
nous efficiency function V(%) in its 6th session in
1924 (CIE, 1926). The values of the V(&) function
were recommended by CIE for general use as pro-
visional ones, since it was obvious that the values
might be incorrect at the extreme regions of the
visible spectrum or in special viewing conditions.
Despite the given notice considering particularly
the short wavelengths, V(L) established itself in
practical use. During the following decades it be-
came evident that the V' (A) function was underesti-
mating the spectral sensitivity at the short wave-
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Fig. 1. Construction of the V() curve
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lengths. Finally, in 1951 Judd clearly pointed out
the low sensitivity of the V' (A) curve below 460 nm
and proposed a modification to the 1924 V(A)
function (Judd, 1951). However, Judd’s modifica-
tion was slightly too sensitive below 410 nm and in
1978 Vos (Vos, 1978) presented second-order cor-
rection to Judd’s modification. The V,, (%) func-
tion, modified first by Judd and then by Vos, was
approved as a supplement to, not a replacement
of, the V(1) function by the CIE in 1988 (CIE,
1990).

5. DISCUSSION

The V(1) function is frequently assumed to be
based on experiments conducted under high (He,
1997) or photopic (CIE, 1978; Murdoch, 1985)
light levels. This assumption is, both correct and
incorrect at the same time, as evident from the pa-
per of Hyde et al. (1918) where they state that «/¢
is seen that everywhere over the range of wave-
length investigated the brightness was reasonably
high and probably beyond that of the Purkinjé region
except possibly at the extreme blue end of the spec-
trum.» So, according to Hyde et al. the brightness
was reasonably high but at the same time possibly
in the Purkinje region. It is also to be noted here
that the wavelength region measured by Hyde et
al. was from 500 to 650 nm, thus the extreme blue
end of the spectrum is considerably different from
the present comprehension of the same matter.
Furthermore, in the paper of Ives (1919), after
recommending the field brightness of 7.9 cd/m?
for natural pupil, he continues «This brightness is
about as high as can be easily handled with the pho-
tometric standards in ordinary laboratory use. It is,
however, at the lower limit of the modern working il-
luminations, and considerably below normal daylight
illuminations.» In the 1910s and 1920s the modern
working illuminations were substantially lower
than working illuminations adopted today using
the present lighting technology. Also, compared to
today’s laboratory settings, the photometric mea-
surements of that time were obviously not con-
ducted under «high light levels». Rather, the mea-
surements in the early 20th century were con-
ducted under the highest possible light levels.

The reference field illuminances and
luminances used by Coblentz and Emerson, Hyde,
Forsythe, and Cady, Ives, Nutting, Reeves, and So
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correspond to the natural pupil luminances pre-
sented in Table 2. The calculated natural pupil
luminances, which are equivalent to the subject’s
adaptation luminance level, vary between 0.135
and 3.66 cd/m2. It is today acknowledged that the
upper luminance limit of the mesopic region can-
not be precisely defined, as it is dependent on e.g.
the size and eccentricity of the photometric field.
According to the research of Kokoschka and
Adrian (1984), the spectral sensitivity of the eye as
measured by the brightness sensation shows a dis-
tinct dependency on the field size.

The CIE (1978) defines the upper luminance
limit of the mesopic region as «at least several
cd/m2» or «about 3 cd/m2», the value of 3 cd/m2
is also presented in the IESNA Lighting Hand-
book (2000). According to the review by Le Grand
(1972), the limit between the mesopic and
photopic luminance regions is about 5 cd/m?2 for a
3° central field and according Kokoschka (1997) as
well as Wiltshire (1997) the upper limit of the
mesopic luminance region extend to about
10 cd/m2. Thus, the adaptation luminance levels
used by the several researchers presented in the
present paper are actually in the mesopic region,
or at least very close to the limit between the
mesopic and photopic region. This implies that the
investigations to establish the V(i) actually con-
cerned mesopic vision, where both rods and cones
contribute to vision, in vision beyond the central
fovea. According to the review by Le Grand (1968)
the area of the central fovea, from which rods are
entirely absent, is in diameter from 0.5° to 1.67°.
In the presented investigations the photometric
field sizes varied from 1.5° to 7°.

Nevertheless, the drawback in the blue end of
the V'(A) function is not due to the lighting condi-
tions under which it was established but rather the
procedure (how it was compiled). In the compila-
tion process Gibson and Tyndall were guided by
the prevailing theory of the rule of the centre of
gravity, and the requirement that the visibility
curve had to be a representative average of the ex-
tensive visibility data as directly measured. More-
over, the decision to consider the I.E.S. curve as a
basis for the new curve influenced the compilation
process.

At present we are free to consider the experi-
mental visibility data reviewed by Gibson and
Tyndall, ignoring the outmoded requirements and
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Fig. 2. a — The spectral sensitivity curves based on the experimental data of Gibson and Tyndall (1923), Hyde et al.
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differences in spectral sensitivity curves of Gibson and Tyndall, Hyde et al., Coblentz and Emerson, and Nutting,
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speculating on alternative visibility curves that
Gibson and Tyndall could have obtained. In con-
centrating on the erratic blue end of the V' (X) curve
we can examine the experimental data of Gibson
and Tyndall, Coblentz and Emerson, Hyde et al.,
and Nutting, since these were the four studies that
provided the experimental visibility data in the
blue wavelength region down to 400 nm. Fig. 2a
illustrates these four visibility curves against the
V(A) curve in logarithmic scale and Fig. 25 illus-

trates the absolute difference of these four curves
from the V' (A) curve in relative sensitivity units. It
is evident that most of the data lie above the V(%)
curve in the wavelength region from 400 to
460 nm, except the curve of Hyde et al. which fol-
lows the V(%) curve quite closely. Fig. 3a and 35 il-
lustrate the same four visibility curves in analogous
manner than Fig. 2a and 2b, now against the Judd
modified V,, (2) curve. Fig. 3a and 3b present that
the values of the Gibson and Tyndall as well as the
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Fig. 3. a — The spectral sensitivity curves based on the experimental data of Gibson and Tyndall (1923), Hyde et al.
(1918), Goblentz and Emerson (1918), and Nutting (1914) against the V,(4). For clarity, the data of Gibson and
Tyndall, Hyde et al., Coblentz and Emerson, and Nutting are multiplied by 10, 100, 1000, 10000, respectively; b —
The differences in spectral sensitivity curves of Gibson and Tyndall, Hyde et al., Coblentz and Emerson, and Nutting
from the V() curve in relative sensitivity units
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Coblentz and Emerson visibility curve are in close
agreement with the V, (1) curve in the short wave-
lengths.

Now, if we calculate an unweighted average of
the four aforementioned studies and an average
weighted by the number of observers in each study,
we obtain two curves, both of which are in better
agreement with the modified V,, (A) curve than the
V(A). Fig.4a presents the unweighted and
weighted averages against the V' (A) curve in loga-

rithmic scale and Fig. 4b presents the absolute dif-
ference of these average curves from the
V(A) curve in relative sensitivity units. Further-
more, Fig. 5a and 5b present the two average
curves against the ¥, (A) curve in analogous man-
ner than Fig. 4a and 4b. Interestingly, the un-
weighted average is actually in better overall agree-
ment with the V, (A) curve than the weighted aver-
age. This implies that had they not been guided by
the rule of the center of gravity, Gibson and Tyn-
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V,u(A). For clarity, the unweighted average is multiplied by 100; » — Differences in the unweighted and weighted av-
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dall might have obtained a curve in very close
agreement with the modified Vm(k) curve. After
all, both the weighted and unweighted averages are
representative averages of the experimental visibility
data as directly measured, as the second require-
ment guided by Gibson and Tyndall states.

The V(1) curve has been the basis of all pho-
tometry for over 80 years. The question for the vi-
sion and lighting community is whether we will go
on with the V(&) for the next 80 years or whether
we are willing to take up the challenge to re-estab-
lish the basis of photometry? Is the lighting com-
munity ready to leave behind a practice that has
been used for 80 years in trade, research, and all
lighting practice? Is it willing to rework the whole
system? It is at least worth bringing to general
knowledge the actual process which led to the V(L)
and acknowledging its limitations in order to start
a discussion on the future of V(1) not least because
all today’s lighting research is based on the 80
years old V().
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