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Abstract: In the previous studies, the luminous-efficiency function for the mesopic vision is
proposed by several empirical formulas, some discrepancies between the data and the
formulation have remained unsolved. In present paper, we propose a model of the equivalent
luminous-efficency function based on the brightness perception which covers the scotopic, the
mesopic and the photopic conditions. In order to analyse the equivalent luminous-efficiency
function, we construct a four layer neural network model. The neural network is composed of
three parts: an input layer, two hidden layers and an output layer. This neural network model is
trained by the back-propagation learning algorithm with use of training data obtained by
psychological experiments. After completion of learning, the response functions of the two
hidden units express the scotopic and the photopic coefficients functions which depend
nonlinearly on the input light-intensity level. The analysis of the model output indicates that our
neural network has acquired an excellent generalization capability. That is, the model of the
equivalent luminous-efficiency function has a nice generalization capability in the scotopic, the

mesopic and the photopic conditions.
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1. INTRODUCTION

The human vision system is equipped with
two kinds of optic receptor called the rod
cells and the cone cells, respectively. The
combination of the rod cell and the cone cell
functions properly in a very wide range of
brightness. At a very high lightness level,
called the photopic vision, the cone cells
function. On the contrary, at a very low
lightness level, called the scotopic vision,
the rod cells function. At a middle lightness
level, called the mesopic vision, both the rod
cells and the cone cells function. The
condition  of psychological experiments for
these three sorts of vision is manifested by
the International Commission on Optics
(ICO) in 1950 as shown in Table 1.

Spectral sensitivity is one of the
fundamental properties of the human
vision system. As a standard for it,
Commission Internationale de I'Eclairage
(CIE) manifested a relative luminous-
efficiency function V(A) for the photopic
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vision and V'(A) for the scotopic vision. In
recent studies on the brightness photometry
system, only V(A) is used regardless of
the lightness level. The problem is on
discrepancies between the luminance and the
brightness in such brightness photometry

system. This problem includes the
following two points.  First, in the photopic
vision, when we see the light or

object of the same luminance, the high vivid
light has high brightness sensation relative
to the low vivid light. Second, in the
mesopic vision, as the luminance is getting
down, the rod cell begins

Table 1 Conditions of psychological experiment for
the scotopic, the mesopic and the photopic visions
manifested by the International Commission on
Optics (ICO) in 1950.

Brightness Range | Luminance Level | Photometric Fields
Scotopic Vision | 0.0001 cd/m? 30 degree
Mesopic Vision 0.05 cd/m? 20 degree
Photopic Vision 100 cd/m? 10 degree
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to function instead of the cone cell, and
hence the spectral sensitivity shifts from
V(A) for the photopic vision to the V'(A) for
the scotopic vision. The problem then arises
on this brightness photometry system. It
must be needed to find for a simple formula
to express the mesopic function in terms of
the existing V(A) and V'(A) function.

While there have been proposed
several empirical formulas[1]~[3], some
discrepancies between the data and the
formulation have remained unsolved.
Recently, several brightness photometry
systems based on the brightness perception
have been proposed [4]~[7], but these
systems are based only on the experimental
data of a few observers. Since there exist
several individual differences, the
brightness photometry system based on data
obtained only from a few observers may not
fit for others, even if it is tested by the CIE
standard illuminant.

In the present study, considering the
physiological ~knowledge, the authors
propose a model of the equivalent
luminous-efficiency function Veq(A, 1),
which is a generalization of the luminance-
efficiency function in various brightness
levels. Hence, Veq(A, I) should become
close to V'(A) at the low brightness level
and to V(A) at the high brightness level.

The authors propose a model having the
following form:

Veg(d, D=F (fsc(I) Seq-sc(A)+fph(I) Seq-ph(A)) (1)

where A is the wavelength, I is the retinal
intensity level, Seg-sc(A) and Seq-ph(A) are the
equivalent scotopic and photopic luminous-
efficiency functions, and fsc and fph are the
scotopic and the photopic coefficient
functions depending on the retinal intensity
level I, respectively. F is a sigmoid function
determined by a neural network. The authors
construct the model by using a four-layer
neural network, and train it by the
backpropagation learning algorithm with use
of psychophysical experimental data. It
should be noted that the intensity level [
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appearing e.g. in Eq. (1), contains the
luminous-efficiency ~ function  in  its
definition. Hence, Eq. (1) has a difficulty
that it is not an explicit form of Veq. In the
present study, to avoid this difficulty, the
conventional definition of the intensity
using V(A) is used.

After completion of learning, the response
function of the hidden units, and also the
generalization capability of the network for
five kinds of CIE standard illuminants are
examined.

2. DATA FOR NEURAL NETWORK
MODEL

2.1 CIE Standard Illuminant

Whenever object-color stimuli are of main
concern, it is desirable to restrict
colorimetric measurements and calculations
to a few specific and well-defined spectral
distributions of radiant power incident on
the objects under study. The CIE
recommends a set of such spectral radiant
power distributions called CIE standard
illuminants [8].

The CIE standard illuminant A represents
light from the full radiator at the absolute
temperature 2856 K. The CIE standard
illuminant B is intended to represent direct
sunlight correlated with a color temperature
at approximately 4807 K. The CIE standard
illuminant C is intended to represent average
daylight correlated with a color temperature
at approximately 6774 K. The CIE standard
illuminant Dses is intended to represent
average natural daylight correlated with a
color temperature at approximately 6504 K.
For the interest of standardization, CIE
recommends that a standard illuminant Des
should be used whenever possible. When
Des cannot be used, it is recommended either
D55 or D75 should be considered for the
application at hand. The illuminants Dss and
D75 correlate with color temperatures at
approximately 5503 K and 7504 K,
respectively. Those standards are shown in
Fig. 1.
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determined for four observers by Aguilar and
Stiles [12]. The test stimulus and field stimulus
have 9 and 20 degrees diameter at the eye,
respectively. The psychophysical results are
used for the adaptation function of the rod,
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Fig. 1 Relative spectral radiant power distributions
of CIE illuminants 4, B, C, Dss, Dés and D7s.

2.2 Cell Sensitivity and Adaptation
Function

The human has two kinds of optic receptor
called the rod cells and the cone cells,
respectively. In order to cover the scotopic,
the mesopic and the photopic conditions, we
must consider the adaptation function of the
rod cells and the cone cells.

The spectral sensitivity of the rod cell has
been determined for fifty observers by
Crawford [9]. In his experiment, the
photometric matching method is used at a
very low brightness (2.7x1077 cd/m?) , and
a large photometric field ( the diameter
subtending 20 degrees at the eye) is used.
The spectral sensitivities of the cones have
been determined by Vos [10]. The spectral
sensitivity characteristics of these cells
are presented in Fig. 2.

In accordance with the physiological
knowledge, a quantitative estimate of the
distribution of rods and cones in the human
retina has been presented by a function of
retinal location[11]. Note that the peak
densities for rods and cones are nearly equal,
but that the maximum rod density lies well
outside the periphery. The decline of the rod
density to zero at the fovea is quite steep.
The decline of cone density from the exact
fovea center is even steeper; beyond about
10 degrees, the density of cones becomes
roughly uniform across the retina.

The adaptation of the rod cell has been

which are presented in Fig. 3.
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Fig. 2 Spectral sensitivities of the three

cones (5, M, L) and rod.
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Fig. 3 Response of the rod as a function of the
intensity level.

According to Boynton [13], three factors
are included in calculations of the cone
response: (a) dilation of the pupil, (b)
bleaching of the cone photopigments and (c)
nonlinearity of the cone response. The pupil
area is considered for the data obtained in
a psychophysical experiment with the
Maxwellian-view. Using the Boynton's
equation, the nonlinear response of the
cones is determined as follows:

ap)°7

Cad() = (2)

apy" '+ 631

where I represents intensity in the photopic
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trolands, and £ is a scaling constant. The
fraction of unbleached pigment P has been
calculated by

_ Io

T Do+ I
where Io is the half bleach constant (taken
as 20,000 td) [14]. Equation (2) 18
illustrated in Fig. 4.
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Fig. 4 Response of the cones as a function of the
intensity level.

2.3 Luminous-Efficiency Function

For the data of the luminous-efficiency
function, the measurement by Sagawa and
Takeichi [15] is used. In their experiment,
the luminous-efficiency functions have been
determined for twenty observers, with nine
retinal-illuminance levels of the reference
light from 0.01 photopic trolands to 100
photopic trolands (i.e., 0.01, 0.032, 0.1, 0.32,
1, 3.2, 10, 32 or 100 photopic trolands), and
with 31 wavelengths covering 400 through
700 nm by 10 nm step. In this experiment,
they used the Maxwellian view system, the
photometric matching method at 10 degrees
photometric field, and a xenon arc lamp as
the light source for the reference light. The
results have been equated at 570 nm and
regularized in between O and 1, which are
presented in Fig. 5.

3. NEURAL NETWORK MODEL
3.1 Network Structure

The neural network model is composed of
three parts: an input layer, two hidden layers
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and an output layer. For the input layer, relative
spectral radiant power distributions of the CIE
standard illuminants A, B, C, D55, D65 or D75
is of various illuminance levels are presented in
logarithmic scale. The network is required to
yield the equivalent luminous-efficiency
function in the output layer.
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Fig. 5 Luminous-efficiency functions at nine
retinal-illuminance levels, from 0.01
to 100 photopic trolands.

Figure 6 shows the neural network
model used for the equivalent luminous-
efficiency function. Its input layer is
composed of four light

filters. They correspond to the rod cell
and the three types of cone cells (S, M, and
L), whose spectral sensitivities are shown in
Fig. 2. The output of the four filters on the
input layer is then transformed by the
adaptation  functions. The adaptation
function, which is the function of the
illuminance level I, of the rod is determined
based on the psychophysical data (Shown in
Fig. 3), and those of the cones are
determined based on the physiological
knowledge (Shown in Fig. 4).

There exist two hidden layers 1 and 2.
In the hidden layer 1, each unit receives a
specified spectral component of the lights
from the input layer, i.e.,

[Rad(DR(V)+Cad(D( S(A)+M(A)+L(ANILER)  (4)

where Lii(A) is the radiance of the reference
light, Rad(I) and Cad(I) are the adaptation of
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the rod cells and the cone cells,
respectively, and R(A), S(A), M(A) and
L(A) are the rod, the S cone, the M cone
and the L cone spectral characteristics,
respectively. There are 31 units in this
layer. These units receive the signal
ranging from 400 to 700 nm at intervals
of 10 nm.

Input Layer
4x 31= 124
(nonlinear) units

egclolkclel

|

Adaptation [ ;' ) { \
function H/ | | : /‘} { % ?

Hidden Layer 1
31

(linear) units

Hidden Layer 2
2

(sigmo;d) units

OQutput Layer
31

(sigmotid) units

Fig. 6 Structure of the neural network model. hij is
the j-th unit in the hidden layer i, Oi is the i-th
unit in the output layer.

In the hidden layer 2, each unit receives the
signal from all the units in the hidden layer
1. In the following analysis, two units are
used for this layer; each corresponds to the
scotopic coefficient function fsc(I) and the

photopic  coefficient  function  fpa(I),
respectively. They have the following
forms:

fsc([) = Fsc( f[Rad(I)R()L)+Cad(I)( S(A.)'i-
M(A)+L(A))] WHy,H:Lii(A)d A ) &)

fon(I) = Fpn( S [Rad(DR(A)+Cad(I)( S(A)+
M(M)+L(A)] Wi, mLi(A)dA ) (6)

The final stage is one output layer with 31
units. This layer stands for the luminous
efficiency function at 31 wavelengths
ranging from 400 to 700 nm with 10 nm
intervals. The formula is given by Eq. (1).

The characteristic of the units in hidden
layer 1 is linear. For those of the units in the
hidden layer 2 and the output layer, a
sigmoid function is used to introduce the

nonlinearity of functions F, Fsc and Fph.

The connection weights between the
hidden layer 1 and the hidden layer 2, WH..H.,
and those between the hidden layer 2 and the
output layer, WH.,0, are adjusted by
learning.

3.2 Learning Method and Training
Data

The CIE standard illuminant Des is
presented to the input layer of the network at
nine intensity levels, and the luminous-
efficiency functions measured by Sagawa
and Takeichi[15] are presented to the output
layer as teacher signals. The luminous-
efficiency functions have been equated at
570 nm and normalized in between 0 and 1,
with  nine retinal-illuminance levels of the
reference light from 0.01 to 100 photopic
trolands (i.e., 0.01, 0.032, 0.1, 0.32, 1, 3.2,
10, 32 or 100 photopic trolands), and with
31 wavelengths covering 400 through 700
nm by 10 nm step, which are illustrated in
Fig. 5.

The neural network model is trained by
the backpropagation learning algorithm.

3.3 Results

It is known that the luminous-efficiency
function is influenced by the reference light.
Considering this finding, the authors
examine the validity of the trained network
by presenting other CIE  standard
illuminants.

The responses of the network trained by
the CIE standard illuminant D65 to the CIE
illuminants D7s, Dss, C, B and A (See Fig. 1)
are examined. In order to evaluate the
response of the network, the authors
introduce the sum of the square of the
differences between the output Qout(A) and
the psychological experiment data Veg(A)
relative to the square sum of Veq(A):

iTi (Oout(A) — Veq(A))?

D()") = Tis (7)
2 Vea(R)?
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where Tis is the number of input patterns, 9,
corresponding to the retinal-illuminance
levels. D(A) as a function of the wavelength
A is shown in Fig. 7.

In Fig. 7, except the case of the standard
illuminant 4, D(A) is quite small. This
means that the proposed model has a nice
generalization capability in the range of the
illuminants D75, Dss, C and B. In other
words, at least under the present stimulus
condition, the model output is not largely
influenced by the illuminants D7s, Dss, C
and B. For the case of the standard
illuminant A, D(A) gets large around 500 nm
while the distribution characteristic of 4 is
quite different from other CIE standard
illuminants (See Fig. 1).

4. INTERNAL REPRESENTATION IN
THE MODEL AND DISCUSSIONS

Let us examine the internal representation
obtained by the learning. The output values
of the hidden layer 2 are plotted in Fig. 8,
where vertical axis indicates the output
values, the horizontal axis indicates the
intensity level in the photopic troland. They
are the averaged results for the test data set
D7s, Dss, C and B. The hidden units 1 and 2
correspond to the scotopic coefficient
function fsc(I) and the photopic one fpr(I),
respectively. It is seen that the value of
fse(I) is large in the low intensity area and
small in the high intensity area. On the
contrary, the value of fpr(I) is small in the
low intensity area and large in the high
intensity area.

In the low intensity area, i.e., in the
scotopic vision, the photopic coefficient
function fpr(I) is very small, and the
equivalent luminous-efficiency function
Veq(A, I) is  given approximately by

Veq(A, I) = F(fsc(I) Seq-sc(A)) (8)
On the contrary, in the high intensity area,
i.e., in the photopic vision, the scotopic
coefficient function fsc(I) is very small, and

the equivalent luminous-efficiency function
Veq(A, I) is given approximately by

Veq(A, I) = F(fpr(I) Seq-ph(A) ) 9)
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In the middle intensity area, i.e., in the
mesopic vision, both fse(I) and fpr(I) are
significant. Then Veq(A, I) is calculated by
Eq. (1).
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Fig. 7 Relative difference between the model output
and the psychological experimental data as a

function of the wavelength.

T T Ty T T
10° v — — —
E /‘
©
z ¢ / ~
> £
‘A /
& 10? L
3 E / . .
) E ———— hidden unit 1
L —— — hidden unit 2
10~4 T R B B PRI B
1073 10'! 10!

Photopic trolands

Fig. 8 Output of the hidden layer 2 as a function
of the retinal-illuminance levels.

In Nakano's study[16], the scotopic and
the photopic coefficient are presented in
Fig. 9. The horizontal axis is the intensity
level in the photopic trolands. His result is
similar to present result qualitatively, while
those exists quantitative difference between
them. In the scotopic vision range, the
scotopic coefficient is very large while the
photopic coefficient is small. On the
contrary, in the photopic vision range, the
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scotopic coefficient is very small. In the
mesopic vision range, both the scotopic
coefficient and the photopic coefficient have
significant value.
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Fig. 9 The scotopic and the photopic coefficients
functions of the retinal-illuminance levels.

5. CONCLUSIONS

In the present study, the authors have
constructed a four-layer neural network
model for the equivalent luminous-
efficiency function Veq(A, I) based on the
psychological data of brightness perception.
In the model, the spectral sensitivity for
brightness discrimination of the four types
(Rod and S, M, L cones) of photoreceptors,
which is derived from a previous
psychophysical investigation, is used to
describe the response characteristics of the
initial input layer. In order to cover the
scotopic, the mesopic and the photopic
conditions, considering the psychological
results and physiological characteristics, the
adaptation function of rod and cone cells are
also introduced. The model is trained by the
backpropagation learning algorithm with
use of the psychophysical data to yield the
luminance-efficiency function.

The analysis of the model output
indicates that our neural network has
acquired an  excellent generalization
capability. That is, the model of the
equivalent luminous-efficiency function
trained by data in the CIE standard
illuminant Dss has generalization

capability in the other
standard illuminants D75, Dss, C and B, all
in the scotopic, the mesopic and the
photopic conditions.

Furthermore, the response functions of the
two hidden units which express a nonlinear
scotopic coefficients function fse(I), and the
photopic one fpr(I), respectively. In the
scotopic  vision range, the scotopic
coefficient is very large while the photopic
coefficient is small. On the contrary, in the
photopic  vision range, the scotopic
coefficient gets very small. In the mesopic
vision range, both the scotopic coefficient
and the photopic coefficient have significant
value.
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