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ABSTRACT receptor also has the similar non-linear characteristics [9]. All the

Color space dimensionality possesses main problem in fastcolor receptors of_ similar typ(_e have the similar characteristic but
processing of color images so appropriate sampling of color €y may be excited to varying extents as predicted by Gaurav
images is very important. Unlike the existing statistical sampling Sharma [1] by the varying illumination all over the retina. And
algorithm, in this paper, a biologically inspired non-linear color thus @ reasonably accurate average model of each type of receptor
image sampling technique has been proposed using non-uniformf@" be proposed based on this physiological fact. These
quantization of RGB space. Response of human retinal receptorf@rameters were initially computed ~assuming uniform light
to various light intensities is non-linear in nature. Buschbaum hasNtensity distribution over the scene by A. K. Ray, K. M.
qualitatively presented the non-linear tan-sigmoid model of the Bhurchandi [12]. However this may not be always true in real life
human vision as against the logarithmic and power law models. Situations. Sampling .of color images using statlstlcql technique
An experiment has been carried out on certified normal color @S been presented in [2‘*3’4'5'11]' .Collor’segmentatlon based on
vision observers in broad day light conditions to model their color € Power law inspired “Just Not Similar' (JNS) measure was
vision. Readings of this experiment were used to compute thePresented in [13, 14]. A neural network was trained by E. Boldrin
parameters of Red, Green and Blue color vision non-linearity @d Schettini [11] to find out self similar colors up to three just
presented by Buchsbaum. These parametric non-Iinearity”Ot'ceable _dlf'ferences (J_ND). Effec_t _of chromatic |Ilum|nat|on_
equations were used to sample the color images and othe@nd the calibration to rctrleve the original cclcr was presented in
applications of the work have been proposed. The non-linearity[4: 6 11]. HSI system is closer to human vision model; however
equations with respective parameters represent the models of Red©St of the algorithms can be implemented using the RGB system
Green and Blue color vision receptors. Physiological limitations @ Much lower computational cost. The sampling technique
and facts of human vision have been utilized to compute thePresented here can be easily ported to other color spaces.

parameter. In this paper, a procedure for obtaining the discrimination
response of certified color normal observers have been
Keywords formulated. A neural network based procedure has been

Non-linear sampling, Human retinal receptors, Buchsbaum non-formulated for calculating the parameters of the non-linearity
linearity, Just Noticeable Difference (JND), Model of color USing the response data obtained from the observers’ response.
vision. The experimentation carried out for this work has been described

further in this paper.
The organization of the paper is as follows: Section 2 describes
1. INTRODUCTION ) . the physiological limitation of human eye. Buchsbaum non-linear
Buchsbaum presented a mathematical model of visual non-mode| of human eye is presented in section 3. An experiment has
linearity on the basis of signal detection theory and neural heen carried out to register the just noticeable different color
activities behind human vision [7]. Continuing this work, response of a sound color normal eye to the varying color
Buchsbaum further presented a model of human retina for colorintensities in the three basic colors in section 4. Section 5
vision in the context of different color vision theories and signal gescribes the neural network model to fit the nonlinearity along
detection theory [8]. But no consideration was given 10 ity the computed parameters. Based on this parametric non-
computation of the parameters of the proposed non-linearity. jinearity, the RGB space has been sampled and the same approach
Computation of parameters of the non-linearity forms the core can pe used for computer vision applications. The responses of
part of this work. It has been predicted that individual color the color normal eyes have been registered under broad day light
vision to model the R, G and B non-linearity. The response of the
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provided that copies are not made or distributed for profit or parameters for_ different illumination |ntenS|_t|es for the same non-
commercial advantage and that copies bear this notice and thelinearity equation. To sum up some color image sampling results
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2. PHYSIOLOGICAL LIMITATIONSOF These two assumptions lead to conclusion that, in such
HUMAN EYE AND VISION circumstances, the parameters p and q can be assumed constant.

The three types of cones in human retina viz, Red, Green and BluéEquation (1) is output function iy(of the color vision system
' ' with color intensityl as input variable. The aggregation of all

respond to specific ranges of wavelengths corresponding to the " . . ) :
three basic colors Red, Green and Blue. According to the three-md'vIdual sensor outputs is already modeled by equation (1b).
color theory of Thomas Young [1,7,9,10], all other colors are
perceived as linear combinations of these basic colors. According

to A. C. Guyton [9] a normal human eye can perceive at the most

17,000 colors at maximum intensity without saturating the human
eye. In other words, if the huge color space is sampled in only Vaq- p2 *tan\/(y_ Cn4aq+ p2 _p
2q K

Every rod and cone has got similar analytical transfer function as
in equation (1b). Mathematically value of | can be computed from
equation (2).

17,000 colors, a performance matching close to human vision atl = A (2)
normal illumination may be obtained. A human eye can 2q
discriminate between two colors if they are at least one ‘just The standard definition of the ‘just noticeable difference’ (JND)
noticeable difference’ away from each other [1,7,9]. The actual states that it is the minimum differential intensity input required to
value of the just noticeable difference in terms of color co- obtain the minimum visual differential output described in terms
ordinates may not be constant over the complete RGB space duef real numbers i.e., starting from 1 in equation (1b). Thus after
to non-linearity of human vision and the non-uniformity of the differentiating equation (1b) the equation (3) is obtained that
RGB space. models the discriminatory response of the human vision. But
Further, from the physiological knowledge, the red cones in equation (3) is computationally more complex and is difficult to
the human retina are least sensitive, blue cones are moderatelyolve for | to find out the quantization levels on each axis
sensitive and the green cones are most sensitive [9]. Keeping thigorresponding to the respective just noticeable differences.
physiological fact in mind, the red axis has been quantized in 24Equation (2) presents the expression for | computed from
levels and the blue and green axes are quantized in 26 and 28quation (1b). However computation of I, by numerical
levels. The 24x26x28 quantization in the RGB space results indifferentiation of equation (1b) is computationally more efficient.
slight over-sampling (17,472 different colors) but it ensures that

each of the 17,000 colors is accommodated in the sampled space.dY(I ) _ K(4q— pz) st =l 2q|+ p 1
dl Ag+ p° fan & 2 (L+pl+ql?) d
3. BUCHSBAUM NONLINEARITY P 49-p pi+q

The incremental behavior of human retina has been modeled

using a differential equation as presented in equation (1a). In the following section, an experimental procedure for computing

the parameters p, g, K and C has been proposed. In this work the

parameter p and g are not considered constant and are calculated
dy(l) Y/ y(l) using the proposed neural network. Based on this, models for
VK = (1a)
dl wi Red, Blue and Green cones have been worked out and further a

non-uniform color image quantization scheme has been presented.
Similar procedure, involving three human color experts was used
by E. Boldrin, R.Schettini [11] for first visually marking the
Hoticeably different uniform texture colors on cloth and then
Subsequently to train a neural network for matching the cloth
colors. And they were able to obtain the accuracy ranging from 2
to 6 color difference units as measured by colorimetric devices.

K represents gaimw is webber’s fraction| input intensity ang/
is output of the system.

As predicted by Buchsbaum, this incremental non-linear
saturation behavior (response) of human vision can be represente
by solution of equation (1a) considering incremental chande in
i.e. 4l as a second order polynomial fle= 4l +pl+gl %, And it is
observed at higher illumination intensities thdl) is a higher
order function of the input intensity and it can be modeled by 4. THE EXPERIMENT

equation (1b). An experiment has been carried out to register the just noticeable

2 different color response of a sound color normal eye to the

y(l) = tan™ 2ql +p +C (1b) varying color intensities in the three basic colors_. This response is
/4q + pz /4q _ p2 further used to evaluate the parameters of the visual non-linearity.
The incremental response procedure [1, 11] was used to record

The parameters p, g, K and C model the illumination and adoptionthe response of an average eye. Color patches of size Scmx5¢cm as
conditions. It is obvious that the squared tansigmoidal function is in [11] , and of varying intensities (with a step of intensity 4 in the
able to model the saturation behavior of human vision at higher-range of intensity 0 to 255 levels) were prepared in each basic
level intensities due to which at higher intensities the sensitivity color (R, G and B). A chamber illuminated by CIE standard
of human eye reduces unlike logarithmic and power law models. daylight illuminant D65 can be used for the experiment to model
Thus if equation (1b) represents the non-linear nature of a type ofobserve the successive color shade palette of each basic color
receptors, for example red cones, the response of each red conglaced on an average gray background (to minimize the residual
should also be represented by equation (1b) with different response of the eye) from a distance of 30cm and asked to
parameters under following assumptions- discriminate between successive color from each other.

1) Every rod or cone receives the same proportion of illumination. The palette number (Plt. no.) in Table 1 implies the intensity
2) lllumination over the complete image is uniform. range 4(i-1) to 4i-1 in which the response has been observed. For



Table 1: A Typical Observation Table

PIit. | jnd jnd | jnd | PIt. jnd jnd jnd | PIt. jnd jnd jnd| PIt. jnd| Jnd Jngd
No. R G B No. R G B No. R G B | No. R G B
1 Y N N 17 N Y Y 33 N N Y 49 N Y Y
2 N Y Y 18 Y Y Y 34 Y Y Y 50 Y Y N
3 Y Y N 19 N N N 35 Y Y Y 51 N Y Y
4 N Y Y 20 Y Y Y 36 Y N Y 52 Y N Y
5 N Y Y 21 Y Y Y 37 Y Y Y 53 N Y Y
6 Y Y N 22 Y Y N 38 Y Y Y 54 Y Y Y
7 Y N N 23 Y Y Y 39 N N Y 55 Y Y Y
8 Y Y Y 24 N N Y 40 Y Y N 56 N Y Y
9 N Y Y 25 Y Y Y 41 Y Y N 57 Y N N
10 Y Y Y 26 N Y Y 42 Y Y Y 58 N Y Y
11 Y N N 27 Y N N 43 Y Y N 59 N Y Y
12 N Y Y 28 Y Y Y 44 N N Y 60 N Y N
13 N N N 29 Y Y Y 45 Y Y Y 61 Y N Y
14 Y Y Y 30 N Y Y 46 N N Y 62 N Y Y
15 Y Y N 31 Y Y N 47 Y Y N 63 N Y Y
16 Y N Y 32 Y Y Y 48 Y Y Y 64 Y Y Y

example, for i=1, the intensity range is 0 to 3. The just noticeableform as in equation (1). But nothing was said about computation
difference or jnd values in each of R, G and B indicates the of these parameters. This section presents a neural network for
discriminability power of the observer between the successivecalculating the parameters of the non-linearity of human vision.
palettes of colors. The jnd measure can assume either "Y' or 'NAs it's a continuous, monotonic and finite function of I, the non-
values. A 'Y' indicates that a 'just noticeable difference' exists linearity itself can be used as transfer function of a single non-
between the previously compared palette and the current ondinear neuron followed by a linear neuron as described latter in
observed by the observer. Likewise 'N' indicates that there doeghis section. The representation of equation (1b) has been
not exist any such ‘just noticeable difference’ between themodified as in equation (4) using algebraic manipulations. The
previously compared palette and the current one. Thus an entry ofveights wl, w2, w3 and w4 are calculated using equation (5) to
'Y' in the observation table increments the just noticeable (8).

difference counter and an 'N' leaves the counter unchanged. The

‘just noticeable difference’ counter and the corresponding = h -1 * | + ]2 +

normalized color intensity values in the range 0 to 1 were used to y( I) vgfan (WL l \%) Wa (4)
fit the Buchsbaum's non-linearity. Thus three response measures 2q

have been obtained for the three basic colors for each human W, =—— (5)
observer having sound vision. Here the response measure 4q— p2

indicates the degree of discrimination that the observer can

perceive between the two consecutive palettes of colors. This has P

been computed from the total "Y' count obtained from our W, =—— (6)
experiment for each of the three colors. And further average R 4q— p2

response, G response and B response were computed by averaging

all the observer's respective responses. This yielded average R, G _ K

and B responses of a sound human eye. A similar experiment was W, ——2 (7)
carried out by E. Boldrin [11] and they tried to provide a linear fit 1/4q +p

to their non-linear equation. The linear fits of the order from three

to even thirty-eight were not sufficient to obtain the desired W, =C (8)
accuracy. In the next section, we derive a back-propagation

algorithm for training the neural network to fit the visual non- Thys the first neuron is a non-linear neuron while the second
linearity i.e. to compute the parameters of equation (1b). In this neyron is a linear neuron. The weightsandw, are handled as
neural network training approach, the maximum point error is hiases and their weights may be upgraded appropriately using the
ensured to be less than one JND besides mlnlmlzlng the MSE fOrderived back propagation We|ght upgrading formulae. Nea”y
convergence. This neural network based computations give threeg 00,000 iterations ofthe back-propagation algorithm were

sets of the parameters for the three types of receptors. required to minimize the least squared error and at the same time
bring down the maximum instantaneous error less than one just

5. NEURAL NETWORK FORFITTING noticeable difference. The maximum error threshold was decided
NON-LINEARITY from the physiological knowledge of the human vision at less than

Buchsbaum presented the non-linearity of vision in the parametric a just noticeable difference. Thus the neural network in figure 1



can be considered a model of a typical retinal receptor for uniform sampled according to the new sampling approach. For our work, a
day-light illumination, after substituting the appropriate parameter set of real life color images has been selected and these are shown
values. in figure 3 and figure 4. The images have been selected in such a
way that a lot of variations are observed amongst them. Figure 3
(a) and figure 4 (a) show the respective sampled color images
Wy y1=[tan'1(W1*I+W2)]2 using this approach. It may be noted that it is hardly possible to

mark any difference between the original images and the sampled
y(l) images indicating that the visual quality of each image has been
maintained. Other applications of this work include printing color
images on white background using optimum ink and absolute
V(1)=wWay1+W, color vision testing.

Figure 1: Neural Network tor fitting Non-Linearity

Table 2: Parameters of the RGB non-linearity

Col. Wy W, Ws W, max(y-d)| MSE

Red | 89.13 210.07| 9288.88| -22781.54| 0.43 0.056

Green| 46.74 149.5 | 9334.13 -22836.44 0.4 0.037

Blue | 41.59 143.55| 9339.37| -22843.18  0.52 0.48

Note that all the parameters wil, w2, w3 and w4 are computed
using the back-propagation algorithm. Using these parameters th
three curves have been plotted with the intensity using log scale|
on the x- axis and the just noticeable differences on y-axis in
figure 2.

Figure 4 Stone Figure 4(a) Sample

50

a5t 1 7. SUMMARY

Thus in this paper the technique of non-linear color image
sampling in RGB space under limitations of human vision can be
used in number of application of machine vision Some color
1 image sampling and printing results are provided for the sake of
completeness. For the non-linear sampling of the RGB space a
parametric nonlinear model of Red, Green and Blue human color
i vision has been worked out based on the Buchsbaum’s [7] model
of human vision and some physiological parameters of human eye
and vision.

J To estimate the parameters of human vision, responses of color
normal human eyes were noted from various age group observers
and an average set of response was fit into the non-linearity
equation for human vision. Based on the RGB color vision
parametric models, it was decided how many colors a normal
) ) ) human eye should discriminate on the same lines as the just
Figure2: Responses of typical R, G and B retinal receptors noticeable color difference. The same information can be used for
machine vision applications.
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