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Abstract 

MTF (Modulation Transfer Function) is useful to 
characterize the response of a linear imaging system, 
namely MTFs of the imaging systems and human eye 
determine the overall sharpness quality. Therefore various 
merits used MTF have been proposed and applied for 
evaluation of image quality. However, almost merit used 
MTF is not considered anisotropy properties of imaging 
system and human eye response.  

In this paper, dependence of the directivity of contrast 
sensitivity of human eye in various luminance, RGB color 
space and opponent color space is measured and analyzed. 
On the basis of those measured contrast sensitivities, two-
dimensional MTF model of human eye is proposed and 
applied to designing and evaluate digital imaging system 
such as CCD array and digital color reproduction. 

Introduction 

In recent years, many kinds of digital imaging devices such 
as CCD camera, inkjet printer, LCD, Plasma display and 
have been developed and widely used to record and display 
of high quality images instead of conventional silver halide 
photography. Image quality of digital image is dependent on 
many factors, for example, a number of pixels of CCD 
camera, spectral sensitivity of filter, CCD array, image 
processing, digital half-toning algorithm, display and printer 
characteristics.  

Point Spread Function (PSF) of those obtained images 
or each component of imaging devices, in other words MTF 
does not have isotropic properties such as photographic 
image. The merit of image quality is determined by overall 
characteristics of imaging systems and human eye response. 
Conventional silver halide photographic system has 
isotropic properties; therefore it was not necessary to 
consider the merits as two-dimensional characteristics of 
imaging systems and human eye.  

In this paper, dependence of directivity in spatial 
frequency characteristics of human eye was measured in the 
luminance, RGB color space and opponent color space, r/g, 
b/y and w/k.  On the basis of those measured results, the two 

dimensional mathematical MTF model of human eye was 
calculated and applied to designing of CCD array of digital 
camera. It was also applied to evaluate the digital color 
image quality by using the modified S-CIELAB (Spatial 
extension to CIELAB). 

Measurement of the Contrast Sensitivity of Human Eye 
Contrast sensitivity, namely MTF of eye was measured 

as the response for the stimulus of sinusoidal pattern with 
different spatial frequencies. The sinusoidal pattern was 
displayed on to the high quality TFT LCD that can be 
rotated in arbitrary angles as shown in Fig.1. 
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Figure 1 Sinusoidal pattern with different directions and spatial 
frequencies displayed on to high resolution LCD 

 
 
In this experiment, contrast sensitivity of human eye 

was measured in five directions( 0°, 22.4°, 45°, 67.5°, 90°), 
nine spatial frequencies (1.5, 4.5, 7.5, 10.5, 13.5, 16.5, 19.5, 
22.5, 28.5 cycles/degree), four luminance levels (67.85, 
42.40, 16.95, 7.29 cd/m2 ) by eight observers. Measurement 
of the contrast sensitivity of human eye was done in the  
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dark room at viewing distance, 2.5m  and viewing angle, 2°. 
Figure 2 shows measured result of the contrast sensitivity 
four different luminance levels.  

Figure 3 shows the directivity dependence of contrast 
sensitivities (average of four luminance), which is ratio to 
the contrast sensitivity of horizontal direction. It is clear that 
contrast sensitivity of eye does not have isotropic properties 
and the contrast sensitivity of vertical and horizontal 
directions is superior to that of diagonal direction. Similar 
results were obtained in contrast sensitivity at RGB 
channels.   

 
 

 
Figure 2 Contrast sensitivities as a function of spatial frequency at 
four luminance levels 

 
We also measured contrast sensitivities of eye at 

opponent color space, r/g, b/y and w/k in two directions (0, 
45 degree), nine special frequencies (1.5, 4.5, 7.5, 10.5, 
13.5, 16.5, 19.5, 22.5, 28.5 cycles/degree) and five 
luminance levels by five observers. Transform to opponent 
color space r/g, y/b, w/k from XYZ was calculated by Eq.1. 
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Figure 3 Contrast sensitivity ratio four angles to horizontal 
direction levels 

 
 

 
Hering proposed the concept of opponent color in 1878. 

This theory was accepted as the most likely description of 
color processes in the optic nerve and cortex.2 Therefore, 
measurement of the contrast sensitivity in the opponent 
color space is significant to apply the evaluation of image 
quality. Figures 4 and 5 show the contrast sensitivity of r/g, 
b/y at two directions (0, 45 degree), five luminance levels 
(15.00, 7.901, 5.00, 4.748, 2.452 cd/m2). 
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Figure 4 Contrast sensitivities at r/g color space 
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Figure 5 Contrast sensitivities at b/y color space 

 

From those measurements, it became clear that the 
contrast sensitivity of eye has characteristics of band-pass 
filter for luminance w/k, and low-pass filter characteristics 
for chromaticity r/g and b/y.  

Modeling of Two-Dimensional MTF of Human Eye 
We calculated the two dimensional model of MTF of 

human eye in the opponent color space by Eq.(2) based on 
the contrast sensitivity measurement.      
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where u, v is the spatial frequency in cycles/degree, M0(u) is 
MTF of horizontal direction as shown in Eq. (3), γ(u) is 
relationship between spatial frequency at horizontal 
direction and the ratio of contrast sensitivity at 45 degree to 
horizontal direction. b is an arbitrary coefficient. 
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In Eq.(3), β(σ) is relation between maximum contrast 
sensitivity and average luminance ε is coefficient and 
M(u,m,σ) is Gaussian function given by Eq. 4, which is 
based on the Barten’s model. 

M(u,m,σ) exp{-2π2σ2(u,m)2}    (4) 

In the modeling of the MTF at opponent color space, ε  
was determined as 0 in r/g, 1/4 in b/y and 1 in w/k 
respectively.  The model agreed well with the measured 
result. The proposed mathematical model also agreed well 
with the measurements of the contrast sensitivity in 
luminance and RGB. Figure 6 shows one of the examples of 
two-dimensional MTF for r/g. 

 

 

Figure 6 Example of the two-dimensional MTF for r/g. 

Applications of Two-Dimensional Human Visual MTF to 
Image Evaluation  

From our experiment, it became clear that the MTF of 
diagonal direction is less than that of the horizontal and 
vertical directions. The result was applied to analyze the 
CCD structure, color filter array and evaluation of digital 
image quality. 

Image quality of CCD camera has been evaluated by a 
number of pixels. However, image quality of CCD camera 
is dependent on many factors such as structure and array of 
CCD, interpolation method, image processing and printer or 
display characteristics and so on. Image quality of two kinds 
of CCD camera with interlines and honeycomb structure 
and array was analyzed and compared with computer 
simulation.3 

Figure 7 shows CCD array with interline and 
honeycomb structure. 

As shown in Fig.7(a), Nyquist frequency f0 and f90 of 
horizontal and vertical directions in CCD with interline 
structure is as follow 

f0 = f90 = n/2L      (5) 

On the other hand, nyquist frequency f45 for diagonal 
direction is represented as shown in Eq. 6. 
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(a) Interline structure 

 
(b) Honeycomb structure 

Figure 7 Interline and honeycomb structure of CCD 

 

L
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where n × n is a total pixel number, L is horizontal and 
vertical length of CCD. It is clear that the nyquist frequency 
f45 is larger than f0 and f90. On the other hand, nyquist 
frequencies of horizontal vertical and diagonal directions in 
honeycomb structure CCD are presented as follows. 

L
nff
2

900 ==      (7) 

Lnf 2/45 =            (8) 

Equations (7) and (8) show that horizontal and vertical 
nyquist frequencies are larger than that of diagonal direction 
in honeycomb structure CCD. MTF of human visual system 
does not have isotropic properties and the MTF of vertical 
and horizontal directions is superior to the MTF of diagonal 
direction as shown in Figs. 2 to 5. Therefore we concluded 
that the honeycomb structure of CCD is better than the 
interline CCD to improve the sharpness.  The observer 
rating experiment to the image calculated by the computer 
simulation confirmed it. 

Two-dimensional MTF model for opponent color was 
also applied to evaluate the image quality based on S-
CIELAB.  Figure 8 shows the schematic diagram of the 
quality evaluation used modified S-CIELAB.  
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Figure 8. Schematic diagram of image evaluation based on modified S-CIELAB 
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Figure 9. Example of distortion map, (a) original image, (b) compressed image, (c) distortion map 

 

In this process, first, original image and to be compared 
image are transformed to opponent color space, namely r/g, 
b/y and w/k. Secondly, Fourier transform of those images 
are convolved to the two dimensional MTF of human eye 
MTFv(u,v) modeling by Eq.(2). The convolved image is 
processed by inverse Fourier transforms and the color 
difference ∆E94  of each pixel between two images are 
calculated and then the distortion map is calculated. Figure 
9 shows one of the example of distortion map between 
original image and image by JPEG compression. Original 
image is oil paint that is taken by five bands camera and is 
recorded the reflectance spectra of each pixel of oil paint.   
From the distortion map, we can analyze precisely the 
relationship between color difference and spatial frequency 
characteristics of eye. Namely, in this distortion map, white 
region shows that the color difference is larger than 3.0, 
which is determined by human visual characteristics. 

Conclusion 

We have measured contrast sensitivity of human eye in 
different directions at various luminance, RGB color space 
and opponent color spaces. On the basis of those measured 
results, mathematical model for the two dimensional MTF 
of eye was proposed and the model was applied to evaluate 
effect of CCD array and image quality by modified S-
CIELAB.  We consider that two-dimensional MTF model of 
human eye is a very significant to designing and evaluating 
of digital imaging systems. 
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