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ABSTRACT

It has been found that the L* function defined in the CIELAB color space is not suitable to predict the human visual
perception of modulated patterns at high spatial frequencies. For example, in multilevel haiftoning (multitoning), when
output levels are equally spaced in L , it has been observed that the visibility ofthe resulting multitone patterns is not uniform
across different parts of the tone scale. This leads to the hypothesis that the CIE L function may not be a good metric to
evaluate the perceived lightness differences at high-spatial frequencies as it was derived based on the perception of large area
uniform patches. To investigate the relationship between suprathreshold lightness difference perception with regard to spatial
frequency and amplitude modulation, we designed a psychophysical experiment, which was conducted using a lightness
difference matching paradigm. The stimuli used in the experiment were horizontal square-wave gratings. The behavior of
lightness difference perception under varying spatial frequencies and modulation amplitudes across the entire L* scale was
studied. Consistent results were acquired that show a significant frequency-dependent effect where the effective lightness
difference for high-frequency patterns is reduced for low L values. The magnitude of this effect was found to be highly
related to the spatial frequency of the modulation. Based on these results, we derived an effective lightness function that is
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of the perception of lightness difference at high-spatial frequencies is essential for high-quality multitone reproduction. Little
research has been reported to study the behavior of human lightness difference perception under high spatial frequencies.
Based on the above considerations, we designed a psychophysical experiment to investigate suprathreshold lightness
difference perception for modulated signals as a function of spatial frequency and amplitude. Our particular interest is to
define an effective L* space based on the experiment that can be applied to the selection of the output levels for multitoning.
The resulting multitone patterns are expected to have uniform visibility across the tone scale.

2. EXPERIMENT

2.1. Apparatus

The stimuli were presented on a 20-inch Barco monitor. The scan mode of the monitor was non-interlaced. The resolution of
the monitor was 1 152 by 900. The monitor was characterized using a tele-spectral-radiometer at 14.2 feet from the monitor,
which was the distance that the subjects observed the monitor during the experiment. The measured luminance was converted
to L* value and a look-up table from code value to L value was generated.

The formula used to convert luminance to lightness is:"3

L* J116(Y/1)"3—16;
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Figure 1. Illustration
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Figure 2. Result ofthe subject MW, the first trial.
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Figure 3. Result of the subject MW, the second trial.
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Based on the experimental results, we further derived the derivatives of the effective lightness Le* vs the conventional
lightness L*. The experimental data marked by same legend had equal effective lightness differences. Suppose for one group
of data, the matched patches were (L1 , ALj ), (L2 , AL2 ) (L ,AL*), and their effective lightness differences 4Le were
44LeI, L%Le2* ALen*, respectively. Since all the patches had same perceived lightness differences as the standard patch, we
have:

AL el* = 'e2 • • = 'en = '"e() (2)

where the number 1 to n denote the serial numbers of the measured data and ALeO* 5 the effective lightness difference of the
standard patch. Furthermore, the differentiation OfLe* vs L at L1 (I =1, 2 n) can be approximated by:

(3)
dL '

AL. AL.

Because L%LeO 5 an undetermined constant in each particular session, the differential equation can be expressed by:

dL* I
______=cons.*______ (4)
dL AL

Using the above equation, we plotted the first-order derivative of Le* VS L* for the three amplitudes, zL* =6.39, 12.7 and
25.5, under varying frequencies. For these plots, the constant in the differential equations was chosen to be the z1Lo of the
standard patch. Figure 9, Figure 10, and Figure 1 1 illustrate the approximated dLe /dL based on the experimental data for
jf*=639 12.7, and 25.5, respectively. The measured data were plotted as isolate points in the figures, together with
associated error bars. Then we fitted the isolated points with smooth curves. The functional form used for the curve fitting
was:

f() = (a1 + a2)(1 — a3 exp(—a4E2)) (5)

where a1 is a general factor, which controls the small drift of the function around 1 , a2 is used to take account into theslight
drop of the derivatives at high L* end, a3 describes the degree that the curve deviates from lat low L end, and a4 influences
the position of the transition from reduced lightness difference perception to normal lightness difference perception. The
fitted curves are plotted in the same figures.

Finally, the relationship between the effective Le* and the conventional L was obtained by performing a numerical
integration of the derivative functions plotted in Figure 9 to Figure 1 1. Boundary conditions were applied so that Le*=O
when L*=O, and Le*100 when L =100. The resulting mappings from L to L are plotted in Figure 12, Figure 13, and
Figure 14, respectively.

The influence of amplitude modulation for a constant frequency is also of interest. The characteristics at a frequency of 8 cpd
were studied at J*639 and AL=12.7, and the characteristics at a frequency of 12 cpd were studied at AL*=6.39 and
J*255 The effective lightness spaces under these conditions are replotted in Figure 15. It can be seen that the two curves
of 8 cpd are hardly distinguishable and the two curves of 12 cpd are also very close. This suggests that there is no significant
effect of the amplitude modulation on the perception of lightness differences at frequencies examined in this study.

4. CONCLUSIONS

The objective of this work was to study the visual behavior of perceived lightness difference as a function of spatial
frequency and amplitude modulation. For high frequencies, it was found that the perceived lightness difference was reduced
at low L values, whereas no significant effect was observed at large L values. Furthermore, an "effective lightness" space
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Figure 10. dLe*/dL*. Experimental data and fitting curve for \L12.7.
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Figure 9. dLe*/dL*. Experimental data and fitting curve for AL6.39.
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Figure 11. dLe*/dL*. Experimental data and fitting curve for L*25.5.

was derived based on these experimental results. By comparing the effective lightness functions that are related to different
frequencies and amplitude modulations, we conclude that perceived lightness difference highly depends on the frequency,
whereas the amplitude of the modulation has little effect. We intend to apply the effective lightness space to multitone
application in future research.
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Le* vs. L, dL=6.39
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Figure 13. Le* VS L*. AL*12.7.
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Figure 12. Le* VS L*. J*=639
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Figure 14. Le* VS L*. L%L*25.5.

Le* vs. L* as the dependence of amplitude
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