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ABSTRACT

Contrast in image processing is typically scaled using agpdunction (gamma) where its exponent specifies the amount
of the physical contrast change. While the exponent is ndyroahstant for the whole image, we observe that such scaling
leads to perceptual nonuniformity in the context of highalyic range (HDR) images. This effect is mostly due to lower
contrast sensitivity of the human eyes for the low luminalesels. Such levels can be reproduced by an HDR display
while they can not be reproduced by standard display tecggoM/e conduct two perceptual experiments on a complex
image: contrast scalingandcontrast discrimination threshojcind we derive a model which relates changes of physical
and perceived contrasts at different luminance levels. ¥éetihe model to adjust the exponent value such that we obtain
better perceptual uniformity of global and local contrasting in complex images.

1. INTRODUCTION

In the recent years, we witness significant progress in t@alj technology in terms of expanded color gamut, lumieanc
dynamic range, and physical contrast. For example, sfm®iahigh dynamic range (HDR) displdysan reproduce
luminance levels ranging from 0.015 to 3,080/m?, but even modern LCD TV sets feature remarkable luminanges

of 0.1-800cd/m?2. This results in much better visibility of details in deemdbws and bright highlights; it makes the
reproduced images more plausible with respect to the reddvobservation conditions. In particular, the black lewe
such displays guarantees that the darkest image regioesaplack in contrast to the grey appearance of such regions o
older displays with the minimum luminance higher than 2d5m?.

The dynamic range and contrast expansion of display devemsire revisiting well-established image processing
techniques which are often tailored for 8-bit color depthd Buminance ranges typical for the once prevailing CRT dis-
plays. For example, image contrast manipulation is oftee8@n the assumption of contrast constancy, i.e. invaiahc
perceived contrast over variations of display dynamic earieli et af investigated the contrast constancy problem for
various luminance adaptation values and simple stimul stscthe Gabor patches imposed on background with different
mean luminance. In two independent contrast matching anttasi magnitude estimation studies, they confirmed that
contrast sensitivity is significantly reduced for low lurairce adaptation values below 3ee8'm?. The lower the physical
contrast of the Gabor patches, the stronger the sensitadyction observed, with a typical contrast versus intgrisvi)
characteristic observed for near threshold contrast salGfectively, this means that, on modern displays, siroplgrast
rescaling may lead to image distortions manifesting in ghamnapparent contrast relations with respect to the aaigin
image through weakening perceived contrast in dark imagjems. In this work, we consider this problem in the context
of complex images and for luminance ranges typical for HDépldiys. Our goal is to derive a model relating physical and
apparent contrast, which can be applied to improve visudbumity of contrast changes resulting from image contrast
manipulation.

We investigate the standard equation for contrast scatimmgage processing:

Lie)= I (é) 1)

whereL denotes the luminance of a pixdl,is a luminance reference, andienotes the&ontrast factor The luminance
referencel. defines the brightness level which remains unchanged duodntyast scaling and usually equals the minimum
or maximum luminance in an image, what gives normalized baEeuation (1). To test the perception of contrast scaling
in areas of different luminance, we set thealue to the mean luminance in the analyzed area.cbnérast factordefines
physical change to contrast in such a sense that a value-0? increases while = 1/2 decreases the physical contrast



twice. Furthermore, theontrast factoris a relative measure of contrast which is convenient to nderaerpret within the
scope of presented applications. It also allows to analygetntrast change in terms of one number without measuring
actual contrasts, which is particularly important sincengle number physical contrast measure for complex images i
difficult to be quantized.

The goal of our research is to parameteride such a way, that a specified contrast change is perceivadiagorm
modification of the image independently of luminance lewld contrasts existing in the given local area. Furthermore
we apply the parameterized model for arbitrary images ieotal generate a contrast-enhanced version of them. We first
conduct perceptual experiments to establish the relatadwden physical and apparent contrast changes in a complex
image (Section 2), and derive a model encapsulating thiioal in Section 3. We discuss the observed relations in
Section 4 and in Section 5 propose a method for perceptualfprin contrast scaling in images displayed over high
dynamic range. We conclude the paper and outline future woBection 6.

2. PERCEPTUAL EXPERIMENTS

We conducted two psychophysical experimentsoiatrast scalingand acontrast discrimination thresholthsks, to assess
how the human visual system (HVS) perceives physical centtzanges. The goal of tlentrast scalingexperiment is
to obtain uniform scalings of perceived contrast for the horabservers with respect to given physical contrast faouar
luminance adaptation conditions. In this experiment, welegred a two-alternative forced choice (2AFC) procedure fo
image pairs with differentontrast factorand the same luminance levels and analyzed the obtainedsiataThurstone’s
Law of Comparative Judgment foontrast scalingexperiment:

Thurstone’s Law of Comparative Judgment gives arbitranjoam scaling for each set of stimuli at different lumi-
nance levels. We can compare distances between stimylpéreived contrast magnitude, within the same set butatan
compare different sets of stimuli to each other. For resgahe results of Thurstone’s scaling to a contrast spacepatm
ible for all stimuli sets, aontrast discrimination thresholdxperiment was conducted using the Parameter Estimation by
Sequential Testing (PEST) proceddrén this experiment, each subject was shown pairs of stin@iie pair of stimuli
contains reference and target images shown one after amatidomly, and we asked a subject to report if they saw any
difference between given two images. The details for bogflegments are described in Sections 2.2 and 2.3.

2.1 Stimuli and Apparatus

We selected a black-and-white image of the resolufioh x 600 (see Figure 1). This is a typical landscape image
with luminance and contrast patterns which we can observeaioral images. This image was segmented based on
luminance levels into three different regions: “dark”, “diem”, and “bright” and our experiments were conducted oo tw
displays: the Westinghouse high resolution digital tefien (HDTV) and the BrightSide DR37-P HDR displayVe used

the Westinghouse display, one of the commercial liquid tatydisplays (LCDs), because it has better uniformity of its
back-light but obviously can not reproduce very low lumicatevels. Therefore, we also employed the BrightSide HDR
display which makes it possible to reproduce very low lumg®levels by spatially varying light-emitting diode (LED)
based dimming technology. Both displays use the same LCBwvwgah type and were carefully calibrated by measuring
its luminance response for a range of input values using théWUTA LS-100 light meter. Except their reproducible
dynamic ranges, both displays have similar characteristic

In order to reproduce very low luminance level, we uniformégduced the power of LED back-lights of the BrightSide
HDR display, and the former “dark” became “very dark” regiofihe mean luminance levels are 0.3, 4.5, 28.8, and
158.5¢cd/m? for “very dark”, “dark”, “medium”, and “bright” areas, resgtively.

Each display was placed approximately 1.5 times of its diafjeize away from a participant and viewed binocularly
for both experiments. All experimental sessions were cotetlin a room whose lighting condition is fully controllabl
and under dim illumination (65 lux).

2.2 Experiment 1. Contrast Scaling

Contrast scalingexperiment was conducted for estimating perceived cardatgshysical contrast change at different lumi-
nance levels. We employed a 2AFC analyzed by Thurstone’sdfa@omparative Judgmehtvhich are commonly used
for measuring distances between stimuli in uniform corgirsiscaling.
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(a) “Very dark” and “dark”. (b) “Medium”. (c) “Bright”.

Figurel: Our testimage (top) and its masks (Bottom). The averagenamci levels are 0.3, 4.5, 28.8, and 15&1%m>
for “very dark”, “dark”, “medium”, and “bright” regions res pectively.

In each trial ofcontrast scalingexperiment, a pair of stimuli was displayed next to eachratiwedomly and the region
of interest was specified through colored contours (seer&iglu In each stimulus, a differenbntrast factorhas been
applied only to the selected image region. The other regimas image are present but slightly blurred (Gaussian blur,
o = 10) not only to maintain similar local luminance adaptatioraimimage but also to reduce subjects distraction to
non-selected areas. Subjects were asked to switch thewarffand judge in which image they were able to see more
contrast in the specified areas. Every participant took@agiprately 20 — 30 minutes to complete this experiment. The
results of Thurstone’s scaling are shown in Figure 3 andeTabl

Before the main part of the experiment, we conducted a filolysto prepare a set of stimuli so that contrast differences
are right below the visibility threshold. We prepared saldifferent sets of stimuli in the form af = 1.11", ¢ = 1.13%,
andc = 1.15™ wheren = —5, —4,...,5 and selected = 1.13". Since 2AFC increases the number of trials extremely, we
used only one image for our experiments. Although we useyl am image for our experiments, we still had 220 pairs to
compare, which is too many to judge for subjects. Therefeessemoved 68 obvious pairs and conducted the experiments
comparing 152 pairs (skéor details how to reduce experimental labor).

11 subjects between 28 — 47 years old (31 in average) pat@cipn this experiment. Four of them were female and
the rest were male. Every participant reported normal arected to normal vision, and everybody was$vedor the goal
of the experiment.



Figure 2. A screenshot of contrast scaling experiment. The selectsabare surrounded by colored contours to let a
subject know to which areas they have to pay attention. Téteofean image is blurred to reduce a subject’s distraction
and to maintain luminance local adaptation.
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Figure 3: Results of contrast scaling experiment analyzed by Thoe&d aw of Comparative Judgment. The labels
cf01,...,cf11 denote the contrast factors ordered from the smallest tdbtggest values (see Table 1 for the details).
Note that we can not compare them directly to each other bmcthey are given in arbitrary units. We have to rescale
them to JNDs by using the resultsadntrast discrimination threshoékperiment (see Section 3).



Labelsin Figure 3| cf01 cf02 ¢f03 cf04 cf05 cf06 cf07 cf08 cf09 cfl0 cfll
Contrast factors | 0.54 0.61 0.69 0.78 089 100 113 128 144 163 184
Very dark 0 002 033 097 115 134 192 239 294 331 4.09
Dark 0 005 079 1.01 147 196 225 299 280 364 4.0
Medium 0 004 072 148 167 246 3.04 358 412 436 4.38
Bright 0O 066 067 155 186 225 265 338 430 433 5.08

Table 1. Results of contrast scaling experiment analyzed by Thue&d.aw of Comparative Judgment. The labels for
contrast factors correspond to those in Figure 3.

2.3 Experiment 2: Contrast Discrimination Threshold

Another subjective experiment was conducted for measwringrast discrimination thresholdso that we can rescale
the results otontrast scalingexperiment from arbitrary units to just noticeable diffeze (JND) unit. We employed the
Parameter Estimation by Sequential Testing (PESiT three reference points obntrast factorgc = 0.69, 1.00, 1.44)

for all four regions. At each reference contrast, its taggettrast was started at significantly different point. Ohéhe
reference and target images was shown with colored contotousding the selected areas, the contour disappeared, an
then another image was shown. A subject was allowed to religaltying each trial as many times as they wanted. In
this experiment, the task of a subject was to report if theas wisible difference between two images in a specified regio
One trial was ended when the recent five thresholds wereamtreshough; i.e, a trial finished if the standard deviation of
the recent five thresholds was below 0.05.

Six people participated in thgiscrimination threshol@éxperiment, which took 20-30 minutes for each subject. yever
body had participated in theontrast scalingexperiment first, because we were interested in measadngast discrim-
ination thresholdfor the same series of images as for tomtrast scalingexperiment. The results of thdiscrimination
thresholdexperiment for contrast increments are shown in Table 2rdobserver variability was tested by one-way anal-
ysis of variance (ANOVA) before calculatingpntrast discrimination thresholoh order to remove outliers. There were a
few cases with outliers, but after removing them,jallalues are much higher than the significant level (0.08), they

statistically behaved in the same way.

Referenceontrast factors\ c=069 ¢c=100 c=1.44

Very dark 0.14 0.14 0.16
Dark 0.09 0.09 0.07
Medium 0.07 0.07 0.07
Bright 0.09 0.08 0.10

Table 2: Contrast discrimination threshold&c at three reference contrast factors as measured for coninesements.

3. MODEL

In this section, we derive a model which adjusts tbetrast factorfor a desired perceptual contrast change as a function
of luminance level. The results obntrast scalingexperiment (Figure 3) are rescaled to just noticeable rdiffee (JND)
units by using the results @bntrast discrimination thresholexperiment (Table 2) using the following procedure:

1. Setting the origins to theontrast detection threshold®mputed bycontrast sensitivity functiofor each luminance
level.

2. Rescaling the outcome of thentrast scalingexperiment to match the result of tbentrast discrimination threshold
experiment. The distance between reference contrast anthteshold obtained by theontrast discrimination
thresholdexperiment is considered as 1 JND.

3. Fitting the points obtained in Step 2 to power functionsté\that every point is rescaledatsoluteJND units now.
For practical use, we simply change thiesoluteJNDs torelative JNDs by setting the point of “medium” curve at
¢ = 1.0 to 0 JND forrelative perceived contragsee Figure 4). The coefficients of the power functiar® + ~,
wherec is thecontrast factorfor each luminance level, are given in Table 3. All R-squaakigs of power fittings

are above 0.93 for our data.



4. Interpolating the curves in Figure 4 to construct a s@faodel with parameters of mean luminance legehtrast
factor, and relative perceived contrast in IND units (see Figur€abic interpolation is employed.
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Figure4: Relative perceived contrast in INDs at different luminalesels for given contrast factors. Dots represent the
rescaled data for each corresponding image region. Coefftsiof each curve are shown in Table 3.

o B v
Very dark| 9.50 0.45 -5.5
Dark 9.09 047 -2.6
Medium | 9.21 0.47 -1.6
Highlight | 9.50 0.50 -1.5
Table 3: Coefficients for the power functianc® + ~ in Section 3 for measured luminance levels. See also the plot
Figure 4.

After all steps shown above, we derive the following formialarelative perceived contraét,:
Cplc, L) = 9.3¢%47 + (L) 2)

wherec is givencontrast factorand L is the logarithm of mean luminance of a segmented region.vahees ofa and 3
are computed as average values in Table 3.4lig coefficient part is derived as

0.31L — 6.1
=TT ®)

by fitting to a rational function with R-square 0.99. Figureisualizes this model.

4. DISCUSSION

The studies of physical versus perceived contrast chanife ioontext of simple patch stimuli or sinusoidal patterageh

led to the derivation opower lawfor contrast discriminatioft® andcontrast transducefunctions!® 1! Although it is yet
unclear how to objectively compare these findings to ourietudn a complex image, we analyze and discuss apparent
similarities in the following sections. Throughout the s we refer to thecontrast factorc as a relative contrast
measure, therefore both thresholds and scaling are exgrass.



—very dark
—dark
—medium
—bright

Relative perceived contrast [JND]

-2
3

-4 e

.’/‘/{_2
N o~
3 2 / - = " 4 U

1 0 “0
-1 Contrast factors

Logarithm of luminance

Figure 5: A surface model of perceived contrast in INDs with respedifferent mean luminance levels and contrast
factors (see EquatioR)). A transparent surface shows that we need different cehfactors for different luminance

levels to achieve the same perceived contrast (8 JNDs asaanp&). The curves derived in Figure 4 are also displayed
on the surface.

4.1 Supra-threshold Contrast Discrimination

According to the data in Table 2, contrast discriminatioresiold remains approximately constant for differeotrast
factorsand has consistent characteristic across the luminanagela Whilecontrast factoris a measure relative to
the existing contrast in the area, it means that we obsenantiast masking effett with exponent close td. The
discrimination threshold focontrast factoris independent of the existing contrast in the image. Thestiold remains
approximately constant for middle and dark luminance \&lbat strongly increases for very dark luminance.

The range of local contrasts in our test image, measureeéa@iéncy of highest contrast sensitivity, spans ufpdan
Michelson measure. For such contrasts, Peli atadserved a similar behavior in a corresponding experinara imple
stimuli. We also observe a slight increase in threshold fighth areas which is unusual.

4.2 Perceptual Contrast Scaling

The contrast scalingexperiment derived the relation between the relative eshtmeasure and JND of contrast. Such
a relation is usually described by the contrast transdugsetion! which is a power function. The contrast transducer
converts contrast’ = log(Lmaz/Lmin), t0 the IND of contrast. Parameterizing the contéastith contrast scaling from
Equation (1) we can derive the relatiéf{c) = ¢ - G(1), whereG(1) is the contrast in the unmodified image. Sirggl)

is constant for a given image, we conclude that the contraissducer for should also follow the power law.

The fit of the data from the experiment to a power functionltss$u a fair consistency of perceptual response to contrast
across measured luminance levels. The exponent yalue 0.47 and scale valuer = 9.32 are approximately the same
for all luminance levels and the curve is only shifted alomg dND axis depending on the luminance (see Equation (3)).
The exponent of the contrast transducer derived by Mantia.¢ is approximately equal t6.52 and is similar to our
results obtained for the complex image.

4.3 Contrast in Complex Images

We wrap the aspect of contrast in complex images indbtrast factorfrom Equation (1) which permits obtaining a
relation between two contrasts without actually measuitiegn. Our handling of contrast generalizes the fact thatadive



image contrasts is composed from several sub-band comigowhith have varied influence on the perceived contrast.
Although we made effort that our image is representativenfdural scenes, we probably make a generalization which is
yet to be estimated. Currently, however, the comparisoelaigd measurements for simple stimuli does not indicate an

incorrectness.

5. APPLICATIONS

We aim at maintaining perceptual uniformity in contrastisigefor complex images across wide luminance range. We em-
ploy our experimental data to parameterioatrast factorin Equation (1) so that we adjust contrast scaling by spajfy
the amount of perceived contrast chariggin relative JND units of contrast:

B I ¢(Cp,L)
L(C,) =L- (L) . 4
The parameterizecontrast factore(C,,, L) can be obtained as an inverse function of Equation (2):
TN
() = () ©

whereC,, is a desired perceived contrast ay(d.) is same as Equation (3).

The analysis of the parameterizatiefC),, L) in Figure 6(a) reveals that the valaentrast factorvaries significantly
for a given perceptual change of contrast. By taking therssye fixectontrast factoleads to perceptual non-uniformity
in contrast change of about 4 JND units across luminanceerangilable on current displays (Figure 6(b)). Figure 6(a)
also demonstrates an interesting observation that a ded#rerease in contrast equal+@ JND with respect to middle
luminance, results in no contrast change in very dark atedale next sections we use Equation (4) to maintain pere¢ptu
uniformity in global and local contrast scaling.

35 B 95

(a) Inversely computingontrast factordo obtain the same pefb) Applying the sameontrast factorgylobally. It causes differ-
ceived contrast. ent perceived contrast.

Figure 6: Influence of luminance level on perceived contrast changeamadjustment of contrast factor to maintain
perceptually uniform contrast change. The values ahd 5 in Equationg(2) and (5) are set as 9.2 and 0.47 respectively.

5.1 Global Contrast Scaling

The global contrast scaling is obtained when the referemegniancel in Equation (4) is constant for all pixels in the
image. To maintain perceptual uniformity, the exponent pbaer function is dependent on the pixel's luminance value
and results in an adjusted luminance mapping function. TdtérpFigure 7 illustrates that high luminance requires bena
contrast change than lower luminance. Such a differencejping is mandated by our experiment and derived based on
its model (see Figure 5), and it stays in accordance withraxgats by Peli et af.
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Figure 7: Luminance mapping in perceptually uniform global contrastling. Mapping clipped to minimum display
luminance. Refer to Section 5.1.

5.2 Local Contrast Scaling

Adjusting the reference luminandein equation (4) to an average of certain small area arouriu gizel in the image, the
contrast scaling equation becomes an unsharp maskingféittenhancement of local contrasts. Analogically to prasio
Section 5.1, illustrate that high luminance areas requiraller contrast enhancement than lower luminance areasd Fi
contrast factodeads to much weaker perceived enhancement of local coimrdark areas (see Figure 8).

6. CONCLUSIONS AND FUTURE WORK

Through psychophysical experiments, we derived a moded foerceptually uniform contrast change in complex images
and demonstrated its application to global and local cehsealing. We expect that such a new method is particularly
important for displays with wide luminance range, whichuegs the non-uniformity in contrast scaling of several JIND
units. We observed certain resemblance of our results foptex images with experiments of others performed for sémpl
stimuli. In the next step, we plan to extend our experimemgsmore representative group of testimages and to exténsive
compare our results with current findings in psychophysics.
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