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Abstract

We investigated how perceived achromatic and chromatic
contrast changes with luminance. The experiment consisted of test
and reference displays viewed haploscopically, where each eye
sees one of the displays. Test stimuli presented on the test display
on a background of varying luminance levels (0.02, 2,20,200,2000
cd/m?) were matched in perceived contrast to reference stimuli
presented on a background at a fixed 200 cd/m* luminance level.
We found that approximate contrast constancy holds at photopic
luminance levels (20 cd/m? and above), that is, test stimuli pre-
sented at these luminance backgrounds matched when their phys-
ical contrasts were the same magnitude as the reference stimulus
for most conditions. For lower background luminances, covering
an extensive range of 5 log units, much higher physical contrast
was required to achieve a match with the reference. This devia-
tion from constancy was larger for lower spatial frequencies and
lower pedestal suprathreshold contrasts. Our data provides the
basis for new contrast retargeting models for matching appear-
ances across luminance levels.

Introduction

Contrast vision, the ability to discern brightness or chromatic
differences between areas in the visual field, is one the basic build-
ing blocks of human visual perception. It can be characterised by
measuring the lowest visible contrast (threshold contrast) to dif-
ferent stimuli. The inverse of these measured threshold contrasts
across fixed parameters (such as spatial frequency) are known as
contrast sensitivity functions. These contrast sensitivity functions
(CSFs) provide valuable information about the limits of human
visual system. There have been a number of studies reporting con-
trast sensitivity functions across a range of parameters including
spatial frequency [1, 2, 3], chromatic directions [4, 5], luminance
[6, 7, 8], eccentricity [9, 10], temporal frequency [1, 3], stimulus
size [11], age [12, 13], etc.

Human vision at higher contrast levels (also known as
suprathreshold contrast vision), however, cannot be explained by
contrast sensitivity functions. Studies have shown that when the
contrast is sufficiently high, the response of the visual system be-
comes largely independent of threshold contrast of the respec-
tive stimulus [14]. For example, once physical contrast is suffi-
ciently high, low and high spatial frequency patterns are perceived
as having equal contrast, regardless of large differences between
their respective threshold contrasts. This phenomenon is known
as contrast constancy [14]. Contrast constancy across different
spatial frequencies is an established phenomenon [14, 15, 16]. It
shows that the limitations in pre-cortical mechanisms that affect
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Figure 1. Example of a retargeted image from high to low luminance. Top:
Original high luminance image. Middle (to be viewed through a ND 2.0 fil-
ter): Image rendered to a low luminance level assuming contrast constancy.
Bottom (to be viewed through a ND 2.0 filter): Desired rendition of low lu-
minance retargeted image with contrasts preserved (digitally manipulated).
The lower two images should be viewed with a ND 2.0 filter at a distance of
approximately 0.5 m and the images zoomed to be about 5 inches on the
screen. When compared with the top image, the luminance and chromatic
contrast perception of the bottom rendition is preserved much better than the
middle rendition at low luminance levels.
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contrasts at threshold might be compensated for at post-receptoral
sites. Hence, the mechanisms governing contrast vision at thresh-
old and suprathreshold contrast levels might be very different
from each other.

In normal everyday conditions, the input to our visual sys-
tem mostly consists of suprathreshold contrasts. It is therefore
very important to characterise contrast perception at these high
contrast levels to gain a better understanding of our visual sys-
tem. The assumption of contrast constancy would be valid in
most cases and would thus provide a convenient model for retar-
geting images across different conditions. But there is not enough
unambiguous evidence to support this hypothesis for matching
across very different luminance levels. Studies investigating con-
trast constancy across luminance levels report quite different re-
sults depending on the methodology and the range of luminance
levels used [15, 17, 18]. In this study, we investigate the issue
of contrast constancy, or the lack thereof, across a wide range of
luminance levels.

A comprehensive dataset for contrast matching across lumi-
nance would be very useful for various image processing appli-
cations. One of the direct applications of this work would be in
image retargeting for different luminance levels [19, 20]. Ulti-
mately, the aim would be to develop a cross-luminance retarget-
ing algorithm for complex images. For example, an HDR movie
shot for a 1,000 cd/m? display when screened at a 50 cd/m? cin-
ema screen would need to be retargeted accordingly. Figure 1
shows a high luminance image retargeted for a low luminance
display. If contrast constancy is assumed, no change is made to
the physical contrasts of the rendered low luminance image as the
perceived contrast is assumed to be the same across luminances.
But when viewing the image, we can see that the perceived con-
trast of the content is much lower (middle) than the original image
(top). The bottom image shows an enhanced version of the dim
image where contrast constancy is not assumed and the contrasts
for the lower mean luminance image are increased much more
than what a contrast constancy algorithm would forecast. With
the increasing popularity of high dynamic range (HDR) content
and technologies, the need for better algorithms for making the
content adaptable to different viewing conditions is imperative.

Related work

Georgeson and Sullivan coined the term ’contrast constancy’
in their seminal work [14]. They found that at suprathreshold lev-
els, the contrast of the stimuli matched across different spatial
frequencies, orientation, and retinal eccentricities was perceptu-
ally the same when the physical contrast (e.g., Michelson con-
trast) had the same value. Similar results are reported in other
studies [21, 22, 15]. Kulikowski proposed a simple mathematical
model and explanation for the contrast constancy phenomenon in
matching across spatial frequency. Kulikowski’s contrast match-
ing model postulates that the difference in perceived contrast can
be explained by the difference in contrast detection thresholds be-
tween two luminance levels. Specifically,

C,-Ci=G-C )
where, C; and C, are the suprathreshold contrasts of the two

stimuli at two different luminance levels, and C| and C} are the
contrast detection thresholds at the corresponding luminance lev-
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els. If Cy and C; are sufficiently large (high suprathreshold con-
trasts) then the difference between their thresholds can be con-
sidered negligible and Equation 1 becomes C; ~ C,. The model
predicts the across-spatial frequency contrast matching functions
quite well [15].

Kulikowski’s work showed that the model represented in
Equation 1 was also valid for contrast matching of a 5 cpd grat-
ing across a 2 log unit luminance range for multiple suprathresh-
old levels. Hess” work also showed similar results qualitatively
for a smaller luminance range [17]. For low luminance back-
grounds or low contrast stimuli, their lines of matching contrasts
appear to deviate from the constancy line but the quantitative de-
viation in terms of threshold differences is not reported. Later
studies by Peli et al. [18, 23] showed that the assumption of con-
trast constancy while matching across luminance levels was not
valid for a wider luminance range under natural viewing. They
attributed the deviation from constancy to differences in view-
ing conditions; differences between theirs and Kulikowski’s re-
sults disappeared when similar methodologies (haploscopic view-
ing with longer adaptation times) were employed. However, the
relevant data points only spanned 1 log unit range of luminances
(Figure 6 in [23]). A later study by Peli [24] showed that the
shape of across-luminance contrast matching lines also depended
on spatial frequency. Although they used natural viewing condi-
tions (no adaptation period and both eyes could see both stimuli
simultaneously), their results implied that a more complex model
of contrast matching was required, also taking the spatial config-
uration of stimuli into account.

All the aforementioned studies dealt with suprathreshold
contrast in achromatic channels only. A study by Tiippana et
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Figure 2. Contrast matching experiment setup. The test display (HDR
screen) and the reference display (SDR screen) were separated by an
opaque black screen. The observers’ line of sight needs to be perfectly per-
pendicular to the HDR display for the content to be seen correctly. The refer-
ence display has no such issue so we set it at an angle such that the viewing
distances between both displays and the corresponding eyes are equal. The
button and track ball are the input devices to record observers’ responses.
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al. (2000) demonstrated that the principle of contrast constancy
also held for chromatic contrasts when matching across spatial
frequencies [25]. Delahunt et al. (2005) confirmed that contrast
constancy in chromatic matches across spatial frequencies holds
true for different luminance levels as well. However, their work
did not investigate chromatic contrast constancy when matching
across different luminance levels [26]. We found no work in the
present literature which investigates contrast matching across lu-
minance for chromatic stimuli.

Some work has been done to integrate models of contrast
matching and contrast sensitivity in image retargeting algorithms.
Wanat and Mantiuk [19] proposed a cross-luminance simula-
tion framework for complex images. The model uses analytical
contrast sensitivity and contrast matching functions. The con-
trast matching functions across luminance are adapted from Ku-
likowski’s [15] model in a log contrast space. However, the model
is not verified experimentally on a dataset. Their model takes
contrast thresholds of the stimuli into account and although the
threshold values are different for different spatial patterns, the
same contrast matching function model is assumed regardless of
spatial configuration. The model also takes only achromatic con-
trast mechanisms into account. Ensuing work by Rezagholizadeh
et al. [20] uses Shin’s [27] mesopic vision model to retarget im-
ages between different luminance levels and their framework ap-
plies to all colour channels. However, their methodology assumes
no spatial dependence and only considers colour values in isola-
tion. Therefore, our study can empirically verify the current con-
trast matching functions widely used in the literature and provide
a dataset that can act as the basis for a more accurate data-driven
model.

Apparatus and stimuli

The apparatus consisted of two screens separated by a black
opaque screen as shown in Figure 2. This configuration allowed
haploscopic viewing, i.e. each eye could only see one screen
at the time. The left eye only saw the HDR screen, while the
right eye only saw a standard dynamic range (SDR) screen with a
fixed mean luminance of 200 cd/m?. The HDR display is custom-
built with 4,000 cd/m? peak luminance (more technical details in
[8]). The SDR display is a Retina iPad screen interfaced with an
Adafruit display port kit with 400 cd/m? peak luminance. Both
the displays were luminance and colour calibrated. The stimuli
were Gabor patches of spatial frequencies 0.5, 2, and 4 cycles
per degree (cpd) visual angle and showed 2 cycles of a sinusoidal
grating. Such fixed-cycle stimuli result in higher spatial frequency
patterns being smaller in size. Three colour directions (achro-
matic, red-green and lime-violet) were used. Three suprathresh-
old contrasts were tested, that we refer to as high, medium, and
low contrast conditions. 22 colour normal observers (mean age
28 years) participated in the study.

Psychophysical procedure

Contrast matching was done across luminance levels. Each
session consisted of test stimuli displayed at either 0.02, 0.2, 2,
20, 200, or 2000 cd/m? on the left (HDR display). The reference
stimulus was displayed on the right (SDR display) at a mean lumi-
nance of 200 cd/m? for all the sessions. In low luminance test con-
ditions (0.02, 0.2, and 2 cd/m?) we allowed for a five minute dark
adaptation period. The participants were asked to quickly alter-

30th Color and Imaging Conference Final Program and Proceedings

Reference stimulus
displayed on a SDR
display at a fixed 200
cd/m?

Test stimulus
displayed on a HDR
display at 0.2, 2, 20,
200, and 2000 cd/m?

Figure 3. An example contrast matching trial. The same stimulus is shown
at two luminance levels and the observer is asked to adjust the contrast of
the test stimulus until both stimuli have the same perceived contrast.

nate between the two eyes to ensure that both eyes were adapted to
their respective luminance levels. Within each session, stimuli of
all three spatial frequencies, three suprathreshold contrast levels,
and all three chromatic directions were randomly interleaved. The
test and reference stimuli were of identical spatial frequency and
colour direction but rendered at different luminance luminances
(except for the test = 200 cd/m? condition, which matched the
reference luminance level). The contrast of the reference stimulus
was fixed at any of the high, medium, and low reference contrast
conditions, while the contrast of the test stimulus could be ma-
nipulated by the observer. The initial test contrast was assigned
a random value that was either higher or lower than the refer-
ence contrast. The lower initial value was the threshold contrast
of the corresponding stimulus, while the higher initial value was
the highest contrast that the display was able to produce at that
viewing condition.

We used the method of adjustment to measure the point of
subjective equality between the test and reference contrast. The
observers were asked to increase or decrease the test contrast un-
til they perceive both stimuli as equal in contrast relative to their
respective background luminances. Once the observers were sat-
isfied with the match, they pressed a button and moved on to the
next trial. For some extreme conditions where a match was not
possible, the observers were able to skip to the next condition.
Each pair of test and reference contrast was measured 3 to 5 times
depending on the variance between measurements for each ob-
server. The measurement of a condition was concluded when ei-
ther the (within-observer) target standard deviation of 0.1 units
was achieved or when the condition was measured 5 times.

Results and discussion

The mean results from all the observers are summarised in
Figure 4. The three columns represent data from the three spatial
frequencies. The rows represent the three colour directions. Each
panel has three matching curves corresponding to high, medium,
and low suprathreshold contrast conditions. For each suprathresh-
old matching curve, the corresponding reference contrast line is
also shown. The grey dotted lines represent the contrast thresh-
olds across luminance levels for the corresponding spatial fre-
quency pattern from a prior work [8].
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Figure 4.

Mean measurements for contrast matching across luminance levels for 22 observers. Error bars are +=SEM (standard error of mean). Fixed

reference stimuli at 200 cd/n? are perceptually matched with equivalent test stimuli. The matching pairs span multiple spatial frequencies, colour directions and
suprathreshold contrast levels and are presented at different luminance levels. The matched contrasts greater than 1 are denoted by dotted lines, since the

stimuli become asymmetrical (in terms of contrast) once this limit is passed.

To a first approximation, we can conclude that contrast con-
stancy does not hold over large luminance ranges. This is ap-
parent from the lines of matching test contrast from the figure,
which deviate strongly from horizontal. If the phenomenon of
contrast constancy was valid for matching across luminance lev-
els, test contrasts magnitude would equal reference contrast mag-
nitude regardless of the mean luminance. This is not the case in
our measurements.
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Although contrast constancy is not achieved for the full lu-
minance range, we observe regions of constancy in the data. Be-
tween 20 - 2000 cd/m? we find approximate contrast constancy
in most cases. For achromatic medium and high suprathreshold
stimuli, the lines of matching contrast almost fully coincide with
the reference contrast, indicating contrast constancy. This is also
generally the case with red-green and yellow-violet stimuli at all
three suprathreshold levels, with the exception of high spatial fre-
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quencies, for which the sensitivity is also lower.

For all conditions, the low luminance stimuli are matched at
a much higher contrast compared to the reference. The findings
are not surprising since our tested low luminance levels coincide
with the DeVries-Rose region. But it also indicates that for match-
ing across luminance levels, the factors that limit contrast sensi-
tivity are not fully compensated for in the suprathreshold region.
It should also be noted that the differences between reference and
low luminance matched test contrast is much higher for red-green
and yellow-violet stimuli. Chromatic mechanisms lose contrast
sensitivity at a higher rate with decreasing luminance, and this
continues to be the case at suprathreshold levels.

Low contrast suprathreshold stimuli show slightly different
trends for the achromatic direction. For 0.5 and 2 cpd stimuli, the
test contrasts at 2 and 20 cd/m? are matched well with the ref-
erence stimuli, while the higher photopic stimuli at 2000 cd/m?
require higher contrasts to match with the reference. This resem-
bles the trend in high luminance achromatic contrast sensitivity
functions for lower sensitivity (i.e. increased threshold contrast)
with increasing luminance beyond 200 cd/m2. One explanation
could be that since the low suprathreshold level is closer to the
threshold, it is possible that the matching for these conditions
is mediated by both threshold and suprathreshold physiological
mechanisms. However, the same can not be said for chromatic
stimuli. For both red-green and yellow-violet stimuli, despite in-
crease in threshold at very high luminance level, no such increase
in matched test contrast is observed even at low suprathreshold
level.

The relationship between the threshold and suprathreshold
matching curves is not a one-size-fits-all model. As shown in Fig-
ure 4, for the 0.5 cpd condition, the matching curves are separated
from the threshold curves by an approximately constant offset (in
log scale) across the whole luminance range. However, as spatial
frequency increases, this log-offset relationship between thresh-
old and matching curves no longer holds. To adequately charac-
terise contrast matching across luminance levels, we need a more
sophisticated model instead of simple threshold difference-based
models [15].

Conclusions

Contrast constancy, a phenomenon that has been well-
established for matching across spatial frequencies, does not hold
true for matching across large luminance ranges. We showed
that for a limited photopic range (~2 log units), magnitudes
of matched contrasts are equal, but contrast constancy fails at
mesopic lightness levels (below 2 cd/m?) resulting in large dif-
ferences between matched and reference contrast. Our work pro-
vides a large dataset for contrast matching for different spatial
frequencies, suprathreshold levels and colour directions.

Our future work will be focused on modelling and verifica-
tion of contrast matching functions across luminance levels for
complex images. The model will be integrated into a retargeting
framework that simulates and compensates for image appearances
under different light conditions.
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