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Effect of experimental methodology on the JND of the black level for natural images
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Abstract — The effect of experimental methodology on the Just Noticeable Difference (JND) of the
black level (BL) is assessed using a set of representative natural images. Two methodologies, known
in psychophysics to determine JNDs, are mutually compared: an adapted method of adjustment with
a same-difference task and a one–up–two-down staircase method with a two-alternative forced-choice
task. Thus far, the literature has shown contradictory results for which of the two methods yields the
lower difference thresholds. Experimental results show that the second method yields lower JNDs, but
is slightly less efficient. Based on this second method, it was found that the JND of the BL for natural
images ranges from 0.2 to 1.0 cd/m2, varying with image content significantly.

Keywords — Adapted method of adjustment (AMOA), staircase method (SM), two alternative forced
choice (2AFC), just-noticeable difference (JND), black level (BL).
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1 Introduction
Image quality is considered as one of the important decisive
factors when buying a display.1 The aspects dominating
image quality include color rendering, brightness and con-
trast.1 They are all affected by not only the black level (BL)
of the display, but also characteristics, such as the white
level (WL), the chromaticity of the primaries, and the
gamma of the display function. In order to determine the
relative importance of each of these characteristics to image
quality, they all should be varied in a perceptual equivalent
way. One option for doing so is using JNDs.2,3

In principle, the JND of BL and WL can be deduced
from the DICOM standard.4 This standard gives an increase
in luminance for one JND as a function of luminance. This
luminance increase is determined for a side-by-side com-
parison of two homogeneous squared patches (one test
patch and one reference patch) under the condition that the
human eye is fully adapted to the luminance level of the
reference patch. Since these JNDs are determined with spe-
cific patterns under well-controlled viewing conditions, they
are not necessarily directly applicable to natural images
viewed under more practical viewing conditions. First sup-
port to this hypothesis is already given in Refs. 2 and 3, in
which visibility thresholds in BL and WL are reported for
critical, though realistic, natural image content, viewed
under practical viewing conditions. In general, the JNDs
found there are higher than the ones predicted by the
DICOM standard. Moreover, they are strongly affected by
image content.

Since an accurate value of the JND of the BL is pre-
requisite for our future research,2,3 we want to investigate
the effect of measurement methodology. For this investiga-
tion, we limit ourselves to the determination of the JND of

the BL. In the research field of psychophysics, the three
classical methodologies to measure a difference threshold
are: (1) the method of constant stimuli, (2) the method of
limits, and (3) the method of adjustment.5,6 For the method
of constant stimuli, stimuli with different degrees of differ-
ence are repeatedly shown to the viewer, and the viewer is
asked to respond whether he sees the difference. Although
this method can achieve high accuracy, yet it is inefficient.7,8

Considering the variation in image content that we want to
include, the method of constant stimuli becomes impracti-
cal. With the method of limits, descending and ascending
series of difference between images are repeatedly shown to
the viewer, and he is asked to indicate at what level he starts
seeing the difference. This method is less accurate than the
method of constant stimuli, but it is far less time consuming,
and therefore, used much more extensively.5,9,10 To improve
its efficiency further, a variation on the method of limits is
developed; namely, the staircase or up-down method. In this
method, the descending and ascending series of stimuli do
not always start at extreme values, but alternate and start at
the reversal point indicated by the viewer. The advantage of
the staircase method is that it is still accurate, but its disad-
vantage is that it only yields reliable results for stabilized
perceptions (i.e., it is not affected by, e.g., adaptation phe-
nomena).11 The third method is the method of adjustment,
in which the viewer can freely adjust the difference until it
is just not perceived.5,6,12 Compared to the staircase
method, the method of adjustment is even more efficient. It
gives the observer a larger amount of active participation in
the experiment, which may help to prevent boredom, and
therefore, to maintain high performance.5,12 Nevertheless,
it is considered to be inaccurate because the threshold is not
necessari ly  identical  for  ascending  and descending
changes.5,6,13
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When choosing a psychophysical methodology, the
sensitivity of the test, as well as the number of trials and the
total duration of the procedure needs consideration. Hence,
it is important to understand the differences among meth-
odologies with respect to these aspects. Nonetheless, direct
comparisons between the classical methodologies are lim-
ited in the literature. To determine the most comfortable
loudness level (MCL) for speech, Loftiss14 and Kopra et
al.15 found that the results with a method of limits were not
different from or only insignificantly higher than those
obtained with the method of adjustment. To diagnose glau-
coma in the field of ophthalmology, T. Maddess et al.16

found that the thresholds obtained with the staircase
method and the method of adjustment were markedly dif-
ferent; the thresholds with the method of adjustment were
higher than those with the staircase method. Nonetheless,
both methods were effective in diagnosing glaucoma.16

Lakshminarayanan et al.17 evaluated the effect of method-
ology on speed discrimination using the staircase method,
the method of adjustment, and a modified method of limits.
Their results showed that the staircase method yielded sig-
nificantly lower thresholds than the other two psychophysi-
cal methods. In summary, literature, discussing comparisons
between different methodologies for measuring a differ-
ence threshold, show conflicting results or suggests a con-
text dependency. Therefore, we found it appropriate to
compare the effect of methodology for the determination of
the JND of the BL.

Regarding the task, both the same-different task and
the two-alternative forced-choice (2AFC) are basic proce-
dures. In the same-different task, each trial consists of the
presentation of two stimuli, which are either the same or
different, and the observer has to report whether in his
opinion the two stimuli are indeed the same or different. In
the 2AFC, the observer must choose which of the two stimuli
satisfies a given question.18,19 The 2AFC is always preferred
over the same-different task for determining thresholds

because the 2AFC procedure discourages response biases
and produces an especially high level of performance.5,6,9

Based on the knowledge available in the literature, we
chose two methods to determine the JND of the BL for
natural images: the method of adjustment and the staircase
method. The first method (AMOA) is an adapted version of
the method of adjustment with a same-different task, in
which the subject is forced to go up and down for several
times. The subject is asked to adjust the test stimulus so that
it is perceived the same as the reference. Subsequently, the
adjustment direction is reversed, and the subject is asked to
adjust the test stimulus until it is just distinguishably differ-
ent from the reference. This procedure is repeated a couple
of times, depending on a predefined number of reversals.
The threshold is calculated as the averaged value over the
reversal points. The second method (2AFCSM) is an exten-
sion of the staircase method; namely, the one-up–two-down
staircase method.11,18–21 In this case, subjects are not asked
whether they see the difference, but they are asked to indi-
cate the image with, e.g., the higher BL. Since they have to
choose one out of the two images shown, it is based on a
2AFC task. The difference in BL is only decreased when the
subject gives two consecutive correct responses (i.e., twice
in a row the image with the higher BL is selected). The
difference in BL is increased after each incorrect response
(i.e., as soon as the image with the lower BL is selected).
Hence, it is named as the one-up–two-down staircase
method. This process is also repeated for a predefined
number of reversals in adjusting the difference in BL, and the
threshold is determined as the average over these reversals.

2 Perception experiment
We performed two experiments with the aim to evaluate the
effect of experimental methodology on the JND of the BL
for natural images. In the first experiment, an adapted

FIGURE 1 — The nine original images used in the subjective experiments.
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method of adjustment with a same-different task was used,
while in the second experiment, a one-up–two-down stair-
case method with a 2AFC task was employed.

2.1 Methodology
For the first experiment, a reference image, a test image,
and a tuning button were shown to the subject. The subject
was asked to indicate whether the two images – side-by-side
shown on the panel – were the same or different. For the
first pair of images, the test image was obviously different
from the reference image, and a “different” response was
expected. Then, the subject was instructed to decrease the
difference in the BL by means of the tuning button until the
response would be “same.” Subsequently, this point was recorded
as a reversal and the adjustment direction was reversed.
Then, the subject was requested to increase the difference
with the tuning button until the response would be “differ-
ent” again. Also, this reversal point was recorded, and the
adjustment direction was reversed again, so that the differ-
ence was decreased again. This procedure was repeated us-
ing gradually smaller step sizes, and finally stopped after a
sufficient number of reversals was reached (see below for
more details).

In the second experiment, a test image and a refer-
ence image were displayed side-by-side. The subject was
asked to indicate which of the images had the higher BL.
Even when they did not see a difference, they were forced
to make a choice. For the first pair of images in the experi-
ment, the test image was picked out easily since its differ-
ence with the reference image was obvious. When a subject
selected the right image out of the pair (i.e., the one with the
higher BL), the two images were shown again with their
position at the left or right side of the panel randomized.
Once a subject gave two consecutive correct responses, the
difference in BL was decreased for the next pair of images.
However, as soon as an incorrect response was given, the
difference in BL was increased again. Each change from a
decrease in difference to an increase in difference or vice
versa was recorded as a reversal point. The whole process
continued until a given number of reversals was reached (for
details see below).

For both experiments, the step size of increasing or
decreasing the difference in BL changed at different rever-
sals. The starting step size was eight intervals (of the maxi-
mum of 49 intervals; for an explanation see Sec. 2.2). After
each reversal, the step size was halved, until a minimum step
size of one interval was used. The procedure of increasing
or decreasing the difference in the BL was stopped after

TABLE 1 — Summary for JND of BL per image as determined with an AMOA with a same-different task and a
one-up-two-down staircase method with a 2AFC task.
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nine reversals. The threshold was calculated as the average
over the last six reversals.

2.2 Stimuli
To evaluate a possible image-content dependency, nine
images with a spatial resolution of 620 × 700 pixels were
chosen as a representative mix, covering a broad distribu-
tion of averaged brightness, colorfulness, and level of detail.
The stimuli are shown in Fig. 1, while the mean brightness
and mean chromaticity of these stimuli are shown in
Table 1.

Starting from the original images, a series of stimuli
were generated adapting the level of the BL. To do so, the
luminance component of each pixel was adapted, while
keeping its chromaticity constant. This was done in the lin-
ear xyY color space. The general approach is shown in
Fig. 2(a). First, the RGB value of each pixel in the original
image was scaled from the range [0, 255] (for 8-bit images)
to the range [0, 1]. Additionally, they were transferred to the
linear light domain by applying a gamma (i.e., power) of 2.2,
as specified in the Rec. 709 standard.22 The RGB values
were then transformed to XYZ values using the primaries
and white point specified in the Rec. 709 standard. These
XYZ values were translated into xyY values, the Y compo-
nent of which was used to change the BL of the image. The
way the BL was changed is shown in Fig. 2(b). First, the
minimum luminance was increased to a certain value indi-
cated as 1 – αb, and then the Y component per pixel was
scaled to the new range [1 – αb, 1]. This can be formulated
as Yo = αbYi + 1 – αb, where the scale factor αb was varied
in the range [0.981, 1], and Yi and Yo were the input and
output value of the Y component per pixel. The resulting
new xyY values were transformed back to XYZ values, and
consequently to the RGB values using the inverse charac-
terization model of the display panel of the experiment.

2.3 Experimental conditions
In both experiments, a 19-in. LCD monitor (Philips190P5EG/
93) with a spatial resolution of 1280 × 1024 was used. Its
maximum and minimum luminance was 238.0 and 0.33 cd/m2,
respectively. The white point of the display was adjusted to
D65. Since the size of the stimuli was 620 × 700 pixels, two
images could be displayed side-by-side without scaling or
cropping. The asymmetry in luminance in the horizontal
direction over the display screen was compensated as good
as possible by software; i.e., by linearly scaling the maximal
light output to an approximately constant value in the hori-
zontal direction.

The user interface used in each experiment is shown
in Figs. 3(a) and 3(b), respectively. They were the same,
except for the two adjustment buttons added to the inter-
face for the first experiment. In both experiments, the test
and reference image were displayed side-by-side with their
position random between the left and right side for each
presentation. The right image was flipped horizontally with

FIGURE 3 — User interface with the test and reference image displayed
simultaneously on the display screen against a gray background; (a) for
the first experiment using the AMOA and (b) for the second experiment
using the 2AFCSM. The only difference is the presence of the adjustment
buttons in the interface for the first experiment.

FIGURE 2 — (a) Illustration of the process used to change the BL of a
natural image and (b) illustration of the linear scaling of Y in the xyY
color space.
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respect to the left image to circumvent the influence of a
remaining slight non-uniformity in the display.

The viewing distance for the participants was four
times the screen height, which resulted in a viewing dis-
tance of 1.2 m from the panel. The ambient illumination was
20 lx measured on the screen in the direction to the viewer,
and about 18 lx measured on the background.

2.4 Protocol
Before the experiment, each subject was asked to carefully
read the written instructions about the purpose of the
experiment and the tasks to finish. Each experiment con-
sisted of two tasks: (1) subjects were asked to judge the dif-
ference between the two images shown with a method
depending on the experiment (see Sec. 2.1), and (2) subjects
were requested to mark the area in the image that they used
for their judgment. It should be noted that the latter results
are not further discussed in this paper. They are not used to
evaluate the effect of measurement methodology on the
JND of the BL, but will be used later to model the content
dependency of the JND of the BL.

The subjects were informed that the difference be-
tween the two images shown was a change in the BL, but
they were not informed on what the reference image was.
Before the actual start of the experiment, we conducted a
training allowing the participants to get used to the experi-
mental set-up as well as to the task. During this training,
each subject was asked to assess the JND of the BL with one
of the tasks for one image, which was selected randomly out
of the nine images. When the subject was indicated to fully
understand the task, the experiment was started. In each
experiment, the order in which the images were shown was
randomized over the subjects in order to avoid time effects.
Since the second experiment was performed about one
month after the first experiment, no influence of one experi-
ment on the other was expected.

2.5 Participants
Twenty subjects with their ages ranging from 22 to 27 par-
ticipated in the two experiments. This was substantially
more than the minimum requirement of ten observers and
three scenes as prescribed in the ISO 20462 standard.23

Twelve males and eight females performed the first experi-
ment, while 11 males and nine females were involved in the
second experiment. Six of the females and five of the males
performed both experiments. All volunteers had normal or
corrected to normal vision (≥1.0 on a Landolt chart) and no
color deficiencies (tested with the Ishihara color vision test).

2.6 Statistical analysis
As mentioned before, the JND values were calculated from
the raw data by averaging over the last six reversal points.

These JND values were then imported in SPSS version 13
for further statistical analysis. First, the data were explored
on their reliability computing various descriptive statistics
and by means of graphs. The boxplot for the JNDs of the BL
over subjects obtained in both experiments were plotted per
image, and outliers were excluded. Then the boxplot was
plotted again with the filtered data to exclude the remaining
outliers. This procedure was repeated until there were no
longer any outliers. Note that this is not a standard proce-
dure; nonetheless, we did so to reduce the spread in our
data in order to make our results more accurate in the
determination of the JND. The amount of data remaining
after this procedure is given in Table 1 for each experiment;
it is still substantially more than the minimum requirement
of ten observers as prescribed in the ISO 20462 standard.23

It should be remarked that we found more outliers for the
2AFCSM than for the AMOA. A possible reason may be that
for the 2AFCSM the last six reversals were more stable,
resulting in a smaller within-subject standard deviation over
reversals per image. As a consequence, deviations between
subjects in the mean over the reversals were more easily
significant. To get an impression of how this data exclusion
procedure affected the JND values in both experiments, the
boxplot for the JND of the BL before and after excluding
outliers, is plotted in Figs. 4(a) and 4(b). It shows that the
data exclusion procedure mainly shrinks the body of the

FIGURE 4 — Boxplot of the JNDs of the BL assessed with two methods.
The blue boxes represent the results for the AMOA, while the green
boxes represent the results by the 2AFCSM. (a) The data before exclusion;
(b) the data after excluding the outliers.
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boxplot by removing the less reliable results, but only
slightly changes the median and hardly affects the relative
difference in the JND between the two methodologies.

3 Experimental results
The JND of the BL is shown in Fig. 5 for the two methods
with the mean and 95% confidence interval (CI) per image.
The mean JND varies from 0.2 to 1.0 cd/m2 over all images
for both methods. The 95% confidence interval is around
0.5 cd/m2 for most images in both experiments.

The mean and standard deviation of the JND of BL
per image and methodology is also included in Table 1. Gen-
erally, the JND values assessed by the AMOA are larger than
those assessed by the 2AFCSM. This can also clearly be
observed from Fig. 6, in which the relationship between the
JNDs evaluated by the two methods is plotted. Also, the
standard deviation of the JNDs is, in most cases, comparable
or larger for the AMOA than for the 2AFCSM.

Figure 7 gives the number of sample presentations
required for assessing the JND per image with either
method, and averaged over all subjects. The averaged

number of presentations needed is between 30 and 45. For
most images, on average the 2AFCSM needs a comparable
or larger number of sample presentations than the AMOA.
The images “children” and “toy” form the exception.

To investigate the effect of methodology (two levels)
and image content (nine levels) on the JND further, a full
ANOVA is performed taking the JND of the BL as a depend-
ent factor, methodology and image content as independent
factors, and subjects as a random factor. The two-way inter-
action between methodology and image content is also
included. The JND of BL is significantly affected by image
content (F = 7.21, df = 8, p < 0.001) and methodology (F =
1.72, df = 1, p < 0.001). The interaction between image con-
tent and methodology is not significant (F = 0.77, df = 8, p
= 0.63). The significant effect of methodology results from
the fact that the JNDs assessed by the 2AFCSM (mean =
0.48 cd/m2) on average are lower than those assessed by the
AMOA (mean = 0.69 cd/m2). The effect of image content is
further analyzed with a Tukey post-hoc test, and reveals:

The images underlined together are not significantly differ-
ent from each other.

FIGURE 5 — Mean and 95% confidence interval for JNDs of the BL
assessed by two methods. The blue triangles correspond to the AMOA
and the green circles to 2AFCSM.

FIGURE 6 — Relationship between the JNDs of the BL evaluated with
the AMOA and the 2AFCSM.

FIGURE  7 — Number of sample  presentations averaged over the
subjects, including  the  95% confidence interval  per image in  both
experiments. The bars without patterns are for the AMOA and the bars
with patterns for 2AFCSM.

FIGURE 8 — JNDs of the BL assessed with the 2AFCSM as a function of
display luminance averaged over the image content. Each dot represents
one of the original images.
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The increase in JND of the BL with image content
seems to be related to the averaged luminance in the origi-
nal image. To evaluate this hypothesis, the averaged lumi-
nance in the image is plotted in Fig. 8 as a function of the
JND of the BL, measured with the 2AFCSM. The JND of
the BL highly linearly correlates with the luminance for all
images except for the image “parrot.”

4 Conclusions and discussions
The performance of two methods, being the AMOA with a
same-different task and the one-up–two-down staircase
method with a 2AFC task, has been studied in this paper by
assessing the JND of BL for a set of representative natural
images.

Before discussing the difference in methodology, we
evaluate the possible impact of having partly different
participants in both experiments. Since only half of the par-
ticipants (six female, five male) have performed both experi-
ments, the remaining half of the participants is different for
both experiments. To check whether this has an effect on
our results, we repeat the ANOVA analysis with only those
participants who have performed both experiments. Still,
the effect of image content (F = 3.82, df = 8, p < 0.001) and
methodology (F = 7.89, df = 1, p = 0.006) are both signifi-
cant, and, so, these conclusions are not affected by the par-
ticular group of subjects participating in the experiments.

The 2AFCSM achieves a smaller standard deviation
for the JNDs and is thus more accurate than the AMOA.
This confirms previous findings for these methodologies.5

According to informal comments on the subjects, the for-
mer method is preferred over the latter. They mentioned to
feel less certain about their response with the AMOA, which
might have increased the variance. When a subject did not
see a difference between the test and reference image, he
was forced to make a choice with the 2AFCSM. It might
well be that when being forced to choose, he consistently
performed above chance in selecting the test stimulus. This
would result in a smaller JND for the 2AFCSM than for the
AMOA. This is consistent with our results and with findings
reported in Refs. 5, 12, 16, and 17, but contradictory to find-
ings reported in Refs. 14 and 15, in which the method of
limits and the method of adjustment are not significantly
different. Overall, we tend to conclude that the staircase
method, i.e., a variation of the method of limits, yields lower
difference thresholds, at least in these studies that have suf-
ficient power for showing statistical differences.

The 2AFCSM is slightly less efficient than the AMOA.
For the 2AFCSM, two consecutive correct responses have
to be given before the image pair is changed and this makes
the experiment lengthier. With the AMOA, the subject has
full control over the decrease or increase of the difference
between an image pair. This assumes that the series of sam-
ple presentations is fully adapted to his personal perceptual
abilities and hence efficient. This trend, however, is only
confirmed clearly for four out of the nine images used in our

experiment. For the other images, the number of sample
presentations is comparable or smaller for the 2AFCSM
than for the AMOA. This observation seems to be in line
with the remark made in Ref. 16, that both the method of
adjustment and the staircase method are as effective in
diagnosing glaucoma.

The JND of the BL for natural images, determined in
this paper, mainly changes in the range from 0.2 to 1.0
cd/m2, while the display luminance averaged over the image
content varies between 8 and 65 cd/m2. The JND corre-
sponding to these luminance levels as given in the DICOM
standard4 would range between 0.1 and 0.5 cd/m2. As
expected, the JND of the BL found for natural images under
common viewing conditions is larger than that obtained
from the DICOM standard using specific test patterns under
critical viewing conditions.

The effect of image content on the JND of the BL is
significant. In this first analysis, the JND of the BL is line-
arly correlated to the luminance averaged over the image
content, which confirms our former preliminary results.3

The image “parrots” forms the exception. According to the
subjects’ comments, this image is the most difficult, because
it hardly has any detail in the dark area. These comments are
consistent with the findings of Fig. 7, where the number of
sample presentations required to assess the JND of the BL
for the image “parrot” is comparatively large for both meth-
ods. Whether the linear relationship of the JND of the BL
with the averaged luminance over the image content is suf-
ficiently stable over a larger set of natural images still needs
to be further evaluated.
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