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The algorithm described in the main paper provides a general tech-
nique of enhancing the perceived contrast in synthesized scenes.
Because the procedure operates on the lighting function, the en-
hancement is done in a scene coherent way. To achieve best possible
results, it is crucial that the core parameters of the algorithm are set
optimally.

The aims of the study described here are therefore:

1. to provide empirical evidence for the assumption that the en-
hanced scene is superior to the original in terms of perceived
contrast and preference

2. to provide guidelines for the setting of the algorithm’s parame-
ters λ and σ in a variety of different scenes such that they do
not produce objectionable artifacts.

1 Method

To study the meaningful range of settings for the parameters of
interest, a standard psychophysical procedure, the “method of ad-
justment” was used [Gescheider 1997]. This was deemed to be the
most appropriate choice for the current study since it allows both for
an efficient implementation of the experiment and provides a single
means of estimating all thresholds and preference values of interest.

In this framework, the kernel width σ and the gain value λ were
considered by allowing the subjects to adjust λ for a given scene
under different tasks and varying σ. Of special interest for determin-
ing the reasonable parameter range are the values for λ which result
in a barely visible enhancement (λlow) and objectionable artifacts
(λobj), respectively. To find out about the preference of the users,
the subjectively “best contrast” setting of the gain value (λbest) for a
given scene and a given σ was also obtained.

In the experimental setup, two stimuli were presented next to each
other, where both images depicted the same scene seen from the
same viewpoint. One of the two images showed an enhanced version
of the scene while the other showed the original, non-enhanced scene
for comparison. The space of the kernel-width σ was discretized
in three steps σ ∈ σlow, σmedium, σhigh which were chosen in a pilot
study to produce a perceptually low, medium and strong effect,
respectively. For the 3 different settings of σ, the subjects than
adjusted λ according to their preference.

1.1 Participants

15 participants (9 male, 6 female) with normal or corrected-to-
normal vision took part in the experiments. Subjects were com-
pensated for their efforts with a small fee (15 USD). Participants
were recruited from the university campus and were mostly students
of computer science and their mean age was 24 years (range 19 to 30
years). Subjects were naı̈ve regarding the goal of the experiment and
inexperienced in the field of computer graphics and photography.

1.2 Design

The study implemented a 4 × 3 within-subject design by varying
4 scenes and the kernel size σ (low, medium, high) as independent

variables. The gain values λlow, λbest, λobj adjusted by the user under
the 3 different instructions functioned as dependent variables.

The experiment was divided into 32 trials. The three steps of the
kernel width σ were presented 2 times in randomized order for each
scene in order to provide the possibility to assess the reliability of
the method. The sequence of the scenes was also randomized across
subjects. In addition, the first two trials for each scene were repeated
as they functioned as practicing phase for each scene. The data from
these first two trials did not enter in the final analysis.

1.3 Materials and Apparatus

All stimuli were presented at a resolution of 2048 × 1536 on a
20.8 inch (diagonal) Barco Coronis Color 3MP (MDCC 3120-DL)
display that was connected to a personal computer running the Psy-
chtoolbox software [Brainard 1997]. The monitor was viewed by
the subjects orthogonally at a distance of 80 cm, the whole trial-
display occupying 29.68 visual degrees. The stimuli were generated
by rendering 4 different scenes and then enhancing them using the
algorithm described in the main paper. The images were displayed
on the screen at a resolution of 960 × 720 each. The four tested
scenes are depicted in Figure 10 – 13.

Between two consecutive steps in the adjustment of λ, a mask was
displayed for 300 ms in order to prevent subjects from judging the
adjustment temporally (between successive steps of the enhance-
ment) instead of comparing to the original image. A lowpass version
of the image blurred with a gaussian filter of size 50× 50 pixels was
used as a mask.

1.4 Procedure

On entering the laboratory, subjects were asked for their experience
in the areas of computer graphics and/or photography. Subjects
that judged their experience within one of these fields as “above
average” were excluded from the study. The participants were then
seated in front of a monitor running the experimental software in
an otherwise darkened room. They received standardized on-screen
instructions regarding the procedure of the experiment. Before the
actual experiment started, the participants were shown all scenes
that were to appear in the course of the session.

Original Enhanced

Task 1: Just Visible

Enhanced

time

trial n

unlimited

300 ms

300 ms

Original

Original Enhanced

Task 2: Too Strong

Task 3: Best Contrast

Figure 1: Experimental procedure for a single trial.



Each trial started with a fixation cross in the middle of the screen
(1500 ms) that was followed by the trial-display, consisting of im-
ages of the original and the enhanced scene (see fig. 1). The location
of the enhanced image (left or right) was balanced across subjects.
At the beginning of each trial, these images were identical as the
gain value λ was initially set to 0. Subjects were then asked to adjust
the enhancement by pressing the up- and down-keys. A discrete
beep indicated that the subjects reached either λ = 0 or the upper
limit λ = 3. The participants confirmed their choice of the image
by pressing the Return-key.

For each display, the subject had to complete 3 tasks:

1. adjust the image until there was a just noticable difference in
contrast between the original and the enhanced image,

2. adjust the image until it looked too strong and artifacts ap-
peared,

3. find the subjectively best-contrast setting (this task was made
more comprehensible by giving the analogy of adjusting the
contrast of a TV-set).

The current task was indicated above the two images.

After the participants had completed the final 8th trial for each scene,
they were presented with a hardcopy showing the same image and
asked to mark the parts that they used most frequently to evaluate
the strength of the enhancement.

The complete experimental session took approximately one hour. In
spite of the rather long time required to complete the experiment,
subjects did not complain about a loss of concentration, an effect that
might be due to the good sense of control induced by the adjustment
procedure.

2 Results

For a descriptive summary of the data, please refer to tables 1 and
2 and to Figures 4 and 5. Thumbnails of the images chosen by the
subjects for all tasks are depicted in Figures 6 to 9 along with the
corresponding values for the parameters.

2.1 Statistical Analysis

Analysing the two repetitions of the settings for λ chosen by the user
for the same parameter set by statistically testing for the significance
of their correlation, the experimental procedure proves to be quite
reliable (all r > .75, all p < .001). In order to decrease the impact
of random fluctuations, the mean of the two repetitions is used in the
further analysis as dependent variable. Also, to correct for outliers,
all values whose difference to the mean value (for each scene, σ
and task) exceeded that of two times the standard deviation were
replaced by the mean of the remaining values (less than 5% of the
data). Because the gain value λ scales differently for all scenes,
independent 3 × 3 (σ × task) ANOVAs were computed for each
scene, treating both factors as repeated measures because they were
obtained from the same subject.

Chamfer Plane. The ANOVA reveals only a main effect of task,
F (2, 28) = 58.99, p < .001, all other main and interaction effects
are non-significant. Using adjusted pairwise contrasts (following
Holm’s [Holm 1979] proposal), the found effect can readily be
shown to stem from the best contrast setting being being larger than
the lower threshold (λlow < λbest: t(14) = 2.14, p < .05) and the
higher threshold being larger than the preferred setting (λbest < λobj:
t(14) = 4.03, p < .01). As an indicator for the size of the effect,
Cohen’s d [Cohen 1988] is computed for all of the pairwise contrasts,

yielding medium to strong effects according to Cohen’s conventions
(d(λlow, λbest) = .78, d(λbest, λobj) = 1.47).

Dice. The corresponding ANOVA for the Dice scene also reveals
a single main effect of task, F (2, 28) = 32.06, p < .001. Again,
pairwise comparisons indicate the pattern of results outlined above
(λlow < λbest: t(14) = 1.83, p = .08; λbest < λobj: t(14) =
2.75, p < .03). Again, the effect sizes are moderate to strong
(d(λlow, λbest) = .67, d(λbest, λobj) = 1.01).

Feet. The ANOVA for the Feet scene reveals again the same main
effect of task, F (2, 28) = 49.01, p < .001 but also a main effect
of the kernel width σ, F (2, 28) = 16.46, p < .001 as well as an
interaction σ × task, F (4, 56) = 7.53, p < .001. The main effect
of task can be shown to stem from the same pattern discussed above,
λlow < λbest: t(14) = 1.16, p < .03 (d = 0.88); λbest < λobj:
t(14) = 4.51, p < .01, (d = 1.65). From Figure 4c) the expecta-
tion that the main effect for σ is caused by a preference for higher λ-
values for low σ and only for the preferred and upper threshold, can
be derived. However, the planned contrasts do not reach significance
for the pairwise comparisons (σlow, σmedium: t(14) = 1.77, p = .09,
σlow, σhigh: t(14) = 1.38, p = .18). The interaction effect is due to
the visibility threshold’s independence on σ (see fig. 4), because the
λlow-values did not show any effect of σ (F (2, 28) = 0.05, p > .9).

Keys. Again, the ANOVA yields a main effect of task (F (2, 28) =
32.15, p < .001) and σ (F (2, 28) = 7.85, p < .002) as well as the
interaction σ × task, F (4, 56) = 4.54, p < .05. The effect of task
however does not manifest itself in a significant difference between
lower threshold and preferred value (t(14) = 1.28, p = .21), so
users preferred a rather subtle enhancement for that scene that was
barely above visibility threshold. There is however still a significant
range of parameter values before the occurence of artifacts (λlow <
λobj: t(14) = 4.86, p < .001, d(λlow, λobj) = 1.70). The overall
σ-effect as well as the interaction effect from the ANOVA cannot be
tracked down to single differences, due to missing statistical power.

The reported analyses revealed an effect of the kernel size σ only for
two of the scenes, Feet and Keys while for scenes Dice and Chamfer
Plane it had a zero-effect. A possible explanation for this result
could be that the scenes differed according to the mean distances
between objects, thereby producing a higher amount of “cluttering”
for the Feet and Keys scenes (in the other two scenes, larger shapes
that are relatively distant from each other dominate). For higher
values of σ, parts of objects close to each other in the scene could
have contributed to the local enhancement, producing objectionable
artifacts already for relatively low values of λ.

2.1.1 Conversion to JND-Units

In order to allow for an inter-scene comparison, the λ-values are
rescaled to just-noticable-difference (JND) units, based on the value
of the lower threshold

λ̂ =
λ

λlow
.

This implies the assumption of a linear relationship between per-
ceived contrast and λ-value. Because the range of interesting values
is relatively small, this approximation can be assumed to be valid.

To determine whether the adjustment of the parameter shows a
dependency on the scenes, an overall 4 × 3 × 3 (scenes × σ ×
task) ANOVA is conducted with the rescaled λ̂-values. A main
effect of scene reaches significance (F (3, 42) = 5.09, p < .005).
Pairwise comparisons reveal however, that only scene Dice and Keys
differ in a statistically significant way (t(14) = 2.89, p < .05)
while all other comparisons did not approach significance. Because
these two scenes were very different from each other in terms of



Table 1: Summary of the results from the study. User-chosen λ values are given for each setting of σ, scene and task.
User-adjusted λ

λlow λbest λobj
σlow σmedium σhigh σlow σmedium σhigh σlow σmedium σhigh

Dice 0.05 0.06 0.05 0.11 0.11 0.10 0.22 0.22 0.23
Keys 0.25 0.22 0.21 0.34 0.31 0.26 0.75 0.63 0.56
Chamfer Plane 0.34 0.36 0.32 0.46 0.55 0.55 0.96 1.04 1.05
Feet 0.23 0.22 0.20 0.43 0.27 0.33 0.85 0.69 0.71

Table 2: Summary of the results from the study. User-chosen and rescaled λ̂ values are given for each setting of σ, scene and task.
User-adjusted λ

ˆλlow ˆλbest λ̂obj
σlow σmedium σhigh σlow σmedium σhigh σlow σmedium σhigh

Dice 1.00 1.00 1.00 1.81 1.82 2.28 4.83 4.20 5.55
Keys 1.00 1.00 1.00 1.48 1.46 1.09 3.39 2.89 2.73
Chamfer Plane 1.00 1.00 1.00 1.78 1.83 1.91 3.52 3.22 3.63
Feet 1.00 1.00 1.00 2.06 1.39 1.76 3.99 3.38 3.73

lighting, assembly and spatial frequency (on the mesh), this result
indicates that the enhancement parameter’s space is perceptually
rather uniform and only diverges when scenes show very different
characteristics.

The other statistical comparisons do not produce any new conclu-
sions, the pattern of results already discussed remains stable also
for the transformed values. The transformation of the λ-values to
JND-units emphasizes the finding, that the preferred setting of λ is
relatively stable across scenes and settings of σ. The emergence of
artifacts however, is apparently more scene-dependent. As a rule
of thumb it can be formulated, that coming from a just visible en-
hancement, the strength can be doubled to yield close-to-optimal
results and multiplied by four to yield an approximation of the upper
threshold.

Figure 2: “Regions of Interest” marked by the users as guiding their
adjustment process. Red color indicates a very common markup,
green a less frequent occurence.

2.2 Regions of Interest

The regions indicated by the subjects as being the most important for
their decision of the enhancement strength are depicted in Figure 2.
All subjects focussed on regions that were expected to be sensitive
to the algorithm (e.g. the shadows in the Dice scene or the edges of

the objects in the Chamfer Plane).

It is therefore concluded, that subjects were able to grasp the mean-
ing of the enhancement and to relate it appropriately to their re-
sponse.
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Figure 3: Cluster Analysis for the subjects using Ward’s method and
euclidean distances. Numbers indicate different subjects, clusters
are marked in red.

2.3 Individual Differences

To investigate individual differences in the preference for various
strengths of the enhancement, a hierarchical cluster analysis applying
Ward’s method with euclidean distances is computed [Hastie et al.
2001]. The cluster-dendrogram (see Fig. 3) reveals two groups of
subjects, distinguished by their preference of the adjustment. It is
assumed, that the two subgroups are separating persons with strong
and weak preference for contrast, respectively. A statistical test
comparing these two groups of subjects according to their mean
adjustment of λlow, λbest and λobj shows that the subjects assigned to
cluster 1 prefer lower values of λ for all tasks compared to subjects
from cluster 2 (λlow: t(14) = −3.23, p < .01, λbest: t(14) =
−7.12, p < .01, λobj: t(14) = −4.71, p < .01).
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Figure 6: User chosen λ for scene Keys. The images chosen by the users are shown for all tasks and values of σ.
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Figure 7: User chosen λ for scene Dice. The images chosen by the users are shown for all tasks and values of σ.
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Figure 8: User chosen λ for scene Feet. The images chosen by the users are shown for all tasks and values of σ.
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Figure 9: User chosen λ for scene Chamfer Plane. The images chosen by the users are shown for all tasks and values of σ.



Figure 10: Scene Keys.

Figure 11: Scene Dice.



Figure 12: Scene Feet.

Figure 13: Scene Chamfer Plane.


