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Abstract

This document is the first version of the perceptual evaluation of the tone mapping operators within
the REALREFLECT project. It deals with the comparison of tone mapping operators for the high
dynamic range images from the architectural environments.





Contents

1 Introduction 1

2 High Dynamic Range Images 3
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.2 HDR Images Encoding Techniques . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.3 HDR Image Formats . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.4 Acquiring HDR Images . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

3 Tone Mapping Operators 7
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
3.2 Global Operators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
3.3 Local Operators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

4 Perceptual Evaluation 9
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
4.2 Experimental Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

4.3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
4.3.2 Main Effects of Scenes and Tone Reproductions . . . . . . . . . . . . . 11

4.3.2.1 Scenes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
4.3.2.2 Tone Mapping Operators . . . . . . . . . . . . . . . . . . . . 11
4.3.2.3 Brightness . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
4.3.2.4 Detail Reproductions in Bright Regions . . . . . . . . . . . . . 12
4.3.2.5 Contrast and Naturalness . . . . . . . . . . . . . . . . . . . . 12
4.3.2.6 Detail Reproductions in Dark Regions . . . . . . . . . . . . . 13

4.3.3 Correlations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
4.3.4 Dimension Estimate and Mahalanobis Distances . . . . . . . . . . . . . 15

5 Conclusions 21

A Abbreviations 23

IST-2001-34744 v c©RealReflect.org



CONTENTS

B Images for the Perceptual Experiment 25
B.1 Tone Mapped Images of Scene 1 . . . . . . . . . . . . . . . . . . . . . . . . . . 25
B.2 Tone Mapped Images of Scene 2 . . . . . . . . . . . . . . . . . . . . . . . . . . 26

C Values of the Perceptual Experiment 31

Bibliography 37

IST-2001-34744 vi c©RealReflect.org



Chapter 1

Introduction

The need of tone mapping high dynamic range (HDR) images has highly increased recently be-
cause they are useful not only for static images but also for multimedia applications. Therefore,
how to produce visually sufficient HDR images has been one of the important discussions in the
computer graphics community for years against the problems which come from the limited num-
ber of bits in image formats and the limited display range of the physical devices. A number of
techniques have been introduced to conquer those problems including construction and storage of
HDR images. To represent HDR images on today’s physical devices, a number of successful tone
mapping operators have also been presented. They are useful for HDR photography and also for
lighting simulations such as realistic rendering and global illumination techniques.
In order to produce visually sufficient images, a knowledge about human visual systems (HVS)
cannot be ignored. Many tone mapping operators have been produced based upon HVS theory.
Obviously, HVS theory is also useful to judge a quality of images. This document focuses upon the
human perception when people compare tone mapped images with their corresponding real-world
views.
In this document, overviews of HDR images and our HDR image acquisition are presented in
chapter 2. In chapter 3, seven existing tone mapping operators are briefly described. Those opera-
tors were used in our perceptual experiment. The procedure and result of our experiment is shown
in chapter 4. The set of data was analyzed by using multivariate statistical methods.
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Chapter 2

High Dynamic Range Images

2.1 Introduction

Luminance in the real world processed by human observers can have much greater dynamic range
than the range of a photographic film and electronic apparatus. Images whose dynamic range is
huge (i.e., images which have both very bright and very dark parts) are called high dynamic range
(HDR) images. We can create an HDR image from multiple photographs taken with different
exposures. The exposure is changed by the shutter speed of a camera. Underexposed pictures can
show details in highlighted areas and overexposed pictures can show details in dark areas.

This chapter presents overviews of HDR image encoding techniques, HDR image formats, and
our HDR image acquisition.

2.2 HDR Images Encoding Techniques

In 1995, Mann and Picard introduced the first algorithm to construct an HDR image from multiple
photographs with different exposures [MP95]. They presented a way to recover a camera response
curve function and apply it to input images. Other techniques after the Mann-Picard method also
follow this way while each of them has unique philosophy to recover the response curve. The
other well-known algorithms are the Debevec-Malik [DM97], the Mitsunaga-Nayar [MN99], the
Robertson et al. [RB99], and the Ward [War03] methods. For our HDR image construction, we
used the Robertson et al. algorithm to recover the camera response curve.

2.3 HDR Image Formats

There are a number of formats for HDR images: the Pixar Log Encoding, the Radiance RGBE,
the LogLuv, the OpenEXR, scRGB, etc. We used the Radiance RGBE format to save our HDR
images. The Radiance RGBE format uses one byte for each of read, green, and blue components
and one byte for an exponent. The exponent part is a scaling factor on RGB components, which
is equal to two raised to the power of the exponent minus 128. A survey over HDR image formats
was presented by Ward [WarXX].

IST-2001-34744 3 c©RealReflect.org



CHAPTER 2. HIGH DYNAMIC RANGE IMAGES

2.4 Acquiring HDR Images

Figure 2.1: Scene 1 for our perceptual experiment.

Figure 2.2: Scene 2.

Max. Min. Dynamic range L̄w

Scene 1 4878.3040 0.0079 617090:1 4.4096
Scene 2 160.0750 0.0062 25967:1 5.0066

Table 2.1: Maximum and minimum pixel luminances, dynamic ranges, and logarithmic average
luminances L̄w.

For our perceptual experiment, static images with different shutter speeds were taken by a cam-
era, Kodak Professional DCS560, with lenses, CANON Lense EF 24mm and 14mm at the Max-
Planck-Institut für Informatik in Saarbrücken, Germany. Because those images were saved in a
raw format of Kodak, they were converted to 36-bit TIFF format by using a program raw2image
which is involved in a Kodak DCS Photo Desk package. Then, the response curve of the camera
was recovered by using the Robertson et al. method. The advantage of this method is that no
assumption is necessary for the response curve and response curves can be reconstructed in any
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2.4 Acquiring HDR Images

arbitrary shape while the Debevec-Malik method assumes that the response curve is smooth and
the Mitsunaga-Nayar method returns a polynomial response curve. Since our camera was set in a
stable condition, it was not necessary to use the Ward method. His algorithm can be applied when
hand-held pictures are taken. After the response curve was recovered, HDR images were created
and then saved in the Radiance RGBE format. For constructing one HDR image, 15 images were
taken for our project with the range of the shutter speeds from 1/2000 to 8.0 seconds. The HDR
images for our experiments and statistical analysis are shown in Figure 2.1 and Figure 2.2 and
Table 2.1.
The logarithmic average luminance factor indicates whether a scene is light, normal, or dark. It is
calculated as

Log Dynamic Range = log2 Lmax− log2 Lmin (2.1)

L̄w = exp

(
1
N ∑

x,y
log(δ+Lw(x,y))

)
(2.2)

where Lmax and Lmin are the maximum and minimum luminance values of a scene respectively,
Lw(x,y) is a luminance value of pixel (x,y), N is the number of pixels, δ is a small value to avoid
singularity. The idea of the logarithmic average luminance L̄w was proposed by Reinhard et al. in
[RSSF02].
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Chapter 3

Tone Mapping Operators

3.1 Introduction

The concept of a tone reproduction was first introduced to the computer graphics community
by Tumblin and Rushmeier in 1993 [TR93]. The goal of tone reproductions is to compress the
dynamic range of an image, which has much bigger luminance range than that of the physical
devices, to the displayable dynamic range. A number of tone reproduction techniques have been
presented, and most of the tone mapping operators can be categorized into two types: global or
local operators. Global operators apply the same transformation onto every pixel of an image.
Local operators choose different scales onto different areas of an image. Global operators are
more easily implemented than local ones because they need to find only one transformation, but
local operators can usually provide better results. One of the well-known problems with local
operators is halo effect (inverse gradients). This is manifested as a dark aura around a very bright
light source.
This chapter provides an overview of the seven existing tone mapping operators which were used
in our perceptual experiment.

3.2 Global Operators

The simplest tone reproduction is a linear mapping. It scales the radiances onto the range between
0 and 255 by trivial method. If the logarithm of the radiances is taken and linearly scaled to
[0,255], it is called a logarithmic linear mapping.
The histogram adjustment tone mapping operator was presented by Ward Larson et al. in 1997
[WLRP97]. They extended the earlier works of Ward [War94] and Ferwerda et al. [FPSG96].
This method uses the knowledge that human eyes are sensitive to relative rather than absolute
changes to luminances. This approach avoids halos altogether. Although this method still has
several problems, it can provide the best combination of practical simplicity and uniformly good
perceptually advocated results.
In 2000, Pattanaik et al. presented a new time-dependent tone mapping operator which is based
upon psychophysical experiments and creates color image sequence from any input scene [PTYG00].
Their model dealt with the changes of threshold visibility, color appearance, visual acuity, and sen-
sitivity over time. It is also useful to predict the visibility and appearance of scene features.
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CHAPTER 3. TONE MAPPING OPERATORS

Drago et al. presented a perception-motivated tone mapping algorithm for interactive display of
HDR images in 2003 [DMAC03]. They used logarithmic functions with different bases for darkest
and brightest area of an image to compress luminance values. To compress other luminance values
for the middle range of luminances, a bias function was used. Their method can be applied to HDR
video sequences.

3.3 Local Operators

Reinhard et al. produced the photographic tone reproduction, which is inspired by “dodging and
burning” used in photography in 2002 [RSSF02]. This method works on various types of HDR
images and its computational speed is very good. Additionally, the recent version of this method
operates automatically freeing the user from setting parameters that are not particularly intuitive.
Ashikhmin presented a new tone mapping method which works on multipass approach [Ash02].
His method calculates local adaptation luminance, applies a tone mapping function using the
threshold vs. intensity (TVI) functions, and then calculates the final pixel values to preserve
details throughout an image. The TVI functions are linearly approximated in his algorithm.
Durand and Dorsey presented an edge-preserving filtering called the bilateral filtering method
[DD02]. This method considers two different spatial frequency layers, base and detail, then re-
duces contrast and preserves details of an image.
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Chapter 4

Perceptual Evaluation

4.1 Introduction

Image comparison measurement methods are classified into three categories: human-perception
based, objective, and HVS-based methods. Human perception measurement is a subjective mea-
surement method with human participants. Statistical methods are usually used to analyze the
result from human subjects. Objective measurement is based upon theoretical models. HVS-
based measurement is also defined mathematically as objective methods, but it is based upon HVS
theory. A number of techniques and surveys have been presented in each of those three categories.
This chapter presents our perceptual evaluation with human observers and its results. The set of
data was analyzed by using the Statistics Toolbox of MATLAB [Mat].

4.2 Experimental Design

For our project, a human perception-based measurement was selected with seven tone mapping
operators. The tone mapping operators are the linear tone mapping, fast bilateral filtering by Du-
rand and Dorsey [DD02], the Pattanaik et al. method [PTYG00], the Ashikhmin method [Ash02],
the Ward method [WLRP97], the photographic tone mapping by Reinhard et al. [RSSF02], and the
adaptive logarithmic mapping by Drago et al. [DMAC03]. For all of the reproductions, the gamma
value was set γ = 2.2 and the maximum display luminance was set to 100 cd/m2. For Pattanaik
method, luminance values are scaled by a factor of 650. The local contrast threshold of Ashikhmin
method was set to 0.1. The other parameters used the default values as presented in each of the
papers introducing the tone mapping technique. Those images are shown in Appendix B.
Two scenes for our experiment are shown in Figure 2.1 and Figure 2.2. As clearly seen in the
figures, the dynamic ranges of both scenes are large enough. Scene 1 has highly bright spot lights
around the trees and quite dark areas behind the glass. Scene 2 also has highly bright and dark
areas, and in addition, it has gray area (on pipes) which is pointed in a scaling problem [GKF+99].
The scaling problem concerns how the range of luminances in an image is mapped onto a range
of perceived grays. The absolute luminances in both scenes were measured by MINOLTA light
meter LS-100. In Scene 1 ( Figure 2.1), the brightest area is 13,630 cd/m2 and the darkest area is
0.021 cd/m2. In Scene 2 ( Figure 2.2), the brightest area is 506.2 cd/m2 and the darkest area is
0.019 cd/m2.
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CHAPTER 4. PERCEPTUAL EVALUATION

All of 14 human subjects were graduate students and researchers of the Computer Graphics group
in the Max-Planck-Institut für Informatik. Two of them are female and the rest are male. The
range of their ages is 24 – 34. All of them had normal or corrected eyesights to normal vision.
Additionally, all subjects were naïve enough for the goal of our experiment and tone mapping
operators.
Participants were asked to view seven images one after another for each of the two scenes (see Fig-
ure 2.1 and Figure 2.2) of the Max-Planck-Institut für Informatik on an sRGB-calibrated monitor
(DELL UltraSharp 1800FP) whose resolution is 1280× 1024 at 60.0 Hz. For each of the 14 im-
ages, they were asked to compare them with their corresponding real-world view and give ratings
for image appearance and realism. Image appearance attributes are overall brightness, contrast,
details in the dark region, and details in the bright region. The realism rating is only naturalness.
For the image appearance attributes, subjects rated how much brightness, contrast, or details each
of the images has compared to its corresponding real-world view. For the naturalness, they were
asked to rate how real the image is. All of the ratings were done by moving scroll bars. They
were allowed to move back and forth among images for a scene. A screenshot of our perceptual
experiment is shown in Figure 4.1. Whole procedure for one participant took approximately 20 to
30 minutes.

Figure 4.1: A screenshot of our experiment.

4.3 Results

4.3.1 Introduction

Our experiment is seven (tone mapping operators) × two (scenes) within-subjects design (see
[Tab89] for the details of the design types). In this experiment, there are two independent variables
(IVs) and five dependent variables (DVs). IVs are tone mapping operators and scenes. DVs are
all of the attributes: overall brightness, contrast, details in dark regions, details in bright regions,
and naturalness. Our primary interest on this perception test is whether the images produced
by different tone mapping operators are perceived differently when they are compared with their
corresponding real-world views. To analyze the set of data obtained from the perception test, the
Statistics Toolbox of MATLAB is used [Mat]. As preliminary data processing, all scores were
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4.3 Results

normalized over each of the attributes on each of the subjects in order to let the standard deviation
value equal to 1.0. The normalization was done by

xi→
xi−µx

σx
(4.1)

where xi is a score and µx and σx are respectively the mean and the standard deviation over an
attribute of a subject. Those normalized values are shown in Appendix C.

4.3.2 Main Effects of Scenes and Tone Reproductions

4.3.2.1 Scenes

Figure 4.2 – Figure 4.6 show the result for the main effect of the two scenes with F and p values.
Both F and p values are the significance scales. As F increases, p decreases. Bigger F value
(i.e. smaller p value) indicates that the difference between IVs are more significant. Those results
show that the difference between those two scenes is not significant. Only the detail reproductions
in dark regions show the significant difference, but for most of the attributes, the effect of Scenes’
difference is small enough to be ignored. Multivariate Analysis of Variance (MANOVA) in MAT-
LAB provides the Mahalanobis distance between IVs (see [Tab89] for details of MANOVA). The
concept of Mahalanobis distance was introduced by Mahalanobis in 1936 [Mah36]. It is a measure
based on correlations between variables and given as

S =
1

n−1

n

∑
i=1

(Xi− X̄)t(Xi− X̄) (4.2)

where X is a data matrix, Xi is the i-th row of X, X̄ is a row vector of means, and n is the number of
rows. A Mahalanobis distance is equivalent to the Euclidean distance if the covariance matrix is the
identity matrix. Mahalanobis distance is very useful to determine the similarity of a set of values.
It is sensitive to inter-variable changes in a data set. It has been used to classify observations into
different groups. For our experiment, the Mahalanobis distance between Scenes is 1.5465, which
is very small. This also shows that the difference between Scenes is quite small and negligible.
This is why in our following statistical data analysis we considered both Scenes together. This
also followed our goal to investigate the tone mapping performance for architectural scenes.

4.3.2.2 Tone Mapping Operators

Figure 4.7 – Figure 4.11 show the result of our experiment for the main effect of the tone mapping
operators. As shown in the figure, all of the attributes are highly significant.

4.3.2.3 Brightness

As it is shown in Figure 4.7 the images produced by the linear tone mapping, Pattanaik method,
Ward method, and Drago method have substantially higher overall brightness. All these operators
are perceived the most differently when compared with their corresponding real-world views. Note
that it is shown very clearly that all global methods have stronger overall brightness than the local
ones.
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CHAPTER 4. PERCEPTUAL EVALUATION

Figure 4.2: Main effect of Scenes (Scene 1 and Scene 2) for overall brightness. F = 0.04, p =
0.8411. A box shows the lower quartile, median, and upper quartile values. The whiskers are lines
extending from each end of the box to show the extent of the rest of the data. Outliers are data
with values beyond the ends of the whiskers.

4.3.2.4 Detail Reproductions in Bright Regions

The second most differently perceived attribute is the details in bright regions as shown in Fig-
ure 4.10. The bilateral filtering, Ashikhmin method, Reinhard method, and Drago method provide
significantly more details in bright regions than the others. All of the local operators are perceived
with more details than global ones according to the graph. It is obvious because local operators
use different scales for small regions of an image while global operators use only one scale for
whole part of an image and tend to saturate bright parts.

4.3.2.5 Contrast and Naturalness

Contrast ( Figure 4.8) and naturalness ( Figure 4.11) show almost same values of significance. The
linear mapping, Pattanaik method, and Ward method have higher contrast and Ward, Reinhard, and
Drago methods have more naturalness than the others. Global operators have stronger contrast than
local ones do as shown in the graph. It corresponds to the expectations because local operators
deal with small regions and local contrasts of an image while global operators deal with all pixels
together and consider global contrast.
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4.3 Results

Figure 4.3: Main effect of Scenes (Scene 1 and Scene 2) for contrast. F = 0.09, p = 0.7595.

4.3.2.6 Detail Reproductions in Dark Regions

Detail reproductions in dark regions ( Figure 4.9) show the least significance among the attributes,
but it is still significant because its p value is much smaller than the significance level which is
usually 0.05 or 0.01. The Drago method is perceived to have the most details in dark regions. The
second best in dark regions reproduction is Ashikhmin method. The linear, Pattanaik, Ward, and
Reinhard have almost same scores, and the bilateral filtering has slightly more details than those
four.

Because the main effect of Scenes for detail reproductions in dark regions are significant, the
main effect of the tone mapping operators for detail reproductions in dark regions in each scene
was also tested and shown in Figure 4.12 and Figure 4.13. In this case, values were normalized
over each attribute of each subject for each scene. They are perceived more differently in Scene
1 than in Scene 2. For both of Scenes, the Ashikhmin and Drago methods are perceived as the
two most detailed ones in dark regions. Drago is perceived as the most detailed reproduction in
dark regions in Scene 1 and Ashikhmin is perceived as the most in Scene 2. An interesting result
from this observation is that although the detail reproductions in bright regions are perceived
very differently, the details in dark regions are not perceived as significantly different as in bright
regions when tone mapped images are compared with their corresponding real-world views.
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Figure 4.4: Main effect of Scenes (Scene 1 and Scene 2) for detail reproductions in dark regions.
F = 58.98, p = 7.67053E−13.

4.3.3 Correlations

Correlations of the attributes were calculated by Pearson r correlation coefficients which is the
average cross product of standardized variable scores [Pea1896]. Table 4.1 shows all of the values
of correlations.

O.C. D.D. D.B. N.
O.B. 0.3321 -0.1023 -0.55880 -0.0844
O.C. -0.1114 -0.28220 0.2440
D.D. 0.26340 0.0729
D.B. 0.3028

Table 4.1: Correlations with Pearson r values of all pairs of overall brightness (O.B.), overall
contrast (O.C.), details in dark regions (D.D.), details in bright regions (D.B.), and naturalness
(N.).

This result shows that the naturalness and each of the overall brightness and details in dark regions
have no correlations. On the other hand, the naturalness has slight correlations with the contrast
and detail reproduction in bright regions, but they are still small. It can be concluded from this
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Figure 4.5: Main effect of Scenes (Scene 1 and Scene 2) for detail reproductions in bright regions.
F = 3.2204E−05, p = 0.9955.

result that none of the image appearance attributes has strong influence to determine naturalness
by itself and that naturalness is influenced by a combination of the image appearance attributes.

The biggest absolute value of correlation coefficient was obtained between overall brightness and
detail reproductions in bright regions with Pearson r =−0.55880. It is obvious because as overall
brightness decreases, bright parts are less saturated and better visible.

4.3.4 Dimension Estimate and Mahalanobis Distances

MANOVA in MATLAB provides an estimate of the dimension of the space containing the group
means and the significant values for each of the dimensions. MANOVA provides the estimate
of the dimension d. If value d = 0, it indicates that the means are at the same point. Value
d = 1 indicates that the means are different but along a line, value d = 2 shows that the means
are on a plane but not along a line and similarly for higher values of d. The null hypotheses
are tested by calculating the significant values (p-values) in each of the dimensions such as the
means are in N-dimensional space where N is the number of dimensions. From our set of data,
MANOVA returns d = 3 which indicates that the means are neither along a line nor on a plane
but in a three-dimensional space. The p values for each of the dimensions in our perceptual
experiment are p(d = 0) = 0.0000, p(d = 1) = 0.0000, p(d = 2) = 0.0017, p(d = 3) = 0.9397,
and p(d = 4) = 0.8833. They show that there is no possibility at all to have all means either on a
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CHAPTER 4. PERCEPTUAL EVALUATION

Figure 4.6: Main effect of Scenes (Scene 1 and Scene 2) for naturalness. F = 2.85, p = 0.0928.

Figure 4.7: Main effects of the tone mapping operators for overall brightness. F = 46.14, p = 0.0.
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Figure 4.8: Main effects of the tone mapping operators for contrast. F = 8.74, p = 2.1058E−08.

Figure 4.9: Main effects of the tone mapping operators for detail reproduction in dark regions.
F = 3.18, p = 0.0054.

point or along a line. The possibility to have means on a plane is not zero, but it is much smaller
than the significance level and it cannot be ignored. For value d = 3, the possibility becomes more
than the significance level; therefore, the means are located in a three-dimensional space.

Table 4.2 shows the Mahalanobis distances among the tone mapping operators given by MANOVA.
According to Table 4.2, the linear tone mapping and bilateral filtering are perceived the most differ-
ently when compared with their corresponding real-world views. The second and the third most
different combinations come from the combination of the linear tone mapping and Ashikhmin
method and of the linear tone mapping and Reinhard method. All of the three biggest differences
are provided from the linear tone mapping. On the other hand, the least difference is provided
between bilateral filtering and Ashikhmin method. This result is visualized in Figure 4.14. An
interesting result shown in Figure 4.14 is that those seven tone mapping reproductions are di-
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CHAPTER 4. PERCEPTUAL EVALUATION

Figure 4.10: Main effects of the tone mapping operators for detail reproduction in bright regions.
F = 30.45, p = 0.0.

Figure 4.11: Main effects of the tone mapping operators for naturalness. F = 8.11, p= 8.3877E−
08.

vided into global and local methods by Mahalanobis distances. Three local operators (bilateral,
Ashikhmin, and Reinhard) are similar to each other and four global operators (linear, Pattanaik,
Ward, and Drago) are similar to each other, but both categories of global and local operators are
not so similar to each other.
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Figure 4.12: Detail reproductions in dark regions for Scene 1. F = 5.75, p = 4.15714E−05.

Figure 4.13: Detail reproductions in dark regions for Scene 2. F = 3, p = 0.0101.

bilateral Pattanaik Ashikhmin Ward Reinhard Drago
linear 15.4530 1.6541 14.2361 2.7122 10.6089 6.6940

bilateral 7.4749 0.6674 9.2726 1.3353 8.8120
Pattanaik 6.4395 1.1613 3.9887 2.8066

Ashikhmin 8.9709 1.2405 6.2989
Ward 4.5301 2.9536

Reinhard 3.7406

Table 4.2: Mahalanobis distances. The three biggest distances are written in a bold font and the
three smallest distances are underlined.
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Figure 4.14: Mahalanobis distances. Note that the tone mapping operators are divided into global
and local categories by the Mahalanobis distances.



Chapter 5

Conclusions

A perceptual evaluation was done over seven tone mapping operators in two scenes with 14 human
subjects. The primary interest of this experiment was to investigate how differently the tone map-
ping operators are perceived when they are compared with their corresponding real-world views.
The linear mapping, the Pattanaik method, the Ward method, and the Drago method were selected
from the global tone reproduction group. The fast bilateral filtering, the Ashikhmin method, and
the Reinhard method were selected from the local tone mapping group.
In the perceptual experiment, subjects were asked to compare each of the images to its corre-
sponding real-world view and rate its appearance and realism. The image appearance attributes
are overall brightness, contrast, details in dark regions, and details in bright regions. The realism
rating is naturalness of an image. The subjects rated how much image appearance an image had
and how real it was when compared with its corresponding real view. The set of data was analyzed
by using a multivariate analysis of variance for the main effect of the tone mapping operators.
The result of the analysis shows that those seven tone mapping operators were perceived very
differently in terms of all of the attributes when compared to their corresponding real-world views.
Overall brightness shows the most significant differences among the tone reproductions and global
operators have more brightness than local ones. The second most differently perceived attribute is
detail reproduction in bright regions. In contrast to overall brightness, local operators are perceived
with more details in bright regions than global ones. The Ashikhmin method is perceived as the
most detailed tone reproduction in bright regions. Contrast and naturalness show almost the same
significances. Global operators have more contrast than local ones, but the difference is not as large
as for overall brightness. The Ward method shows the strongest contrast reproduction. The Drago
method is perceived as the most natural. The least significant attribute among those five is detail
reproduction in dark regions, but it is still significant enough. The Drago method is perceived as
the most detailed one in dark regions.
Because there are two types of attributes, correlations between naturalness and each of the image
appearance attributes were tested. The result shows that none of the image appearance attributes
has a strong influence on the perception of naturalness by itself. This may suggest that naturalness
is dependent on a combination of the other attributes. All of other possible pairs between attributes
were also tested. The biggest correlation happens between overall brightness and details in bright
regions.
The multivariate analysis of variance (MANOVA) shows that the means of the set of data are
located in a three-dimensional space but neither on a point, along a line, nor on a plane. In terms
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CHAPTER 5. CONCLUSIONS

of the Mahalanobis distances, the biggest differences are between linear tone mapping and each
of the fast bilateral filtering, the Ashikhmin method, and the photographic tone reproduction. The
least differences are between fast bilateral filtering and Ashikhmin, between Pattanaik and Ward,
and between Ashikhmin and the photographic reproduction. The analysis shows that those tone
mapping operators are divided into global and local categories by the Mahalanobis distances.
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Appendix A

Abbreviations

HDR High Dynamic Range
HVS Human Visual Systems
TMO Tone Mapping Operator
TVI Threshold Versus Intensity
Tone mapping operators:

• A: the Ashikhmin method [Ash02]

• B: fast bilateral filtering by Durand and Dorsey [DD02]

• D: the Drago method [DMAC03]

• L: linear mapping

• P: the Pattanaik method [PTYG00]

• R: the Reinhard method [RSSF02]

• W: the Ward method [WLRP97]
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Appendix B

Images for the Perceptual Experiment

B.1 Tone Mapped Images of Scene 1

Figure B.1 – Figure B.7 show the tone mapped images of Scene 1.

Figure B.1: Linear.

Figure B.2: Bilateral filtering.
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APPENDIX B. IMAGES FOR THE PERCEPTUAL EXPERIMENT

Figure B.3: Pattanaik.

Figure B.4: Ashikhmin.

Figure B.5: Ward.

B.2 Tone Mapped Images of Scene 2

Figure B.8 – Figure B.14 show the tone mapped images of Scene 2.
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B.2 Tone Mapped Images of Scene 2

Figure B.6: Reinhard.

Figure B.7: Drago.

Figure B.8: Linear.
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APPENDIX B. IMAGES FOR THE PERCEPTUAL EXPERIMENT

Figure B.9: Bilateral filtering.

Figure B.10: Pattanaik.

Figure B.11: Ashikhmin.
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B.2 Tone Mapped Images of Scene 2

Figure B.12: Ward.

Figure B.13: Reinhard.

Figure B.14: Drago.
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Appendix C

Values of the Perceptual Experiment

Figure C.1 – Figure C.5 show the values of our perceptual experiment. The values were normalized
as xi→ xi−µx

σx
where xi is a score and µx and σx are respectively the mean and the standard deviation

over an attribute of a subject. The normalization was done over each attribute of each subject.
The tone mapping operators and attributes are numbered as follows:

1. the linear mapping

2. fast bilteral filtering by Durand and Dorsey

3. the Pattanaik method

4. the Ashikhmin method

5. the Ward method

6. the Reinhard method

7. the Drago method

• O.B.: overall brightness

• O.C.: overall contrast

• D.D.: detail reproductions in dark regions

• D.B.: detail reproductions in bright regions

• N.: naturalness.

Those values are normalized over each attribute of each subject.
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APPENDIX C. VALUES OF THE PERCEPTUAL EXPERIMENT

Figure C.1: Values of the perceptual experiment for the subjects 1 – 3.
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Figure C.2: Values of the perceptual experiment for the subjects 4 – 6.
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APPENDIX C. VALUES OF THE PERCEPTUAL EXPERIMENT

Figure C.3: Values of the perceptual experiment for the subjects 7 – 9.
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Figure C.4: Values of the perceptual experiment for the subjects 10 – 12.
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Figure C.5: Values of the perceptual experiment for the subjects 13 – 14.



Bibliography

[WarXX] G. WARD. High Dynamic Range image Encodings, Anyhere Software Corp.
http://www.anyhere.com/gward/hdrenc/hdr_encodings.html ().

[MP95] S. MANN AND R.W. PICARD. On being ’undigital’ with digital cameras: extending
dynamic range by combining differently exposed pictures. IS ampersand T’s 48th
Annual Conference, pages 422-428, (1995).

[DM97] P.E. DEBEVEC AND J. MALIK. Recovering High Dynamic Range Radiance Maps
from Photographs. T. Whitted, editor, Proceedings of ACM SIGGRAPH, pages 369-
378, (1997).

[MN99] T. MITSUNAGA AND S.K. NAYAR. Radiometric self calibration. Proceedings of
IEEE Conference on Computer Vision and Pattern Recognition, (1999).

[RB99] M.A. ROBERTSON, S. BORMAN, AND R.L. STEVENSON. Dynamic range improve-
ment through multiple exposures. IEEE International Conference on Image Process-
ing, (1999).

[War03] G. WARD. Fast, Robust Image Registration for Compositing High Dynamic Range
Photographcs from Hand-Held Exposures. Journal of Graphics Tools, 8(2):17-30,
(2003).

[TR93] J. TUMBLIN AND H.E. RUSHMEIER. Tone Reproduction for Realistic Images. IEEE
Computer Graphics and Applications, 13(6):42-48, November, (1993).

[WLRP97] G.W. LARSON, H. RUSHMEIER, AND C. PIATKO. A Visibility Matching Tone Re-
production Operator for High Dynamic Range Scenes. IEEE Transactions on Visual-
ization and Computer Graphics, 3(4):291-306, (1997).

[War94] G. WARD. A Contrast-Based Scalefactor for Luminance Display. P.S. Heckbert, ed-
itor, Graphics Gems IV, pages 415-421, Academic Press, (1994).

[FPSG96] J.A. FERWERDA, S. PATTANAIK, P. SHIRLEY, AND D.P. GREENBERG. A Model of
Visual Adaptation for Realistic Image Synthesis. Proceedings of ACM SIGGRAPH,
pages 249-258, (1996).

[PTYG00] S.N. PATTANAIK, J. E. TUMBLIN, H. YEE, AND D.P. GREENBERG. Time-
dependent visual adaptation for realistic image display. Proceedings of ACM SIG-
GRAPH, pages 47-54, (2000).

IST-2001-34744 37 c©RealReflect.org



BIBLIOGRAPHY

[DMAC03] F. DRAGO, K. MYSZKOWSKI, T. ANNEN, AND N. CHIBA. Adaptive logarithmic
mapping for displaying high contrast scenes. P. Brunet and D. Fellner, editors, Pro-
ceedings of Eurographics, (2003).

[RSSF02] E. REINHARD, M. STARK, P. SHIRLEY, AND J. FERWERDA. Photographic Tone
Reproduction for Digital Images. Proceedings of ACM SIGGRAPH, (2002).

[Ash02] M. ASHIKHMIN. A Tone Mapping Algorithm for High Contrast Images. P. Debevec
and S. Gibson, editors, 13th Eurographics Workshop on Rendering, pages 145-155,
(2002).

[DD02] F. DURAND AND J. DORSEY. Fast Bilateral Filtering for the Display of High-
Dynamic-Range Images. Proceedings of ACM SIGGRAPH, (2002).

[Mat] MATHWORKS, INC. MATLAB. http://www.mathworks.com/, ().

[Tab89] B.G. TABACHNICK. Using multivariate statistics. Harper Collins Publishers, Inc.,
2nd edition, ISBN 0-06-046571-9, (1989).

[Mah36] P.C. MAHALANOBIS. On the Generalised Distance in Statistics. Proceedings of the
National institute of Science in India, A2:49 – 55 (1936).

[Pea1896] K. PEARSON. Regression, heredity, and panmixia. Philosophical Transactions of the
Royal Society of London, A(187):253 – 318 (1896).

[GKF+99] A. GILCHRIST, C. KOSSYFIDIS, F. BONATO, T. AGOSTINI, J. CATALIOTTI, X. LI,
B. SPEHAR, V. ANNAN, AND E. ECONOMOU. An Anchoring Theory of Lightness
Perception. Psychological Review, 106(4):795-834 (1999).

IST-2001-34744 38 c©RealReflect.org


	1 Introduction
	2 High Dynamic Range Images
	2.1 Introduction
	2.2 HDR Images Encoding Techniques
	2.3 HDR Image Formats
	2.4 Acquiring HDR Images

	3 Tone Mapping Operators
	3.1 Introduction
	3.2 Global Operators
	3.3 Local Operators

	4 Perceptual Evaluation
	4.1 Introduction
	4.2 Experimental Design
	4.3 Results
	4.3.1 Introduction
	4.3.2 Main Effects of Scenes and Tone Reproductions
	4.3.2.1 Scenes
	4.3.2.2 Tone Mapping Operators
	4.3.2.3 Brightness
	4.3.2.4 Detail Reproductions in Bright Regions
	4.3.2.5 Contrast and Naturalness
	4.3.2.6 Detail Reproductions in Dark Regions

	4.3.3 Correlations
	4.3.4 Dimension Estimate and Mahalanobis Distances


	5 Conclusions
	A Abbreviations
	B Images for the Perceptual Experiment
	B.1 Tone Mapped Images of Scene 1
	B.2 Tone Mapped Images of Scene 2

	C Values of the Perceptual Experiment
	 Bibliography

